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ABSTRACT  

Five modes of transport exist on earth; 1) road, 2) sea, 3) rail, 4) air, and 5) pipeline. Railways 

have been used for centuries as a means of terrestrial bulk transportation due to its inherent low 

cost per tonne. Locomotives, the movers of trains, are often diesel powered with electric drive 

trains. This allows electric braking to be employed, getting rid of kinetic energy in the form of heat 

from high temperature, on-board resistor banks. This energy already exists on the locomotive as 

electrical energy, the main hurdle to find a concept that allows the on-board storage of this energy.  

The problem is identified as the need for a systematic method of predicting the energy savings of 

a locomotive with a regenerative braking energy storage system and determining the concepts 

feasibility. Aim is set to develop a tool that will allow simulation of a train of any configuration and 

load to be simulated on any route. Literature survey allows the understanding of the locomotive, 

energy storage systems and basic power control systems. It also allows selection of appropriate 

energy storage mediums for on-board usage.  

Subsequently, three methods are used to determine the energy consumption and braking energy 

on a train, per locomotive. Theoretical method is used for a first order understanding of calculated 

energy requirements. This is then compared to Data Analysis of a recorded data set of a trip from 

Phalaborwa to Richards Bay, the route in question. In this second method, the load on the energy 

storage system is calculated and limits imposed that prevent maximising of braking energy 

utilisation for a realistic understanding of possible energy savings. Thirdly, a fixed and dynamic 

train models are coded in MATLAB compatible software using numerical integration methods for 

solving multiple degree of freedom train systems. This final model allows full flexibility for 

optimization of the energy storage system to any parameters that are required. 

The results show that the dynamic train simulation model is the most accurate of the three 

methods when using a driver control Notches over distance corresponding to the recorded data 

set. Accuracies of in excess of 90% have been achieved. 

The concept proposed is a LiFePO4 battery energy storage system, with a bidirectional DC-DC 

converter for diesel electric locomotives. The feasibility of this concept in a train operating on a 

heavy haul route from Phalaborwa to Richards Bay is examined. Feasibility of this concept is 

concluded and recommendations made for future work to be conducted. 
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CHAPTER 1: INTRODUCTION 

Diesel locomotives are widely used throughout the rail world due to their power autonomy and 

the absence of the need to have electrification of railway lines. Diesel-electric locomotives are the 

most common type of diesel locomotives and utilise an electric transmission. This electric 

transmission generally consists of an alternator, rectifiers, traction choppers or inverters and 

electric traction motors coupled to the axles. 

Two types of braking systems are fitted to these locomotives: pneumatic brakes and electric 

brakes. Pneumatic brakes, operated by either compressed air or vacuum, are used to bring the 

train to a complete stop during normal operation and regulate train speed at certain steep inclines 

along the route travelled. It is also used to stop the train as quickly as possible in case of an 

emergency situation. Electric brakes, also known in the rail industry as dynamic brakes, are the 

second type of brake fitted to locomotives. These brakes use the traction motors as generators 

and the braking energy is then dissipated through controlled loading of the traction motors through 

a dedicated resistor bank. This braking energy is then completely lost as heat to the surrounding 

environment. 

In the South African locomotive fleet, diesel locomotives have a maximum of between 1400 kW 

and 2000 kW of braking power that can be applied through dynamic braking. All of this energy 

generated during braking, already being in the form of electrical energy, has the potential of being 

harnessed and reused. It is thought that the reuse of this braking energy will significantly reduce 

the operational fuel cost of the locomotive. On all current diesel locomotives in South Africa, 

dynamic braking is used to brake the train during operation and is the most commonly used form 

of braking on a locomotive duty cycle.  

Certain systems have to be in place however to utilise the braking energy. The two main systems 

are 1) the power control and management system and 2) the energy storage system required. 

The capability and limitations of both these are presumed to have a significant effect on the 

amount of braking energy that can be recovered.  

Though other losses on the locomotive exist including exhaust heat, radiator heat and mechanical 

brake heat, the greatest potential exists in harnessing the braking energy due to magnitude and 

ease of harnessing this energy and the fact that it already exists on-board as electrical energy. 

One of the major problems with recovering braking energy on-board locomotives is the actual 

storage of this energy and the space that this will require on board the locomotive.  
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To complicate things, information that allows the determination of feasibility based on optimal 

system specifications for regenerative braking on diesel locomotives is limited. This is mainly due 

to the fact that railways themselves frequently do not have the capacity to investigate the 

feasibility of such technological improvements in great depth.   

1.1 Problem Definition 

The problem has been identified as the following: 

The feasibility of using complementary energy storage systems on diesel locomotives for 

regenerative energy recovery on various different routes in South Africa is unknown and 

the methods for determining feasibility for different routes and different train configurations 

are unavailable if not non-existent. 

No clear method exists that can give the rail operator the knowledge to know what energy storage 

system size or type to specify for diesel locomotives in its fleet. Development of these method of 

analysis with the available inputs to determine the requirements for on-board locomotive energy 

storage systems. 

1.2 Aim of Project 

The aim of this research project is to develop a model that can be used to analyse the feasibility 

of an ESS on board a diesel-electric locomotive for any specific route and train configuration and 

determine potential energy savings. It will also facilitate the determination of the optimum ESS 

size and space requirements, which can be compared then to the available space on the 

locomotive.  

1.3 Envisaged Outcomes 

Important envisaged outcomes will be  

 the estimation of practical regenerative braking energy utilisation on an identified route,  

 the technical feasibility of the proposed ESS,  

 the development of a train energy simulator that can be used for analysing any train 

route, with any train configuration, load and duty cycle and determine the ESS 

performance and energy savings en-route; and 

 the laying of ground work for future financial analysis of the ESS over the lifetime of the 

locomotive to determine economic feasibility. 
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CHAPTER 2: BACKGROUND 

The background of railway vehicles is first discussed to create an understanding in the mind of 

the reader of the various systems and subsystems involved in railway vehicles. 

2.1 Rolling Stock 

Rolling stock is a general term used for any vehicle operating on rail tracks. This include 

locomotives, coaches, motor coaches, tender cars and wagons. Several different types and 

classes of each exist.  

Rail vehicles are generally comprised of three main structural components. They are: 

 Underframe (main structure and load bearing part) 

 Bogies (suspension and wheels) 

 Superstructure (body) 

2.2 The Wagon 

Wagons are the vehicles carrying the cargo, transporting all kinds of bulk goods on railway lines. 

This may include, amongst others, iron ore, manganese ore, coal, grain, petroleum products and 

crude oil, chemicals and even automobiles. The tare mass of wagons ranges from 15 to 20 

tonnes, depending on the type of wagon and its form factor. It can also depend on the axle mass 

of the wagon, which will limit the ultimate maximum payload of the wagon. In South Africa, rail 

lines exist with load carrying capability 16 to 30 tonnes per axle (Diagram Manual for Wagons, 

latest). 

 

Figure 1: A picture of a Botswana Coal Wagon designed and manufactured by Transnet Engineering (Railway 
Gazette, 2013). 

Underframe 
Superstructure 

Bogies 
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2.3 The Locomotive 

Diesel locomotives utilise diesel fuel as their source of input energy. The conversion from 

chemical fuel energy to mechanical energy occurs in the internal combustion engine (ICE). 

Depending on whether the locomotive is designed for shunting, light duty or mainline duty, the 

output power of the engine can range between 800 and 2400 kW (Diagram and Data Manual for 

Diesel Electric Locomotives, 2011). With such a high output power, investment into waste energy 

recovery becomes more feasible at such a large scale. 

The main duty cycles present in South African railway duty cycles are: 

 Shunting  

 Branch line (i.e. Short Haul) 

 Dual Purpose  

 Mainline (i.e. Long Haul) 

 Heavy Haul 

Considering the operation of any of diesel locomotive in the above duty cycles, there are three 

modes of operation: 

 Idling (stationary or dynamic, often called coasting) 

 Powering 

 Braking 

 

 

Figure 2: A picture of a Class 39-200 Locomotive of the Transnet fleet, General Motors (GM) being the 
original Equipment manufacturer (OEM) (Diagram and Data Manual for Diesel Electric Locomotives, 2011).
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Figure 3: A 3D partial model of a GM locomotive bogie showing the position of bogie components and 
wheelsets (Infocum Website, 2015, courtesy of General Motors). 

 Locomotive On-Board Systems 

The locomotive is the power house of a train and has to carry all powered equipment that has to 

ensure the movement, safety and overall functionality of the train. 

Table 1 shows some subsystems of a locomotive that give a view of the inherent complexity of 

the diesel locomotive. 

Table 1: A list of major subsystems of a diesel locomotive (39-200 Diesel Electric Locomotive Maintenance 
Manual, 2008) 

Subsystem Components 

Engine Subsystem 
Engine, governor, radiator, oil cooler, pumps, radiator fan, air and oil 

filters, coolant tanks 

Electrical Generation Subsystem 

 

Alternator, rectifier panel, power cables, motoring contactors, fault 

protection systems 

Drive Subsystem Power converter, reversing contactor, cut-out contactors, traction motors 

Auxiliary Subsystem Equipment blowers, traction motor blowers, air conditioning, batteries 

Locomotive Control Subsystem Contactors, relays, resistors, RIOM’s, sensors, LCU 

Pneumatic Brake Subsystem 
Brake rack, electronic brake rack (EBR), brake piping, air compressor, 

reservoirs, air dryer, package brake units 

Dynamic Braking Subsystem Braking contactors, power resistors, resistor blower 

 

Traction 

Motor 

Bogie Frame Gearbox 

Pneumatic Brake 

Mechanism 

Cooling Air 

inlet 
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Each of the above mentioned subsystems is required for operation of the locomotive and moving 

of a train. Without any one of them, the locomotive would underperform and may pose a significant 

safety and operational risk. 

 Idling 

The idling operation mode deals with the locomotive while it is standing still and idling (static 

idling), or moving and idling (dynamic idling or coasting). It is clear that idling is actually a waste 

of energy. However, there are some practical reasons for idling. First, the engine – the heart of 

the locomotive – has to be kept warm and the turbo needs to be cooled due to the driver 

requesting power at any moment in time. In a mainline locomotive, the engine sump takes more 

than 1100 litres of oil and the water tank also approximately 1000 litres. So, 2100 litres of dense 

fluid at a density of 0.85 to 1.00 g/cm3 (Sonntag, et al., 2002) has to be kept warm during 

operation. This though does not apply to a dead locomotive. In essence, idling is there to maintain 

power on standby for direct reaction to the driver’s request for increased power. This is for both 

stationary and dynamic idling. 

Table 2: Auxiliary loads of a 39-200 GM locomotive (39-200 Diesel Electric Locomotive Maintenance Manual, 
2008) 

Class/Type 39-200 GM 

  Rated Load (kW) Drive Type 

Exhauster (Vacuum pump) 25 Electric Motor 

Main Compressor 20 Electric Motor 

Traction Motor Blower 45 Shaft Driven 

Brake Resistor Blower 0 
Special DC motor driven from 

brake resistor circuit 

Alternator Blower 18 Electric Motor 

Radiator Fan 66 Electric Motor 

Pressurising Fan 4 None, from Main Blower feed 

Scavenging Fan 2.5 Electrical Motor  

Battery Charger 18 Gear driven, off engine directly 

Airconditioner 9.5 Electrical Motor 

Foot Heater 3 Electrical 

Hot Plate 1.5 Electrical 

Plugs 0.8 Electrical 

Refrigerator 1 Electrical 

Air conditioner Control 1.5 Electrical 

Total Engine Auxiliary Load 215.8 

  
Another reason for idling is to power the auxiliaries on the locomotive. These auxiliaries include 

the air compressor, the exhauster, the traction motor blowers, the engine radiator fan and all on-
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board electronic loads. During idling though, traction motor blowers are rarely used as well as the 

engine radiator fan. Auxiliary loads can be as low as 60 kW during idling, up to and in excess of 

200 kW for full power. Auxiliary loads for a 39-200 GM locomotive are as shown in Table 2. 

 Powering 

Powering mode is used to drive the locomotive forward or reverse, as the name suggests. During 

the power operation, the fuel is converted into mechanical and then electrical energy via the 

engine and the alternator. The engine of a 39-200 GM locomotive has a maximum efficiency of 

approximately 37.7% (GT26CU-3 Locomotive Service Manual , 2009). Thus for the best case, 

62% of the energy of the fuel is lost as heat of which approximately 23% is through the radiator 

(70-95°C, water) and 37% is through the engine exhaust (300-400°C, gas). This is dependent on 

the type of engine used and the engine design as well as whether the engine is two stroke or four 

stroke. Both types exist as locomotive engines.  

Increasing engine or drive train component efficiency such as alternator or traction motors, is one 

way to increase locomotive overall efficiency. However, it is difficult to increase engine efficiency 

further as these machines have already been optimised for fuel consumption and power output 

as well as trading off with emissions for adhering to Environmental Protection Agency (EPA) 

emissions regulations. 

 
Table 3: Typical 39-200 GM Locomotive Efficiency Curve Data (Mulder, 2014) 

Notch 
% 

Load 
kW 

g/kWh 
(g/h) 

Engine 
Eff. % 

Transmission 
Eff. % 

Total 
Eff. % 

kg/hr kWh/hr 

1 3.0% 65.8 455.58 17.3% 50.0% 8.7% 30.00 380.00 

2 9.6% 208.4 455.77 17.3% 59.1% 10.2% 95.00 1,203.33 

3 20.3% 441.1 317.42 24.9% 77.1% 19.2% 140.00 1,773.33 

4 31.3% 680.3 279.28 28.3% 82.4% 23.3% 190.00 2,406.67 

5 43.5% 944.1 264.80 29.8% 83.8% 25.0% 250.00 3,166.67 

6 59.1% 1282.8 253.35 31.2% 85.0% 26.5% 325.00 4,116.67 

7 82.7% 1797.1 228.15 34.6% 84.9% 29.4% 410.00 5,193.33 

8 100.0% 2172.2 209.47 37.7% 84.8% 32.0% 455.00 5,763.33 

0.5 idle - (18500) - - - 18.50 234.33 

0 low idle - (14100) - - - 14.10 178.60 

- DB - (30000) - - - - - 

 

Table 3 shows the influence of each major system component to the efficiency of the traction 

system. These figures have been calculated from diesel consumption tests performed by 
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locomotive owner, Transnet Freight Rail. Figure 4 depicts the overall calculated tank-to-wheel 

efficiency (TTW) for a Class 39-200 locomotive in Transnet service. 

Due to the fact that the locomotive does not always operate at full power, it is important to consider 

the impact of varying efficiency at various load in a duty cycle. Mayet (2013) found that by shifting 

the engine load demand at higher load percentages and thus higher efficiency, additional energy 

savings can be done by incorporating stored energy. (Mayet, et al., 2014) 

 

Figure 4: Plot of the data in Table 3, the Overall Tank to Wheel Efficiency of a 39-200 GM locomotive (Mulder, 
2014)  

2.4 Diesel Engine Fuel Consumption 

Fuel consumption of a locomotive is relatively important when considering the route a 
has to haul a train. Also, fuel consumption is an indicator of the efficiency of the engine as it 
with load.   
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Table 4 shows a mainline duty cycle for a 39-200 GM locomotive with accompanying fuel 

consumption figures per notch. It can be seen from this duty cycle that the majority of time is spent 

idling, either waiting for a train or waiting at a signal. Only just over 3% of the time is spent at 

maximum power. 
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Table 4: Typical fuel consumption figures for a Class 39-200 GM locomotive on a generalised mainline duty 
cycle (modified from Mulder, 2014). 

Class 39-200 GM   Mainline Litres/20 hour 
Duty Cycle Notch GkW g\kW.h kg/h Duty Cycle % time 

8 2172 209.47 455 3.3 353 

7 1797 228.15 410 3.1 299 

6 1283 253.35 325 3.9 298 

5 944 264.8 250 4.9 288 

4 680 279.28 190 8.14 364 

3 441 317.42 140 7.19 237 

2 208 455.77 95 6.93 155 

1 66 455.58 30 8.24 58 

Idle     16 30.07 113 

Low Idle     10 17.93 42 

   TOTAL Litres 2208 Litres 

 

From this data, the engine efficiency curve combined with the traction system efficiency curve 

can be plotted for the eight power notches. Using these efficiencies, the total efficiency of the 

locomotive can be calculated if all other system efficiency curves are known. It is apparent that 

running a locomotive at lower notches will yield a lower than maximum efficiency. Thus, the 

conclusion from Mayet (2014) that the engine efficiency gain is greater than the actual 

regeneration efficiency gain is confirmed.  

 Braking 

The last mode of operation is braking. Braking can be either pneumatic (service brakes) or 

electrical (dynamic braking). Braking forms a very critical part of the train, allowing the train to 

stop in the predetermined distance, usually between 750 and 1000 metres (Naidoo, 2009).  

2.4.1.1 Pneumatic Braking 

Pneumatic brakes can be either air brakes or vacuum brakes. All the service brakes on all rolling 

stock in South Africa, except the Blue Train, the Gautrain and the new Transnet Rail Cranes from 

Kirow, Germany, have tread brakes. These rolling stock exceptions mentioned are fitted with disc 

brakes. Tread brakes are named as a result of the place of contact between the brake block and 

the wheel. On a tread brake, the contact occurs on the tread surface of the wheel. 

During braking using the service brake, heat is produced by the friction between the steel wheels 

(either forged or cast) and the brake blocks (either composite or cast iron). This heat is conducted 



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

12 of 121 
 

to the wheels which act as radiators to dissipate the heat. A typical loaded wagon produces about 

12 to 16 kW of braking power per wheel with the brake cylinder force at around 16 kN, thus 24 to 

32 kW per axle (Nethathe, 2005). The force on the wheel can be as high as 27.5 kN due to lever 

arms. Locomotive brakes are slightly stronger, providing around 60 to 70kW of braking power per 

wheel, or 120 to 140 kW per axle, with a brake cylinder force of between 21.5 and 23.5 kN on 

each wheel (Naidoo, 2009).  

 

Figure 5: Friction coefficient as it changes with vehicle speed (Naidoo, 2009).  

In Figure 5, it is clear evident that speed significantly effects that braking ability of the train through 

its mechanical brakes, the friction coefficient varying from 0.4 at 20 km/h to 0.26 at 100 km/h 

through a quadratic relationship. Higher speeds are much more dangerous for the driver as 

braking effort and thus ability to maintain control of the train, significantly decreases. 

Heat is generated during this mechanical braking. Even though wheel temperatures can go as 

high as 105 °C during braking from 80 km/h down to zero (Naidoo, 2009), this braking heat energy 

is difficult to harness for energy recovery due to its low temperature range and the inaccessibility 

of the energy on the wheel. 

  

y = 2E-05x2 - 0.0038x + 0.467

0.20

0.25

0.30

0.35

0.40

0.45

0 20 40 60 80 100 120

F
ri
ct

io
n
 C

o
e
ff

ic
ie

n
t

Speed [km/h]

Brake Block Friction Coeficient

Brake Block Friction Curve Poly. (Brake Block Friction Curve)



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

13 of 121 
 

2.4.1.2 Dynamic Braking 

Dynamic braking is effectively electrical braking. Instead of using friction between the wheel and 

brake block to convert the kinetic energy of the wheel to heat energy, dynamic braking uses the 

electrical traction motors to generated electricity. On the common DC motors, the field coils are 

excited with power from the alternator and the armature then produces output voltage and current. 

This power is taken directly to a resistor grid, made specifically for dissipating heat. The resistors 

heat up and are cooled by a resistor blower. The end result is therefore a total loss of electrical 

energy as heat. 

 

Figure 6: Flow of energy during current locomotive dynamic braking. All energy is lost as heat energy. 

During dynamic braking, kinetic energy is converted into electrical energy through the traction 

motors and then to heat energy through the brake resistors, as depicted in Figure 6. 

2.5 Traction Path 

The traction path of the locomotive is the path which the energy takes, from mechanical energy, 

through to the vehicle’s kinetic energy. The traction path demonstrates interaction of all major 

components which are crucial to the function of the locomotive and passing of energy to the 

wheels. 

 Diesel-Electric Locomotive Traction Path 

The diesel-electric locomotive traction follows the path indicated on the diagram in Figure 7. In 

Figure 7 as well as Figure 8, “TM” means traction motor, “ALT” means main alternator and “Aux” 

means auxiliary loads. 
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Figure 7: Diesel locomotive traction energy path during electric braking 

Energy starts in the form of chemical energy in the fuel tank, as diesel. The diesel is injected and 

combusted in the engine and mechanical energy transmitted through the crankshaft to the rotor 

of the three phase alternator. The power is rectified in the rectifier panel to DC power. Silicon 

Controlled Rectifiers (SCR’s) on the older diesels control the alternator field which directly and 

proportionally generates current for the traction motors. The newer diesel locomotives use 

Insulated Gate Bi-Polar Transistor (IGBT) traction converters. From the traction motor, the power 

passes through the spur gear final drive or gear box to the wheels. 

 Diesel Hybrid Locomotive Traction Path 

Next, a diesel hybrid locomotive is considered a diesel electric locomotive with an on-board ESS 

to illustrate the difference between it and the normal diesel locomotive. Figure 8 depicts the 

traction energy path of a typical diesel hybrid system. It is clearly seen that brake resistors are 

still accommodated. This is for safety reasons. Should the ESS not be able to load the motors 

enough to provide the demanded braking energy, the resistors will provide the additional load. If 

they were not incorporated, then there would be a loss of braking effort when the driver might 

need it, and thus cause a considerable safety risk. The traction converter is used to balance the 

load between ESS and brake resistor to ensure full locomotive capability at any point in time.  
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Figure 8: Diesel hybrid locomotive traction energy path during electric braking 

On more modern locomotives, the auxiliary alternator is removed and there is then a single 

alternator that provides power for both auxiliaries and traction through a common DC bus. The 3 

phase AC alternator power is rectified and put on a DC bus from where the traction inverters as 

well as the auxiliary inverter draw power.  During dynamic braking, the motors supply power to 

the DC bus from where the power is partially used by the auxiliary inverters for auxiliary power, 

essentially using some of the regeneration energy while the rest is sent to the resistors via a DC 

chopper module in the traction converter. The traction converter is a bi-directional traction 

converter with two outputs, one for brake resistors and one for the ESS. (Mohan, et al., 2003; 

Liudvinavicius & Lingaitis, 2011; Liudvinavicius & Lingaitis, 2010) 

2.6 Traction Control Technology 

Traction control technology is one of the major developments in the railway industry that has 

increased reliability and traction control capability (Rashid, 2011). The function of this system is 

multiple. The system is designed to: 

(i) Control the powering torque of the motors producing the maximum amount 

of torque at the maximum point of adhesion 

(ii) Control the braking torque on the wheels so that maximum braking effort is 

achieved at maximum adhesion 

Energy Storage 
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(iii) Allow accurate control of motor output by providing the link between low 

voltage control electronics programmed with mathematical algorithms and 

the large current sent to the motors. 

(iv) Protection of the motors and alternator by limiting dangerous operating 

conditions that might be imposed on it (e.g. such as voltage limiting, current 

limiting) 

The traction control system is a system that is made up of the following sub-systems: 

(i) Electronic Programmable Control devices (Electronics). E.g. traction 

computers, RIOM’s, etc. 

(ii) Low voltage control switching (LV Electrical). E.g. relays, contactors, remote 

PCB, connection boxes 

(iii) High Voltage-Current Control (Power Electronics). E.g. IGBT’s, Thyristors, 

GTO’s 

(iv) Cooling systems for the power electronics modules 

Auxiliary systems such as water cooling, circulation, forced air cooling and their respective power 

supply are considered part of the traction system as these are vital to the functioning of those 

components. 

 Electronic Programmable Control Devices 

Presently, the technology that has proven itself to function well and still promote reliability is the 

Ethernet communication. This allows for less wiring and also improves the communication speed, 

reducing the communication delay, speeding up system reaction time.  

Computerised control was introduced on locomotives specifically with either Ethernet, RS-485, 

CANopen communication. This allowed fast and accurate signal speed for controlling wheel-slip 

and wheel-slide, which is critical to achieve tractive and braking effort target requirements. In 

addition, advanced algorithms could be used to control traction output from sensor input with 

closed loop control. Sensors such as current transducers, potential dividers, potential 

transformers, temperature sensors, speed probes and pressure transducers are used to collect 

certain system parameters for control and give information to the driver. 

Optical wired systems have also been introduced on the latest fleets. The Class 43 diesel 

locomotive uses optical cabling for almost all its on-board communication networks. It is also fitted 

with a state of the art computer system for logging data, sending this data to servers via GPS, 
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collecting and transmitting the data real time. This enables efficient working of logistical systems 

as well as enforcing rules and safety precautions. 

The current state of technology therefore allows high accuracy control of electrical power systems 

and allows complex multi-power-source systems to be adequately controlled. (Brown, 2008) 

 Traction Equipment Cooling Systems 

Modern traction control systems require advanced cooling, especially the power electronic 

devices used for high power control. Originally, forced ventilation was used to cool electric 

cubicles and in some cases this is still used today. However, liquid cooling has become the 

preferred method of cooling to increase reliability of power electronics by operating at lower 

temperature range. Liquid cooling can be controlled easily by changing fan speed through cooling 

system the heat exchanger. Added complexity is traded with increased control of device 

temperature and increased reliability. 

 Power Electronics Development 

The power electronics industry has seen a tremendous increase in demand. The late 20th and 

early 21st century has seen roll-out of many solutions for the power generation industry, water 

supply industry, mining and rail industries. Successful research has placed IGBT’s as the primary 

driver behind this increase in demand, mainly due to their low trigger currents. Losses are also 

lower compared to other semiconductor devices (Mohan, et al., 2003). 

Several topologies for electronic motor control exist (Sen, 2007; Mohan, et al., 2003). Due to the 

DC propulsion of many current locomotives and the DC nature of most storage systems, DC-DC 

converters are key to development of regeneration systems. Should batteries be used as storage, 

the DC-DC converter must have bi-directional capability, in order to store and extract energy. 

 

Figure 9: A typical DC-DC converter system (Mohan, 2003) 

For locomotives with AC traction, three phase inverters are required to drive the motors. In many 

cases, three phase power from the alternator is rectified to a DC link through either a passive or 

active rectifier. From the DC link, the motor inverters then build the frequency and waveform to 
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drive the motor. The DC link allows possible interaction with a DC source that can act as an 

energy storage device (Napoli, et al., 2002). 

2.7 Locomotive Performance Characteristics 

Diesel locomotives have performance characteristics that have to be taken into account when 

considering system modifications of any sort. These include the traction effort curve, braking effort 

curve and certain other system parameters. 

 Tractive and Braking Effort 

Figure 10 shows the typical power curve for braking and powering as well as the effort curves for 

traction and braking. These are from the locomotive manuals supplied by OEM’s and designers 

of these locomotives. 

In Figure 10, the tractive effort (TE) curve of the locomotive has a knee point at 18 km/h. This 

knee point represents the point where the traction system enters the constant power region. This 

relationship is according to the following formula for power at the wheel: 

𝑃 =  𝐹𝑣 

With 𝐹 as the force exerted by the locomotive on the rail to propel the vehicle forward, 𝑣, is the 

velocity of the locomotive and 𝑃 is the tractive power output at the wheel of the locomotive. 

The section between 0 and 17 km/h represents a region of system limited behaviour due to current 

limitation on traction motors. The braking effort (BE) curve does basically exactly the same, 

although braking effort decreases linearly to zero from the knee point as this effort is dependent 

on the speed of the traction motor. 

Eq. (1) 
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Figure 10: Tractive Effort (top) and Braking Effort (bottom) Curves for different notches of a class 39-200 GM 
locomotive (Diagram and Data Manual for Diesel Electric Locomotives, 2011) 

  



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

20 of 121 
 

 Adhesion and Axle load 

Additional contributing factors to locomotive performance is the adhesion and axle load. Adhesion 

describes the frictional coefficient between the rail and the wheel. As with road vehicles, the 

adhesion coefficient changes with environmental conditions changing (Collin Cole, 2006). 

During wet conditions, locomotive adhesion coefficients during traction can go as low as 18%. 

During dry conditions, adhesion can be as high as 30% for DC traction and 42% for AC traction 

systems (Diagram and Data Manual for Diesel Electric Locomotives, 2011). A decrease in 

adhesion therefore from 42% to 18% thus results in a 67% decrease in tractive effort. 

2.8 Locomotive Deployment Areas 

Locomotives are used in different areas in South Africa. Thus, they undergo different daily duty 

due to the variance in topography. The area of locomotive deployment also has a direct influence 

on the regeneration potential of the locomotives used in that area. In South Africa, the area of 

deployment is divided into 10 main areas of locomotive activity including 1) Cape Town, 2) 

Kimberley, 3) Port Elizabeth, 4) East London, 5) Bloemfontein, 6) Durban, 7) Johannesburg, 8) 

Pretoria, 9) Richards Bay – COAL Line, and 10) Sishen to Saldanha – Ore Line.  

 

Figure 11: Map of the extent of railway lines in South Africa and axle load variation (Locomotive Utilisation 
Report, 2006) 
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Figure 11: Map of the extent of railway lines in South Africa and axle load variationFigure 11 

shows a map of South Africa indicating the different axle load capabilities of the tracks on the 

specific lines. These also result in a limited fleet operability, only allowing lighter locomotives to 

operate in low axle load areas. Thus locomotives are also deployed according to their axle mass. 

 Topography of Line 

The topography of a line has a considerable impact on the regeneration, as mentioned. This is in 

the form of four general track topography characteristics. 

 General slope/Net Elevation Change from beginning to the end of the track 

section  

 Individual slope for each powering/braking application 

 Track topography immediately preceding and immediately succeeding each 

individual slope 

 Lateral horizontal track path immediately preceding and immediately 

succeeding each individual slope  

All of these are of course direction dependent, whether the track is attempted from the one side 

or the other. South Africa has a vast range of altitudes, specifically with sharp drops in altitude 

close to the escarpment. Figure 12 neatly depicts the altitudes of different places in the country. 

This allows an understanding of the areas that have more potential for braking energy utilisation 

due to steeper and longer downhills.  

 

Figure 12: Topography map of South Africa showing the difference in altitude across South Africa 
(GlobalSecurity.org, 2012) 
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As an example of this topography difference between routes, the track topography of two sections 

of railway, one between Welverdiend and Coligny in the North West Province and the other 

between Belfast and Steelpoort, is shown in Figure 13 and Figure 14, respectively. Due to the 

geographical area where these routes are located, these two lines have considerably different 

elevation profiles. 

 

Figure 13: Welverdiend to Colgny line (altitude profile) 

For Welverdiend to Coligny, the net elevation change is 2 m, starting at 1486 m.a.s.l and finishing 

the route at 1484 m.a.s.l. For the Belfast to Steelpoort route, the train starts at an altitude of 1929 

m.a.s.l at Belfast and moves down to 788 m.a.s.l. at Steelpoort. It is clear from these routes then 

that any hybridization design parameters of the locomotive are highly dependent on the input 

parameters provided by the route topography. 

 

Figure 14: Belfast to Steelpoort lines (altitude profile) 

2.9 Type of Employment of Locomotives 

There are two main types of employment of locomotives in the railways. Firstly, there is the 

mainline operation which has been discussed briefly, and then also shunting operation. 
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 Mainline and Heavy Haul Operation 

Mainline operation concerns mainly the transport of long trains over long distances. For this 

application therefore, the locomotives with high traction power output and high braking power are 

required. Trains moving on the mainlines are usually over 50 wagons long, depending on the type 

of load transported and the number of locomotives used to pull the train. On the Ermelo-Richards 

Bay line, called the COALink, has trains of 200 wagons being moved daily, using 4 to 6 

locomotives for traction power. On the Sishen-Saldanha line, called the OREX (Ore Export) Line, 

trains of up to 342 wagons are moved daily, using distributed power of up to 12 locomotives. 

These locomotives are mixed, the locomotive consists containing both diesel and electric 

locomotives. The mainline operation can therefore again be divided into three sections: a) Main 

Export Lines; b) Main General Freight Lines; and c) Branch lines. 

Main export lines refer to lines such as the COALink and the OREX Line mentioned above. Main 

general freight lines include the main connecting lines between the major cities of South Africa 

e.g. the NatCor (National Corridor) Line between Johannesburg and Durban, the TransKaroo Line 

between Bloemfontein and Johannesburg. The Branch Lines refer to lines that feed these 

mainlines. They are used to transport for example coal from the mines to the Main Export Lines. 

These trains are not as long as the main export line trains.  

Typical output power of mainline locomotives is around 2000 to 2400 kW for diesel-electric 

mainline locomotives and for electric locomotives between 2500 and 4500 kW (Diagram and Data 

Manual for Diesel Electric Locomotives, 2011).  

 Shunting Operation 

Due to the one dimensional operation of trains and the length of the trains compared to road 

transport, it is essential to have some form of arrangement of the wagons that make up the train 

for logistical purposes. For this reason, some locomotives have been specifically designed only 

for such arranging operation called shunting. Shunting operation requires less output power per 

locomotive than the mainline locomotives.  

Considering shunting operations when designing a regeneration package, it will be necessary to 

adjust quite a lot of the system parameters to fit the specific duty cycle of a shunting locomotive. 

Typical engine output power of South African shunting locomotives is between 780 and 1250 kW 

for diesel shunting locomotives. 
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For data recorded on a shunting locomotive in June 2014 for a feasibility study on shunting 

locomotives (Bath, et al., 2014), a 7 hour duty cycle of a shunting locomotive showed an average 

power over the time period of approximately 20 kW. The highest power peak though during the 

duty period is 325 kW, the locomotive maximum power being 780 kW. Total tractive energy used 

in 7 hour duty period is 124 kWh. This is significantly different from mainline duty cycles, where 

maximum power of greater than 2000 kW per locomotive can be required for more than 10 % of 

the trip time and total energy usage over a 7 hour period is likely to reach 5000 kWh.  

Due this transient nature, energy storage would provide sufficient energy efficiency improvement 

allowing the engine to operate at higher efficiencies when it is required, and when not, the energy 

storage would provide the traction power. 
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CHAPTER 3: LITERATURE SURVEY 

3.1 Previous Research on Braking Energy Recovery 

The research community in the United States of America has been investigating braking energy 

recovery on diesel locomotives for many years. The intensity though dwindled during the late 80’s 

and then increased dramatically during the 90’s with the formulation of the Train Energy Model 

by the Federal Railroad Administration in 1992 (Painter, 2006; Association of American Railroads, 

1992). 

In 1979, a report was published regarding a study on modifying a switching locomotive to store 

braking energy and to utilise the energy again for motoring (Federal Railroad Administration, 

1979). The energy storage method used was a low speed flywheel. The modification consisted 

of permanently coupling a tender car to an EMD SW 1500 switching locomotive. The flywheel 

was located in the tender car and whenever dynamic braking was used, power was intercepted 

and transferred from the brake resistors to the flywheel. Once the energy in the flywheel was used 

up, the locomotive would resume normal operation being powered by the on-board diesel power 

plant. This study concluded that such a recovery system on board a switching locomotive is 

technically feasible. However, it was not deemed economically feasible and after the 16-month 

trial period for completing Phase 1 of the project, subsequent phases 2 and 3 were discontinued. 

(Federal Railroad Administration, 1979) 

Earlier in the same year, another report was published regarding dual mode electric diesel 

locomotives. The study investigated the feasibility of modifying diesel locomotives to power from 

overhead electrification via catenaries and via diesel engine when on non-electrified lines. The 

study concluded that this technology was financially feasible and that performance could be 

enhanced for electric mode operation. The latter could be done without lowering efficiency in 

diesel mode. Also, it could be used as an interim solution whilst during continuous electrification 

of a line (Federal Railroad Administration , 1979). This has been done in South Africa, through 

the 38 Class ED (Electric Diesel). This locomotive is considered an electric diesel hybrid, able to 

run off overhead catenary at 3 kV DC, and also run off a diesel engine at about two thirds the 

power (875 kW). Due to the usage of diesel locomotives primarily on non-electrified lines, this 

option is not considered in this dissertation. 

  



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

26 of 121 
 

3.2 Current Diesel Hybrid Locomotive Projects 

The term hybrid locomotives refers to a locomotive with combined power sources. This term is 

most often used in automobiles, where the vehicles capable of regenerative braking are 

distinguished from the conventional fossil fuel driven vehicles. This dissertation uses the term 

hybrid as an indication of applied regenerative braking systems. 

The research community have completed studies in the past, analysing the application of on-

board or trailing storage systems on freight locomotives. Different duty cycles were also 

considered, particularly shunting (Mayet, et al., 2013) and mainline haul (Painter, 2006; Wang, et 

al., 2012).  

Dr. M. Fröhling and his colleagues explored supercapacitor energy storage systems for DEMUs 

(Diesel Electric Multiple Units). Their calculations and subsequent prototype confirmed the 

feasibility of the system. Thus, we explore further the usage of supercapacitors in on-board 

locomotive energy storage. (Dr. Michael Fröhling, 2007) 

Several rollingstock manufacturers have attempted regenerative braking solutions for shunting 

locomotives. Fuel savings of 45%-60% and emissions reduction of 60% to 90% have been 

reported by China South Railways (CSR) Ziyang (Railway Gazette, 2012). The former RailPower 

Technologies and their ‘Green Goat’ diesel hybrid switching (shunting) locomotive also claimed 

high levels of efficiency due to regenerative braking.  

In 1986, a hybrid prototype by the Czechoslovak locomotive manufacturer Českomoravská 

Kolben-Daněk (CKD) was completed. The small shunting locomotive was powered by a 190 kW 

diesel engine and had a total battery power output of 360 kW through four traction motors. The 

battery capacity was 300 Ah and floating voltage 576 V (172.8 kWh) when fully charged (Prototypy 

CZ, 2010). Research into further development though has not gone much further since this 

prototype’s completion. 

In October 2008, Hitachi completed the test run for their ‘Hayabusa’ diesel hybrid DMU (Diesel 

Multiple Unit) using a Class 43 HST locomotive for the hybrid conversion. The modification 

entailed installing a 19kWh Li-ion battery pack and a control inverter (Mk III) in a coach 

permanently connected to the DMU. Fuel savings of 12% for longer trips and 20% for shorter, 

more frequent-stop trips, were realized during tests conducted (C. Hughes, 2011). 

In 2007, the Japanese Railways Freight division (JR Freight) and Hitachi successfully completed 

tests on three Kiha E200 DMU’s. JR East announced in 2009 a fleet of hybrid trains to be 
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commissioned in 2010 (Railway Gazette, 2009). In 2008, Toshiba started development of a hybrid 

diesel shunting locomotive for JR Freight. The HD 300 locomotive was successfully launched in 

March 2010. Lithium ion batteries were used as the energy storage (Railway Gazette, 2010). 

 

Figure 15: Japanese Rail (JR) Freight’s hybrid diesel electric locomotive (courtesy of Japanese Rail Freight). 

Bombardier has embarked on a project in joint effort with Ricardo and Artemis Intelligent Power, 

to produce a flywheel energy storage device from Ricardo with an Artemis Intelligent Power digital 

displacement rail transmission (Railway Gazette, 2012). The flywheel is said to achieve 60,000 

rpm and is driven mechanically via a magnetic coupling, therefore requiring no complex sealing 

between atmosphere and vacuum environment of the flywheel. Fuel savings of 10% to 20% are 

expected, depending on duty cycle.  

Alstom started its first diesel hybrid project in 2006. Testing of this diesel hybrid shunting 

locomotive was started in April 2009 (Railway Gazette, 2009). The former diesel hydraulic 

locomotive was converted to carry 5.8 tons of nickel cadmium battery (NiCd), to store energy. In 

January 2013, Alstom announced that trials of a flywheel energy storage system produced by 

Williams Hybrid Power will commence in 2014 (Railway Gazette, 2013). 

General Electric (GE) embarked on a regeneration energy storage project in 2002 under the name 

‘Evolution Hybrid’ (also “Ecomagination”). In 2007 they revealed the concept with a working 

prototype. Batteries used on-board were sodium-nickel-chloride (NaNiCl2) batteries. NaNiCl2 

batteries are medium temperature batteries operating at 200-300° C (Gautrain Website, 2008). 

These specific batteries were selected after an in depth study of worldwide operating conditions 

and types of batteries and energy storage available. GE envisioned a fuel saving of up to 10% on 
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a 4400 hp, 12 cylinder diesel locomotive. The batteries were able to provide 2200 hp additional 

to engine power as well as replacing engine power. (GE Global Research, n.d.) 

The Centre for ElectroMechanics at the University of Texas (CEM-UT) embarked on developing 

a hybrid locomotive energy storage system, called ALPS (Advanced Locomotive Propulsion 

System) in 1996 (Beno, n.d.; Zhang, et al., 2002). The system was to utilize high speed carbon 

fibre flywheel energy storage as medium, also known as Flywheel Energy Storage System or 

FESS. Research is on-going to optimize design, production process and manufacturing cost 

(Hearn, et al., August 2012). 

Other researchers have also delved into flywheels as means of energy storage including the use 

of slug car based solutions (Wang, et al., 2012) and increasing flywheel energy storage capacity 

for other applications (Liu & Jiang, 2007). 

3.3 Critical Literature Review 

Painter (2006) researched the braking energy recovery potential on an 81 mile stretch of track 

along the Cajon Pass in California. It was found that locomotives in this route were in dynamic 

braking for 2 hours or more per trip.  

Painter studied the use of braking energy recovery systems and what their total savings would 

yield. A train simulation was completed using Generalized Algorithm for Train Control (GAT) and 

was tested against actual data recorded during in service tests of a freight locomotive belonging 

to BNSF Railways. The Cajon Pass in the Rocky Mountains in North America – a route very 

favourable for regeneration - was analysed and simulated. The conclusion was that on that 

particular route analysed, braking energy storage on-board diesel locomotives is justified 

financially. 

Painter (2006) concluded that economic feasibility would be more likely on mainline duty cycles 

where considerably more amounts of energy were dissipated through dynamic braking. The 

typical duty cycle of switching did not provide enough braking energy to make the energy storage 

modification feasible. 

On the South African rail track, gradient varies considerably as the landscape changes. In the 

USA, tracks exist that go over the Rocky mountain ranges that provide a rather constant uphill 

gradient and a rather constant downhill gradient. Thus, the application of Painter’s study should 

be used with care when considering different topographical profiles. Also, the train tonnages 

hauled over a roughly similar terrain in South Africa are different from those of the U.S.A. This is 
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mainly due to the higher axle loads in general that 1435 mm track gauge (i.e. standard gauge)  

can handle compared to the 1067 mm track gauge (i.e. cape gauge)  used all over South Africa - 

with the exception of the Gautrain being 1435 mm. 

Mayet (2014) did a comprehensive analysis of the fuel consumption differences between a diesel 

electric locomotive and a diesel electric hybrid locomotive. Two scenarios of diesel electric hybrid 

were considered:  

(i) Plug-in hybrid without regeneration energy storage, and  

(ii) Plug-in hybrid with regeneration energy storage.  

A plug-in hybrid is a term used for a vehicle that has a small power source of reduced size and 

an energy storage device for providing peak power. This vehicle though has to be plugged in and 

charged in order to function optimally, as the power source is sized to provide only limited 

performance.  

A simulation model was constructed and a specific route profile analysed to validate results. This 

analysis was done on a 400 kW power output diesel electric locomotive. 

The results from Mayet et. al. (2014) suggest that such simulation of regenerative energy storage 

systems on board diesel locomotive, using the Energetic Macroscopic Representation (EMR), 

provides credible results when comparing a classic diesel electric locomotive with a diesel hybrid 

locomotive. In conclusion, the simulation of duty of the analysed diesel electric locomotive proved 

to have significant effects, 25% overall reduction in fuel consumption. This is comprised of 20% 

reduction due to the optimal running of the internal combustion engine and 5% due to the 

capturing of regenerative braking energy (Mayet, et al., 2014). 

This clearly shows the validity of efficiency analysis done for a locomotive being simulated and 

the incorporation of transmission efficiencies during duty cycle analysis of the locomotive as a 

hybrid locomotive. 

The size of locomotives considered in this dissertation is above 2000 kW of power output. Thus, 

it makes this study unique in that the power output of the energy storage is vastly increased and 

the operational duty cycle for mainline locomotives vastly differs from a 400 kW diesel shunting 

locomotive as analysed by Mayet et. al (2014) .This research study employs a similar analysis of 

the energy input and output for an ESS on a locomotive on a heavy haul duty cycle. 
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3.4 Energy Storage Systems 

Energy storage systems have provided a means of utilising wasted energy in many industries. It 

enables, for example, solar and wind power which are both intermittent forms of renewable 

energy, to be used for grid supply when no power is being produced. Excellent examples of these 

are the Hawaii renewable energy network with energy storage and Power-to-Gas projects in 

Europe where hydrogen is produced through the electrolysis of water by using the excess 

renewable energy and then storing this gas in the vast gas supply networks that are available. It 

is also used in balancing out large grids (power quality) and storing energy during off peak times 

for use in peak times. 

In recent years, electric cars have started to succeed as commercial products and the market for 

battery electric vehicles has started to climb. Numerous scientists and engineers have devoted 

their time to developing the best, most cost effective energy storage solution available. 

Energy storage systems are divided into categories according to their function: 

(iii) Electrical/Electrochemical 

(iv) Mechanical 

There are several parameters of an energy storage system that are important to any application:  

(i) Density (kg/m3) 

(ii) Energy Density (Wh/L) 

(iii) Specific Energy  (Wh/kg) 

(iv) Power Density (W/L) 

(v) Specific Power (W/kg) 

(vi) Round-Trip Storage Efficiency (%) 

(vii) Power Utilisation (%) 

The last one on the list above, “Power Utilisation”, refers to the usability of the output power in the 

railway sector. For in depth evaluation of these storage types, several more criteria might be 

necessary. Figure 16 shows the energy density compared to the power density of several energy 

storage mediums, allowing discrete visual comparison.  
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Figure 16: Ragone Plot (log-log plot) showing the specific power versus the specific energy of several 
prominent energy storage devices with SMES – Superconducting Magnetic Energy Storage. (modified from 

Electropaedia, 2005).  

 Mechanical Storage 

Mechanical storage is simple. Even though energy density of mechanical storage systems is 

usually low compared to other forms of storage, it is included here for comparison purposes.  

3.4.1.1 Elastic Potential Energy Storage - The Clockwork Battery 

Elastic potential energy storage refers to storage of energy in for example a spring (either torsional 

or linear). Comparing spring energy storage to electrical storage, there is no energy loss on 

charging and discharge of the energy as a result of internal resistance. In spring storage, energy 

is lost during compression. This is as a result of the damping coefficient of the spring. The only 

loss contributor once the energy is stored is the creep in the steel of the spring – which is relative 

to time. This however is so little, as a spring is made to be compressed many thousands of times. 

Presenting it in an equation, the spring potential energy can be seen as   

𝑈 =
1

2
𝑘𝑥2 

Creating a simple energy balance of the spring when energy is stored  

𝐸𝑖𝑛 =  𝐸𝑜𝑢𝑡 
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Eq. (2) 

Eq. (3) 
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𝐸𝑖𝑛
′ − 𝑄𝑠𝑢𝑟𝑟 =  𝐸𝑜𝑢𝑡

′ +  𝐸𝑐 

Thus, the efficiency of such storage can be computed as 

𝜂𝑆𝐸 =  
𝐸𝑜𝑢𝑡

′

𝐸𝑖𝑛
=  

𝐸𝑜𝑢𝑡
′

𝐸𝑖𝑛
′ + 𝐸𝑐 +  𝑄𝑠𝑢𝑟𝑟

 

Typical efficiencies of spring storage systems is greater than 95%. Losses are attributed to the 

inherent damping characteristics of the spring but primarily to strain energy losses. (Halliday, et 

al., 2005) 

For on-board locomotive applications, this type of storage system would not provide the energy 

density that is required from the route analysis of locomotives in duty. 

3.4.1.2 Rotational Kinetic Energy Storage - The Flywheel Battery 

Rotational kinetic energy is a means of storing energy in rotation. The relationship is expressed 

as follows: (Halliday, et al., 2005) 

𝐸 =  
1

2
𝐼𝜔2 

For a single material isotropic rotor, the energy density can be expressed using the following 

equation 

𝐸

𝑚
 = 𝐾 (

𝜎

𝜌
) 

𝐸 = 𝑚𝐾 (
𝜎

𝜌
) 

Where 𝐸 is the possible energy stored, 𝑚 is the mass of the rotor, 𝐾 is the geometry shape factor, 

𝜎 is the tensile strength of the material, 𝜌 is the density of the material used for the flywheel, 𝜔 is 

the rotational speed of the flywheel, and 𝐼 is the moment of inertia of the flywheel. (Bolund, et al., 

2007; Connolly, 2009) 

Eq. (4) 

Eq. (6) 

Eq. (5) 
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Table 5: Shape factor K for different planar stress geometries (Bolund, et al., 2007) 

 

Using structural steel S355JR for calculation (Tensile strength: 470 MPa; Density: 7850 kg/m3) 

with a shape factor of 0.8 (conical disc), a typical value for specific energy would be 13.3 Wh/kg. 

However, using composite materials (glass fibre and carbon fibre), magnetic bearings and 

vacuum chambers, energy densities of 100-130 Wh/kg have been recorded (Ren, et al., 2015). 

Combining the two equations above, it is possible to calculate the rotational speed required for a 

specific mass of material.  

1

2
𝐼𝜔2 = 𝐸 = 𝐾𝑚 (

𝜎

𝜌
) 

𝜔 = √
2𝐾𝑚𝜎

𝐼𝜌
 

𝜔 = √
2𝐾𝜎

𝑟2𝜌
 

Using a conical steel disc with a mass, 𝑚, of 1000 kg, a radius, 𝑟,  of 1.5 m, and a shape factor, 𝐾,  

of 0.806 (from Table 5), the maximum design rotational speed using Equation 7 is calculated as 

𝜔 = 201.9 𝑟𝑎𝑑/𝑠 or 1928 rpm. This is most definitely attainable although very limiting in terms of 

energy stored (Bolund, et al., 2007; Connolly, 2009). Table 6 shows a list of materials that are 

strong enough to be used in high speed flywheel energy storage applications (Bolund, et al., 

2007). The specific energy of the above mentioned design then becomes 12.74 Wh/kg which is 

remarkably low. 

Eq. (7) 
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For Carbon AS4C, with a density of 1510 kg/m3 and a tensile strength of 1650 MPa, a maximum 

specific energy of 300 Wh/kg.  

Table 6: Data of materials used for flywheels and their physical properties (Bolund, et al., 2007) 

 

Typical losses present in flywheels are bearing losses, aerodynamic losses and transmission 

losses. Expressing the whole energy balance of energy charging and discharging 

𝐸𝑜𝑢𝑡 =  𝐸𝑖𝑛 − 𝐸𝑏𝑒𝑎𝑟𝑖𝑛𝑔 −  𝐸𝑎𝑒𝑟𝑜 −  𝐸𝑡𝑟𝑎𝑛𝑠 

Bearing losses, 𝐸𝑏𝑒𝑎𝑟𝑖𝑛𝑔, is a speed dependent variable and varies linearly with the 

speed of the flywheel. Aerodynamic losses, 𝐸𝑎𝑒𝑟𝑜, are significant and varies 

quadratic ally to the speed of the flywheel. It is possible to reduce aerodynamic resistance by 

introducing a low pressure (vacuum) environment to reduce air friction. It is also possible to 

reduce bearing losses by introducing magnetic bearings and active magnetic bearings (AMB’s) 

to eliminate metal to metal contact.  

Janse van Rensburg (2007) calculated and tested the aerodynamic losses of a high speed 

flywheel relative to rotational speed. He concludes that for a designed flywheel rotor designed for 

a flywheel UPS of an expected 360 kJ (100 Wh) storage capacity, the losses according to speed 

are shown in Figure 17 (Janse van Rensburg, 2007). 

Eq. (8) 
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Figure 17: Losses of a flywheel as a function of speed and varying vacuum pressure of the internal flywheel 
chamber (Janse van Rensburg, 2007). 

It is evident that the decrease in operational pressure of the inside of the flywheel housing has a 

significant effect on the losses. This is primarily due to the decreased air resistance (Janse van 

Rensburg, 2007). 

The efficiency of a flywheel can then be described as:   

 𝜂𝑅𝐾𝐸 =  
𝐸𝑜𝑢𝑡

′

𝐸𝑖𝑛
=  

𝐸𝑜𝑢𝑡
′

𝐸𝑖𝑛
′ +𝐸𝑐+ 𝑄𝑠𝑢𝑟𝑟

 

Typical efficiencies of such rotational kinetic energy systems are up to 95% if active magnetic 

bearings are used (Ren, et al., 2015). This excludes losses of any equipment used to drive the 

flywheel, e.g. electric motor, clutch and gearbox. Energy losses in modern flywheels is in the order 

of hundreds of watts. Pandey et. al (2009) demonstrated that flywheels can be used as energy 

storage devices in vehicles when comparing to chemical batteries. However, in the numerical 

analysis conducted, they did underperform slightly with respect to chemical batteries (Pandey, et 

al., 2009). 

Eq. (9) 
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Figure 18: Energy storage flywheels are capable of storing many kWh’s of energy, including this 25 kWh unit 
(Courtesy: Beacon Power). 

This type of energy storage is well accepted as a feasible means of storing energy for power 

quality applications. However, its use on vehicles is still to be proven fully when compared to other 

storage devices. 

3.4.1.3 Compressed Gas Storage – The Pneumatic Battery 

Compressed gas storage is a form of storage where potential energy is stored as compressed 

gas in a reservoir. This system requires an air reservoir, a compressor, a couple of valves, and 

an air cooler. Compressed air storage has a relatively low energy storage efficiency due to the 

heating of the air when it is compressed, according to the ideal gas equation (Sonntag, et al., 

2002).  

𝑃𝑉 = 𝑚𝑅𝑇    

𝑃1𝑉1

𝑇1
=  

𝑃2𝑉2

𝑇2
 

This is however for a constant volume process, pressure and temperature are directly 

proportional. If pressure increases, temperature has to increase. For more accurate results, the 

isotropic gas equation for an internal combustion engine can be used. (Sonntag, et al., 2002) 

To give a practical idea, air stored in a 1 m3 space at 83 bar of pressure stores around 5 kWh of 

energy. At 5 kWh/L of energy density, this is impractical for locomotive application due to space 

constraints present. When calculating the efficiencies of this type of energy conversion, it 

becomes apparent that a significant heat energy is lost during the storage process. The only way 

Eq. (10) 

Eq. (11) 
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to counter this is to either include thermal insulation (in essence combining thermal and 

compressed air storage techniques) or to utilise some form of separate thermal storage. Both of 

these solutions allow for a higher enthalpy of the stored air, therefore retaining more of its 

potentially useful energy. 

 Electrical Storage 

In order to facilitate regeneration, a good energy storage system with charge and discharge 

management is needed to provide the electrical storage for the regenerated power. A number of 

electrical storage technologies exist that can deliver the required charge and discharge of the 

power profiles for locomotives.   

3.4.2.1 Batteries 

The most frequently used form of energy storage is chemical batteries. Batteries have many 

different chemistries which all have specific characteristics that make them ideal for certain 

applications. The quest to develop the most versatile battery as well as the quest to develop the 

ultimate energy storage battery has seen the research into many different variations of the 

chemistries, specifically to increase performance and maximise the life of the battery. 

Batteries have been studied for use in mobile applications for decades (Dhameja, 2002). Also, 

their integration into locomotives have also been extensively researched (Bearham, 2007; Burke, 

2007; Steiner & Scholten, 2005) 

Several lithium ion battery chemistries exist including lithium cobalt, lithium manganese oxide, 

lithium nickel metal cobalt and lithium iron phosphate chemistries. Due to the high power 

application, LiFePO4 batteries are preferred due to their high charge and discharge power 

capabilities. 

Table 7 and 8 show different characteristics of batteries and tabulate them for comparison. In 

Table 7, Lithium Iron Phosphate shows superior performance in energy density and specific 

energy compared to the other batteries. Sodium Nickel Chloride (NaNiCl) batteries show the 

highest ambient temperature range as well as the highest cycle life at 80% DOD. From a 

normalised cycle cost perspective, the LiFePO4 batteries are close to that of sealed lead acid 

batteries, with NaNiCl batteries performing the best. The service life of LiFePO4 batteries is 

average in this table and they cost the most per kWh. When though comparing the R/kWh/cycle 

measure, it is evident that LiFePO4 batteries have the second lowest cost in the table. They also 

have the second lowest self-discharge rate at 3% per month. This rate of self-discharge is almost 
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incomparable to the high losses of a flywheel energy storage, even with vacuum chamber and 

active magnetic bearings (AMB’s). 

Table 7: Comparison of battery technologies and associated characteristics (Bath, et al., 2014) (Ren, et al., 
2015) 

Battery 

Type 

Energy 

Density 

(Wh/l) 

Specific 

Energy 

(Wh/kg) 

Operating 

Environment 

Temperature 

Range (°C) 

Cost 

(R/kWh) 

No. of 

Cycles  

(80% 

D.O.D.) 

Normalized 

Cost 

(R/kWh/ 

Cycle) 

Service 

Life 

(years) 

Self-

Discharge 

per Month 

Cost 

reduction 

potential 

Sealed 

Lead Acid 
70 30 – 50 -40 to +70 1950 300 R 6.50 2 5% Low 

Nickel 

Cadmium 
150 45 – 80 -20 to +45 10400 1000 R 10.40 20 20% 

Low 

 

Nickel 

Metal 

Hydride 

240 60 – 120 -20 to +45 5850 500 R 11.70 5 30% Low 

Lithium 

Iron 

Phosphate 

400 90 – 120 -20 to +60 12350 2000 R 6.24 5 3% High 

Sodium 

Nickel 

Chloride 

180 90 – 120 -40 to +65 11700 2500 R 4.68 10 0% Very High 

Table 7 tabulates battery characteristics according to selected chemistries from various sources.  

Table 8: Comparison of battery technologies and charge and discharge characteristics (Bath, et al., 2014) 

Battery 
Type 

Max. 
Discharge 
Rate 

Ideal 
Discharge 
Rate 

Nominal 
Cell 
Voltage 

Charge 
Voltage 
Cutoff 
(V/cell) 

Discharge 
Voltage 
Cutoff 
(V/cell) 

Round-trip 
Efficiency 

Sealed Lead 
Acid 

5C 0.2C 2 2.4 1.75 80% 

Nickel 
Cadmium 

20C 1C 1.2 Varies 1 70% 

Nickel Metal 
Hydride 

5C 0.5C 1.2 Varies 1 66% 

Lithium Iron 
Phosphate 

>30C <10C 3.3 3.6 2.8 85% 

Sodium 
Nickel 
Chloride 

1C 0.5C 2.6 2.9 1.73 75% 

 

Table 8 shows charge and discharge characteristics of the different selected battery chemistries 

from the various literature sources. Although LiFePO4 batteries do not perform the best in all the 

categories in Table 7, Table 8 shows that these batteries are capable of greater than 4C charge 

and greater than 30C discharge (A123 Systems, 2010). Taking into account that this is a high 

power application, this indication of power density gives them a great advantage above the other 
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technologies. This is especially true when considering that charge capability of a battery affects 

the energy utilisation the most. 

Table 9 shows general requirements for the operation and maintenance of batteries of different 

chemistries. 

Table 9: Maintenance and other requirements of various batteries (Bath, et al., 2014) 

Battery Type 
Maintenance 
Requirement 

Safety 
Requirements 

Overcharge 
Tolerance 

Warm-up Time to be 
Operational 

Sealed Lead 
Acid 

3-6 month 
(top up charge) 

Thermally stable High 0 

Nickel 
Cadmium 

1-2 months 
(discharge) 

Thermally stable Moderate 0 

Nickel Metal 
Hydride 

2-3 months 
(discharge) 

Thermally stable Low 0 

Lithium Iron 
Phosphate 

Not Required 
Protection Circuit 
Mandatory 

Low. Cannot tolerate 
constant trickle charge. 

0 

Sodium Nickel 
Chloride 

Not Required 
Protection Circuit 
Mandatory 

Moderate 
24 hours 

(Due to high internal operating 
temperatures in excess of 300°C) 

No maintenance is required for LiFePO4 batteries, compared to sealed lead acid, nickel cadmium 

and nickel metal hydride batteries that require frequent top-up charges or discharges to prevent 

memory build up. LiFePO4 batteries require no warm up time for operation, which is the main 

drawback of NaNiCl batteries. LiFePO4 however do have safety precautions that need to be taken 

into account and are to have a mandatory protection circuit. Battery management systems or 

BMS also need to be employed to monitor each cells voltage and temperature. This reduces 

chance of cell overcharge and over discharge which may lead to thermal runaway. It also 

increases the life of the cells dramatically. 

3.4.2.2 Supercapacitors 

Supercapacitors have in the last decade become more sought after in high power energy storage 

applications due to their high power densities. Supercapacitors have also developed new 

combinations with symmetrical, pseudo and asymmetrical electrodes. Pseudo and hybrid 

capacitors combine battery electrode and carbon electrodes in an attempt to increase energy 

density and still maintain high power density. Unfortunately, the trade-off is that these hybrid 

capacitors are susceptible to limited cycle life due to the battery electrode and electrolyte present 

in some of these electrolytic capacitors.  

Supercapacitors have been studied and used in several different vehicle applications (Burke, 

2007). They have also been studied specifically for use on locomotives (Destraz, et al., 2004; Dr. 

Michael Fröhling, 2007; Iannuzzi, 2008; Liudvinavicius & Lingaitis, 2011; Surewaard, et al., 2003). 
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Some have proposed additional vehicles to be added to accommodate the energy storage, due 

to the low energy density of supercapacitors (Shukla, et al., 2012). 

The main drawback though of super and ultracapacitors is their high cost. This does not compete 

with any batteries when considering energy density and can be 5 to 10 times higher. 

Table 10: Comparison of Li-ion batteries with supercapacitors and hybrid capacitors 
 (Bath, et al., 2014; Ren, et al., 2015) 

Parameter 
Super-capacitors for 

power applications 

Pseudo and Hybrid 

capacitors (Li-Ion 

capacitors) 

Lithium-ion-

batteries 

(LiFePO4) 

Temperature range (°C) −20 to +70 −20 to +70 −20 to +60 

Cell voltage (V) 2.2 to 3.3 2.2 to 3.8 2.5 to 4.2 

Charge/discharge cycles 105 to 106 2 x 104 to 105 500 to 104 

Capacitance range (F) 100 to 12000 300 to 3300 — 

Energy density (Wh/kg) 4 to 9 10 to 15 100 to 265 

Power density (kW/kg) 3 to 10 3 to 14 0.3 to 1.5 

Self-discharge time @ room 

temperature 
middle (weeks) long (month) long (month) 

Efficiency (%) 95 90 90 

Life time at room temperature 

(Years) 
5 to 10 5 to 10 3 to 5 

Cost (R/kWh) 2400 to 6000 - 500 to 1000 

Hybrid capacitors show much better cycling characteristics than normal batteries with increase 

power densities compared to the same. However, the energy density lacks considerably 

compared to Li-ion batteries. 

 Energy Storage Method Selection  

Following from the energy storage systems overview, a specific type of energy storage system is 

to be selected. The commencement of this study basis the lifetime, capacity, power density, 

storage density and other energy storage characteristics on the lithium iron phosphate based 

battery technology. A great deal is known of the lifecycle characteristics of the LiFePO4 batteries 

and many vehicle manufacturers have over the years focussed on this type of energy storage for 

mobile vehicle applications.  

3.4.3.1 Lithium Iron Phosphate Batteries 

Lithium iron phosphate batteries are safe and reliable energy storage devices showing both high 

discharge and charge rate capability as well as a fair cycling life under dynamic load conditions. 
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Due to these factors, lithium iron phosphate batteries is the preferred energy storage device for 

this application and the resulting simulation. 

The only adverse environmental effect on the batteries is the degradation of the battery life due 

to too high or too low ambient temperature. Adequate measures will have to be taken to ensure 

that the batteries operate in the desired temperature region. 

3.4.3.2 Battery Model 

Peukert’s law expresses mathematically that as the rate of discharge increases, the available 

capacity of the battery decreases. The formula that states the law in a usable format is as follows:  

𝐼𝑡 = 𝐶 (
𝐶

𝐼𝐻
)

𝑘−1

 

Where: 

𝐻 is the rated discharge time (Hours) 

𝐶 is the rated capacity at that discharge rate (Amp-Hours) 

𝐼 is the actual discharge current (Amps) 

𝑘 is the Peukert constant (dimensionless) 

𝑡 is the actual time to discharge the battery (Hours) 

Peukert’s law is an important and simple model of a battery during discharge. It has the limitation 

that it cannot be used for charge loss estimations. (Jongerden & Haverkort, 2005) 

A typical lead-acid battery may be rated at 100 Ah when discharged at a rate that will fully 

discharge the battery in 20 hours (5 amps per hour). Using this example, if the battery has a 

Peukert constant of 1.2 and is discharged at 10 amps, it would be fully discharged in 8.7 hours. It 

would therefore only dispense 87 Ah rather than 100 Ah. For a LiFePO4 battery of the same 

capacity, the Peukert constant of 1.02 is used. Discharged at 10 amps, the LiFePO4 battery would 

be fully discharged in 9.86 hours. It would therefore only dispense 98.6 Ah rather than 100 Ah. 

This shows the battery superiority with fewer losses allowing more useable energy to be 

expended. 

For the ESS, the locomotive application demands high charge and discharge currents. Thus, for 

a typical 5C discharge or current equivalent of 500 A, the lead acid battery would last 4.77 minutes 

and deliver 39.8 Ah. The LiFePO4 battery on the other hand for the same discharge, would last 

Eq. (12) 
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10.9 minutes and dispense 91.2 Ah. Thus, at high discharge, LiFePO4 has the ability to deliver 

229 % more energy than an equivalently rated lead acid battery. 

 

Figure 19: Cycle life of LiFePO4 battery with respect to depth of discharge (DoD). (Omar, et al, 2014) 

For determining the battery replacement interval as well as the health of the battery, the cycle life 

model was based solely on depth of discharge. (Omar, et al, 2014). Other authors have also done 

extensive testing into the life expectancy and aging effects in Li-ion batteries to be able to 

maximise the life of these batteries (Sarre, et al., 2004; Vetter, et al., 2005; Peterson, et al., 2010). 

The major factors that have been indicated to play a role in the lifetime of these batteries is rate 

of charge and rate of discharge, cell temperature during cycling and the depth of discharge. 

(Bloom, et al., 2001). Only the depth of discharge effect has been evaluated in this dissertation. 

3.5 Objectives Review 

After discussion of the literature, the objectives of this study for the feasibility of an on-board 

locomotive energy storage system can be clearly stated. The objectives are: 

(i) To provide a methodology for future energy and efficiency analysis of the 

diesel locomotive system with energy storage system (ESS). 

(ii) To analyse one duty cycle data set of a heavy haul train and calculate the 

braking energy utilisation. Design parameters for the most practically 

feasible on-board or tender car mounted energy storage system are to be 

outputs. This is to be compared to theoretical calculations. 
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(iii) To build a train energy simulation model with which a train can be simulated 

over a route. This will create a tool to generate data for lines where no 

recorded data is available and allow computerised iterative optimisation of 

ESS sizing and proposed solutions. These results are then to be compared 

to the energy results of the other calculation methods to verify the model. 
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CHAPTER 4:  METHOD OF ANALYSIS 

4.1 Implementation Options 

The traction motors on the wheels of a locomotive produce electric current during braking and 

sends this current via the traction converter through forced air cooled resistor banks. Only the 

storage of this electrical energy is indeed a problem as traction motor regeneration has been tried 

and tested for at least half a century. The regenerated electrical energy is already present on the 

locomotive which has been designed with a dynamic brake.  

Bypassing the gird resistors to an energy storage system or placing the storage system in parallel 

with the resistor grid are two of the main electrical configurations that exist. From the locomotive 

functionality and safety point of view, the train should always be able to maintain full dynamic 

braking power, regardless of the condition of the storage system. Therefore, the system must be 

possible to completely bypass the energy storage system for reliable braking effort at any stage 

in time. On the other hand, if maximum effectiveness is to be achieved, the resistors are to be 

bypassed as well at certain times in order to store the maximum amount of energy at maximum 

power that the storage system can accommodate. The power from the motors is a depending 

factor on the percentage effectiveness of utilisation.  

 

Figure 20: High level traction system view, with ESS in parallel with Resistor Grids during dynamic braking. 

The methodology for analysis of a hybrid system on a locomotive has been outlined by 

Surewaard, et. al. (2003). Energy management strategies on locomotives have been investigated 

by Baert, et.al. (2012). From these sources, a clear indication of the methods that are required to 

analyse energy storage systems and determine their optimal performance, can be obtained. 
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Motor 

Resistor 
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Traction 

Converter ESS 
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4.2 Methodology 

Due to the complexity of the problem, three methods were used to calculate energy consumption 

and braking energy on the route. They are shown in Figure 21:  

                   

 

Figure 21: Methodology overview used in estimation of locomotive and train energy. 

The three methods used are named: 

1. Method #1 – Theoretical or First Principle calculation; 

2. Method #2 – Data Analysis of recorded data and ESS calculation; and 

3. Method #3 – Train Dynamics and Energy Time-based Simulation. 

The following steps were employed as the first order analysis method for data analysis and 

simulating the energy storage system on-board a locomotive. 

(i) Fully understand the working of the locomotive and the relevant constraints. 

(ii) Select route and train to simulate and acquire recorded test data 

(iii) Select energy storage medium to use and gather performance data. 

(iv) Do a time-based simulation of the locomotive with ESS. Use algorithms to 

calculate energy in and energy out of the ESS. 

(v) Determine energy consumed by traction and auxiliaries separately, and 

calculate this per power notch. 

(vi) Determine theoretical maximum braking energy available. 

Results Comparison 

and Analysis 

1. Theoretical 

Approach 

2. Data Analysis and 

ESS Calculation 

Approach 

3. Train Energy 

Simulation 

Approach 



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

46 of 121 
 

(vii) Determine the energy available for recovery with each individual brake 

application. 

(viii) Impose energy storage system parameters including energy storage size 

(usable), energy storage round trip efficiency, power electronics efficiency, 

traction motor efficiency, and ESS degradation characteristics. 

(ix) Implement energy storage system limitations including energy capacity, 

power input and output, voltage and current of the ESS to understand the 

effects of practical system limitations on actual energy regenerated. 

(x) Evaluate the results and tabulate the influences of energy storage size and 

those of the system limitations. 

(xi) Determine operational parameters that give frequency of use of the 

locomotive and therefore ESS cycling for lifetime determination.  

(xii) Construct financial model and feed simulation results into model.  

(xiii) Do sensitivity analysis to optimize the internal rate of return. Use particle 

swarm optimisation or sequential quadratic programming to determine most 

optimal solution parameters for the ESS system. 

Condensing these steps, the flow chart in Figure 22 depicts the process that needs to be followed 

to achieve the ultimate goal of prototyping this concept.  
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Figure 22: Layout of process to achieve the design goal of ESS 

In Figure 22, the steps in the blue block are not addressed in this study as this study focusses 

solely on the technical feasibility and not economic feasibility. The red line indicates the point up 

to where this study will analysing the problem. 

4.3 System Implementation Options 

Different applications exist for using regeneration energy. They are constrained by several factors 

including system demand and practical system size and availability of required space. The 

following diagram, Figure 23, relates the possibilities for energy storage for diesel locomotives. 

There are basically 5 options shown.  

 Option 1.1: Simply where the engine does not provide power and all traction power comes 

from batteries. Short duration 

 Option 1.2: Power from battery and engine are combined on a common DC bus for traction 

power. Allows for slower discharge of battery. Efficiency loss of lower engine load to be 

considered, possible negative effect. 

Power and Energy 

Requirements for Route 

and Train 

Potential Regenerated 

Braking Energy per route 

and train 

Determine Energy 

Storage System Type 
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Storage System and 

Power Electronics 

Optimizing Size of ESS for 
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greatest ROI 

Full business case model 

of ESS per route and train 

Develop Validated Train Energy 
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Savings Capability with Highest ROI 

(Technology Deployment) 
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 Option 2.1: Power from battery and engine are combined for auxiliary power. Allows for 

slower discharge of battery. Efficiency loss of lower engine load to be considered, possible 

negative effect. 

 Option 2.2: All auxiliary power comes from battery. Engine rests (idles). Shorter duration, 

but longer discharge than Option 1.1. 

 Option 3: All power is combined on a common DC link for optimal performance and 

efficiency. 

Energy Storage

1. Traction 2. Auxiliaries

1.1 Full Power, 
short time

1.2 Power 
Supplement, longer 

time

2.1 Supplement 
Auxiliaries

2.2 Auxiliary Power 
only

3. Supplement both 
Traction and 
Auxiliaries

 

Figure 23: Possible configurations for integrating regeneration into diesel locomotive energy needs 

The “1.1 Full power, short time” option will be solely to provide traction power to the loco. The 

locomotive will either be using all of the power from the energy storage, in the case of pull away 

in urban areas, or the power electronics are capable of blending power from both engine and 

energy storage sources. 

Option 3 presents the most ideal option, needing less energy storage capacity for the same cost 

savings. It can be seen from analysis of locomotive efficiency that lowest efficiency is at low load 

and at auxiliary load occurrences. Thus, with a reduced energy storage capacity, regeneration 

will still be able to make adequate savings due to inefficiency of the locomotive system at that 

point. 
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CHAPTER 5:  ENERGY STORAGE SYSTEM ANALYSIS OF HEAVY 

HAUL LINE – CASE STUDY 

5.1 Energy Storage System Analysis of Heavy Haul Line – Case Study 

The amount of energy that can be recovered on a locomotive is dependent several factors 

influencing availability of the energy, usability of the energy and practicality of storing this energy. 

 

Figure 24: The train arrangement of locomotives, test coach and train during Phalaborwa to Richards Bay 
test trip. 

The duty cycle that has been analysed to determine feasibility of an ESS on a specific route is 

the duty cycle of the 39-200 GM class of locomotive on route from Phalaborwa to Richards Bay 

Coal Terminal. The locomotive has a two stroke diesel engine producing a peak power output of 

2338 kW at 905 rpm. The train information can be found in Table 11. 

Table 11: Train information for the test from Phalaborwa to Richards Bay (Skoonkaai) 

Phalaborwa to Skoonkaai 26-Aug-09  

Loading Condition Loaded   

Train Load (Gross Tons) 5968 tonnes 

Number of Wagons 75 wagons 

Number of 39-200 GM locos 4 locos 

5.2 Data Acquisition and Explanation 

The data set used for analysis was recorded in August 2009 during an in-service evaluation test 

of the 39-200 locomotive from Phalaborwa to Richards Bay. The train configuration was as shown 

in Section 5.1. 

The data sets supplied a vast amount of information relating many locomotive parameters to time 

with a sampling interval of 1 second. A total of 73,000 seconds, or 20.3 hours, of data were 

recorded at the 1 second time interval, yielding the 73,000 data points per parameters. Among 

the parameters that were recorded include traction motor power (kW), voltage (V), current (A), 

speed (km/h), altitude (m.a.s.l.), distance (m), driver notch commands of motoring and braking, 

D39202 D39205 D39207 D39209 TRAIN TC 15 089 
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air brake system pressures (kPa), auxiliary alternator output power (kW), main traction alternator 

output power (kW). These are among the more than 50 parameters recorded in the data sets. 

Instrumentation was connected to each of the four locomotives in the consists, making possible 

the selection of a specific locomotive in the consist to analyse. A sample of this recorded data is 

shown in Table 27. 

Table 12: Extract of recorded duty cycle data for the Phalaborwa to Richards Bay case study 

 

From this data extract, “Ia M1 205” indicates the armature current of the DC traction motor 1 of 

locomotive number 39-205 during the trip. Thus, having all the motor currents, power and voltages 

available, detail analysis of this data set is possible. It is also possible to determine the energy 

expended on traction at each time step. This is a parameter that was calculated to understand 

the energy consumed and braking energy potential. 
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5.3 First Principle Analysis of Route (Method #1) 

First Principle analysis was done using only altitude data as input. The principle behind 

regeneration is simple. A ball at the top of a hill (State 1), with a mass, M, has a certain potential 

energy relative to the height of the valley (State 3), dictated by the equation:  

𝐸𝑃 = 𝑚𝑔ℎ 

𝐸𝐾 =
1

2
𝑚𝑣2 

 

Figure 25: Potential energy and kinetic energy change over a route. 

The same applies to a train that can be represented by the ball in Figure 25: Potential energy and 

kinetic energy. As the train moves down the hill, potential energy is converted to kinetic energy 

according to the following equation (assuming that there are no losses): 

𝐸𝑃1 −  𝐸𝑃2 = 𝐸𝐾2 −  𝐸𝐾1      𝑜𝑟 

∆𝐸𝑃 =  ∆𝐸𝐾 

During train operation though, the speed has to be maintained to adhere to speed limits. For this, 

powering and braking of the locomotives and wagons need to be applied. This energy is wasted 

primarily in the form of heat. Therefore, the train at the bottom of the hill would have less kinetic 

energy than the potential energy it had at the top of the hill. 

State 1: 

Hilltop (EP1) 

State 3: Valley 

(EK3 + EP3) 

State 2: 

Downhill 

(EK2 + EP2) 

Eq. (13a) 

Eq. (14) 

Eq. (13b) 
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Therefore, the energy in the train at the bottom of the hill is 

𝐸𝑡𝑟𝑎𝑖𝑛 =  𝐸𝐾 − 𝐸𝐵 

Where 𝐸𝐵  is the braking energy dissipated during the downhill to maintain the speed of the 

locomotive. 

The total energy for a vehicle can be expressed as:  

𝐸𝑖 =
1

2
𝑚𝑖𝑣𝑖

2 +
1

2
𝑎𝑖𝐼𝑖𝜔𝑖

2 +  𝑚𝑖𝑔ℎ𝑖  

Where 
1

2
𝑎𝑖𝐼𝑖𝜔𝑖

2  describes the rotational kinetic energy of the axles and other rotating equipment 

at rotational speed 𝜔, and 𝑎 is the number of axles of the vehicle in question. Summing this for 

the whole train gives for any point in time and on route:  

𝐸𝑡𝑜𝑡 = ∑
1

2
𝑚𝑖𝑣𝑖

2

𝑛

𝑖=1

+ ∑
1

2
𝑎𝑖𝐼𝑖𝜔𝑖

2

𝑛

𝑖=1

+  ∑ 𝑚𝑖𝑔ℎ𝑖

𝑛

𝑖=1

  

From this energy then, the braking energy is deducted. 

These are the first principles on which the idea of regeneration is based. When moving heavy ore 

from highland to the coast, there is a considerable amount of potential energy that the train 

possesses. For example, using Equation 13(a), a train with a mass of 10,000 tons, at a height of 

1000 m above sea level, going down to sea level, will have potential energy when compared to 

sea level of 9.81 x1011 Joules. This equates to approximately 272.5 MWh and is an incredible 

amount of energy. When moving this train down the route, energy is lost through resistance and 

through braking. Energy input is also required to maintain the speed of the locomotive through 

powering to overcome the intermediate hills required and also due to the energy being lost 

through resistance and braking.  

Using the method described above (Method #1), analysis of the route described in Section 5.1 

was done using first principles. This included using a potential energy approach to determine the 

required traction and braking energy for the route and for the mentioned train. The following 

method was used to determine this: 

Assumptions:  

1. Ignore rolling, flange, bearing and curvature resistances. 

Eq. (15) 

Eq. (16) 

Eq. (17) 
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2. Assume train is a point load on track 

3. Train travels at a constant speed across the profile 

Then   𝐹 = 𝑚𝑔 sin ∅ 

Where the angle of the slope equals  

   ∅ =  tan−1 ∆ℎ

∆𝑑
 

For each incline then  𝑃𝑖 = 𝐹𝑖𝑣 

   𝑃𝑖 =  𝑚𝑔𝑣 sin ∅𝑖 

The time it will take to complete incline 

  𝑡 =
∆𝑑

𝑣
 

And thus, the energy expended or dissipated would be 

  𝐸𝑖 =  𝑚𝑔𝑥𝑖 sin ∅𝑖 

Therefore, summing through all the uphills and downhills the resultant equation becomes:  

∑  𝑚𝑔𝑥𝑖 sin ∅𝑖

𝑒𝑛𝑑

𝑖=𝑠𝑡𝑎𝑟𝑡

= 𝐸𝑡𝑜𝑡𝑎𝑙 𝑟𝑜𝑢𝑡𝑒  

Where 𝑚 is the mass of the train, 𝑔 is gravitational acceleration, 𝑥 is the distance travelled along 

the specific route gradient interval and ∅𝑖 is the gradient angle of the specific route interval.  

Using Eq. 23, the braking and motoring energy requirement for the route is calculated and 

presented in Table 13. This analysis was done using the elevation, distance and time data of the 

recorded data set from Phalaborwa to Richards Bay. 

Table 13: Calculation of theoretical values for motoring energy and braking energy for the train and for a 
single locomotive. 

 Train Loco 

Motoring Energy Required (kWh) 59 527 14 881 

Braking Energy Dissipated (kWh) 61 913 15 478 

 

Eq. (18) 

Eq. (19) 

Eq. (20) 

Eq. (21) 

Eq. (22) 

Eq. (23) 



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

54 of 121 
 

It is shown in Table 13 that over this specific route, a total of 59 527 kWh of energy are expended 

by the train (all locomotives) to maintain speed over the hills, 14 881 per locomotive. Similarly, 

the braking energy to maintain the speed of the train on the downhills is 61 913 kWh, with 15 478 

kWh contributed per locomotive. It should be noted that this method is independent of the time 

taken to complete the journey, or the speed at which the locomotive continues over the journey. 

It is essentially a summation of the changing of the potential energy of gravity across the line. 

It has to be added however that this analytical method only includes gravitational resistance of 

the train and not rolling resistance. Figure 26 depicts the analytical method to determine the 

energy requirement for a train to travel on it. For each distance step as small as 1 m, the gradient 

was calculated and used to calculate the energy required to move the train at constant speed 

over that gradient, using Equation 23. 

 

Figure 26: Method with which the theoretical model was implemented, red lines show positive inclines 
(motoring) and green lines show negative inclines (braking). 

5.4 Data Analysis of Route (Method #2) 

The next step was to analyse the recorded data, as described in Section 5.2, to compare the 

actual test results with the calculated theoretical results. This method of Data Analysis is Method 

#2 as described in Section 4.  
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Initially, histograms of the data were plotted to understand the distribution of data for each 

parameter recorded. The histograms for traction energy and time are shown in Figure 27 & 28. 

Analysis of the duty cycle shows that by far the most energy is spent in Notch 8 as compared to 

other power Notches over the 20.3 hour journey. This is typical of a heavy haul duty cycle. Most 

of the energy is consumed in Notch 8, full power. Time wise though, it can be seen that more time 

was spent in dynamic braking than in Notch 8, however, considerably less energy was dissipated. 

Also interesting is the amount of time spent in dynamic braking, almost a third of the total time 

required to make the trip (6.8 hours in dynamic braking versus 20.3 hours total trip time). 

 

Figure 27: Route duty cycle histogram 

Figure 28 shows the distribution of the brake applications (each time the driver applies the brake, 

until he releases them again) and the time and energy associated with each application.  

 

Figure 28: Histogram of dynamic brake applications and the respective braking energy involved. 
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The histogram shows that more than 80% of dynamic braking applications on the route have an 

energy below 150 kWh (red line). This means that 150 kWh already presents an indication of the 

energy storage required for recovering this braking energy. This is already an indication that sizing 

the energy storage system for the single occurrences of 330 and 340 kWh (although by 

themselves a lot of energy), might not be the most optimal system, specifically when considering 

the cost and space requirements of the larger system. Summing the braking energy of the brake 

applications equal to and below 150 kWh, it accounts for about 3720 kWh, approximately 64.8 % 

of the braking energy on the entire trip. Thus, limiting the energy capacity to 150 kWh usable, 

may very well limit the utilisation of braking energy by 35.2 %. 

Figure 29 shows the accumulative energy over the route. Traction energy consumption totalled 

14,910 kWh, auxiliaries consumed 505 kWh and the braking energy potential over the route of 

730 km was 5,742 kWh. This figure gives proportion to the energy consumption and the relative 

scale at which braking energy is available for use. The braking energy potential curve can be 

seen in green. This represents all the possible energy savings on the route and represents the 

100 % utilization curve. By comparing this braking energy to the fuel energy consumed, it is 

evident that the braking energy is equal to over 25% of the total energy consumed. It should be 

noted that this energy refers to the energy input to the traction motors. It does not refer directly to 

the amount of fuel energy. 

 

Figure 29: Accumulative energy for traction braking and auxiliaries. 
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It is interesting to note what percentage of time is spent in which Notch and what energy was 

consumed during that period, as depicted in the time and energy histogram in Figure 27. It can 

clearly be seen that for Notches 2 through 7, the energy usage is very close to the same 

although the time in Notch differs considerably. In Figure 30, it can be seen that the majority of 

time is spent between 15 and 45 km/h during the mission. About 85% of the time is spent in this 

speed range. For the locomotive speed range higher than 45 km/h, the time spent in this range 

is 10.8%. 

 

Figure 30: Velocity Histogram for 39-200 GM from Phalaborwa to Richards Bay 

Next, the traction motor current was analysed to determine the current range and duty cycle for 

the battery bank in braking and motoring (Figure 31 & 32, respectively). This motor current 

refers directly to the charge and discharge currents that the ESS will be exposed to, unless the 

currents are limited. 

 

Figure 31: Motor Braking Current Histogram for 39-200 GM from Phalaborwa to Richards Bay 
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Figure 31 shows that the most common motor current range during braking is between 675 A and 

725 A per motor. This means that during braking, most of the brake applications are high power 

applications. 

 

Figure 32: Motoring motor current histogram for 39-200 GM from Phalaborwa to Richards Bay 

It can be seen in Figure 31 that the traction motor works the most at the higher current ranges 

during braking. This implies that the battery will continually be charged at a high C-rate to utilise 

the energy potential. On the motoring side in Figure 32, it is clear that discharge of the battery is 

more wide spread over the speed range, although the motor current goes higher in motoring, 

~1150 A compared to ~700 A in braking. 

 

Figure 33: Braking motor voltage histogram for 39-200 GM from Phalaborwa to Richards Bay 
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Figure 34: Motoring motor voltage histogram for 39-200 GM from Phalaborwa to Richards Bay 

A histogram of the traction motor voltage for the trip from Phalaborwa to Richards Bay is shown 

in Figure 33 and Figure 34. It is evident that the traction motor are used more frequently in their 

higher voltage range during braking than during motoring, where the voltage is more distributed 

over the entire voltage range. It should be noted that the configuration of traction motors changes 

between motoring and braking. During motoring, the traction motors are all in parallel, whereas 

in braking, the traction motors are in 3 parallel sets of two in series for this 39-200 GM locomotive. 

 

Figure 35: Braking motor power histogram for 39-200 GM from Phalaborwa to Richards Bay 
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Figure 36: Histogram of motor power during motoring for 39-200 GM from Phalaborwa to Richards Bay 

Figure 35 shows the frequency of traction motor power during braking over motor power. Figure 

36 shows the frequency of traction motor power during motoring over motor power. It is interesting 

to note once again that if braking is used on this train, the braking is predominantly full braking 

power. 

This analysis provides an idea of how the battery bank should be able to function and what kind 

of load it will experience during the route. A better understanding of the locomotive system, 

performance and recorded data variables has been achieved at this point. This system analysis 

to continue. 

5.5 System Efficiency Analysis 

When considering the efficiency of the locomotive with respect to converting fuel energy to tractive 

power, it is essential to understand that for different traction loads on the locomotive, different 

energy conversion efficiencies apply. Using available specification sheets of 39-200 locomotive 

traction components, the total efficiency was calculated for two different load scenarios. The total 
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Where 𝜂 values are all efficiencies (between 0 and 1), ENG – engine, ALT – alternator, AUX – 

auxiliary losses, PE – power electronics, TM – Traction Motor, GB – Gearbox, WR – wheel rail 

interface. 

There are two important factors effecting the efficiency of rotating machines during operation; 1) 

Percentage rated load and 2) Speed of machine. The higher the percentage load, the more 

efficient the motor will be. Higher speeds of a motor can causes higher bearing losses; however, 

this is usually overshadowed by rotor and magnetic losses in the motor which depend on the 

variable speed control of the motor. (Sen, 2007) 

 

Figure 37: System efficiency diagram of the locomotive traction and auxiliary system demonstrating 
efficiencies of different components 

Figure 37 shows the traction path and associated efficiencies for each traction system component. 

These efficiencies were taken from traction system component specification sheets and from 

literature and were used to calculate the total efficiency of the system at the said component 

efficiencies. Table 14 tabulates the values from Figure 37. This gives a holistic view of the entire 

traction system performance and allows the calculation of a TTW efficiency. For an input power 

of 6000 kJ/s, the traction output power is just above 1700 kW. The TTW efficiency from diesel 

energy to traction was therefore calculated as 28.5%.  

Locomotive System and Sub system Efficiency Analysis
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With ICE
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Inst. 

Efficiency
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Fuel to Engine Efficiency 100% 6000

Engine Efficiency 39% 39.0% 2340.0

After Parasitic Losses on Engine 96% 37.4% 2246.4

Alternator Efficiency 93% 34.8% 2089.2

After Parasitic Losses of Loco 95% 33.1% 1984.7

Power Electronics / Switch Gear Efficiency 97% 32.1% 1925.2

Traction Motor Efficiency 92% 29.5% 1771.1

Gearbox/Transmission Efficiency 97% 28.6% 1718.0

Wheel to Rail (Slip) Efficiency 99.5% 28.5% 1709.4

Total Efficiency of Fuel to Tractive Effort 28.5% 1709.4

Fuel Engine Alt

Power Electronics / Switch 

Gear

TMGearbox

Traction Effort
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Table 14: Efficiency and energy losses table of a normal diesel electric locomotive during powering. (Mulder, 
2014; 39-200 Diesel Electric Locomotive Maintenance Manual, 2008). 

 

During braking, it has to be taken into account that some important efficiency and loss factors 

come into play, in addition to the already existing factors. The energy storage system efficiency, 

which is relevant during braking, becomes important as does utilisation of the braking energy. 

However, the latter is only maximised if the energy storage system is designed to accommodate 

the influx of maximum braking energy.  

 

Figure 38: System efficiency diagram showing a locomotive power usage during regenerative energy storage 
and reuse 

Figure 38 shows the same traction energy efficiencies for the braking and regenerative energy 

storage mode. From Figure 38, it is evident that at least 52% of the energy is lost at full power 

braking when considering the full round trip of energy in a hybrid system. This is assuming an 

80% utilisation of the available regeneration energy. Should utilisation drop, the total cycle 

efficiency would drop, with more energy being dissipated through the resistors.  
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Engine Efficiency 39% 39.0% 2340.0
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Alternator Efficiency 93% 34.8% 2089.2

After Parasitic Losses of Loco 95% 33.1% 1984.7

Power Electronics / Switch Gear Efficiency 97% 32.1% 1925.2

Traction Motor Efficiency 92% 29.5% 1771.1

Gearbox/Transmission Efficiency 97% 28.6% 1718.0

Wheel to Rail (Slip) Efficiency 99.5% 28.5% 1709.4
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Locomotive System and Sub system Efficiency Analysis
Regeneration Energy Storage System Efficiency: Braking and Powering
With ICE

Energy Storage from Fuel

39% 93%

96% Parasitic 3-5% 90%
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Description of Efficiency
Inst. 

Efficiency

Accumulative 

Efficiency

BP input 

(kW)

Regenerative Braking Storage Efficiency

Braking Power 100% 100.0% 1400

Wheel to Rail (Slip) Efficiency 99.5% 99.5% 1393.0

Gearbox/Transmission Efficiency 97% 96.5% 1351.2

Traction Motor/Generator Efficiency 92% 88.8% 1243.1

Power Electronics / Switch Gear Efficiency 97% 86.1% 1205.8

Energy Storage Efficiency 90% 77.5% 1085.2

Braking Energy Utilisation 80% 62.0% 868.2

Total Efficiency from Braking Power to Energy Storage 62.01% 868.2

Energy Storage Powering Efficiency

Power from Energy Storage 100% 100% 868.2

Energy Storage Efficiency 90% 90% 781.4

Power Electronics / Switch Gear Efficiency 97% 87.3% 757.9

Traction Motor/Generator Efficiency 92% 80.3% 697.3

Gearbox/Transmission Efficiency 97% 77.9% 676.4

Wheel to Rail (Slip) Efficiency 99.5% 77.5% 673.0

Efficiency to Wheels from Energy Storage 77.5% 673.0

Round Trip Efficiency (Power from Input BP) 48.1% 673.0

Gearbox

Alt

TM

Energy Storage

Resistors

Engine

Braking Effort
Power Electronics / 

Switch Gear
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Table 15: Efficiency and energy losses table for a diesel hybrid locomotive showing energy into and energy 
out of the ESS. (Mulder, 2014; 39-200 Diesel Electric Locomotive Maintenance Manual, 2008). 

 

Figure 39 shows a graph of the efficiencies for the different traction system components of this 

locomotive. The data for the efficiency curves were obtained from locomotive manuals and test 

results archives (Mulder, 2014; 39-200 Diesel Electric Locomotive Maintenance Manual, 2008).  

See Appendix A for details on the calculations and data behind Figure 39. 

From Figure 39, it can be seen that as load increases, efficiency curves of most components take 

an inverted quadratic curve form. The engine efficiency curve (Eng. Eff.), has a slight kink at 10% 

load. This may be typically due to low combustion chamber pressures and temperatures still 

present at lower load. It may also be as a result of the pressure output of the turbocharger on the 

inlet side not rising as quickly as does fuel input through injectors.  

The dotted line in Figure 39 is the calculated overall tank-to-wheel efficiency, combining all 

traction system component efficiencies using Equation 24. 
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Figure 39: Overall Tank to Wheel Efficiency of the 39-200 GM locomotive studied 

When a regenerative energy storage system is available, that energy stored can be used at time 

of most inefficient operation of the diesel locomotive system. Thus, suppose if 100 kWh of stored 

energy is available, then it is possible to save more on input energy if the energy was used at 

lower load requirements due to the lower conversion efficiency. Thus, from an efficiency aspect, 

it is important that the energy stored in the energy storage system be utilised during times of lower 

conversion efficiency of the drive train in order to increase the impact of input energy savings.  

With respect to the energy storage system simulated over this route, the Table 16 shows the 

assumed efficiencies for charge and discharging of the batteries. 

 
Table 16:  Energy storage efficiency used during simulation of ESS 

Power Electronics Efficiency 96% 

Battery One Way Trip Efficiency 95% 

Battery Total Efficiency One Way 91.2% 

Battery ESS Round Trip Efficiency 83.2% 

 

In Table 16, “Battery ESS Round Trip Efficiency” is the square of “Battery Total Efficiency On 

Way”, and “Battery Total Efficiency On Way” is the product of “Power Electronics Efficiency” and 

“Battery One Way Trip Efficiency”. The term “One Way” refers to energy either into or out of the 

battery, unidirectional. 
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Thus, only 83.2% of the energy input into the ESS could be subsequently used at the traction 

motors once energy was drawn out of the battery pack. This stated battery efficiency is based on 

the internal resistance of the battery and in the case of LiFePO4, it is approximately 10 mΩ (A123 

Systems, 2010; K2 Energy, n.d.). 

In summary, the following has been achieved: 

 Quantification of varying load on traction system and TTW efficiency; and 

 Quantification of energy storage system efficiency. 

5.6 Method of Calculating Braking Energy Savings with ESS (Method #2) 

This Section deals with the calculations involved in reaching the energy savings values for the 

data recorded for the Phalaborwa to Richards Bay trip and as described in Section 5.2. 

Firstly, the traction power and time columns in the data table were multiplied to yield the traction 

energy per time step using the following formula: 

𝐸𝑡𝑟𝑎𝑐 = 𝑃𝑡𝑟𝑎𝑐  ∆𝑡 

Where 𝐸𝑡𝑟𝑎𝑐 is the traction energy of the locomotive, 𝑃𝑡𝑟𝑎𝑐 is the traction power of the locomotive, 

and  ∆𝑡 is the time step of 1 second. 

This energy column was then filtered by driver throttle commands (motoring and braking notches)   

to indicate motoring energy and braking energy respectively. This allowed the summation of 

energy over the route and resulted in energy values for the trip according to Table 17: 

Table 17: Motoring and Braking energy results calculated for the trip from Phalaborwa to Richards Bay. 

Energy Data for Trip 

(per locomotive) 

Method #2 

Motoring Braking 

Energy (kWh) 14 910 5 742 

 

Furthermore, the energy of the auxiliaries was similarly summated to a total of 505 kWh for the 

trip. 

Having the voltages, currents and powers of the motors during operation available, the next step 

was to create a vector that would represent the ESS state of charge or energy contained. The 

rationale behind this is to determine when the ESS reaches full capacity and cannot store 

Eq. (25) 
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anymore energy. This would allow an understanding of the portion of the time-based energy 

profile cannot be used. The following philosophy was coded in EXCEL in two different columns: 

 Column 1  =IF(M3>0,IF(AA2>='Inputs - Results Dashboard'!$G$3,0,M3),0) 

 Column 2  =AA2+Y3/'Inputs - Results Dashboard'!$G$19 + W3*'Inputs - Results Dashboard'!$G$19 

Column 1 of the code ensures that the energy input variable into the ESS is positive only when 

the energy can be stored in the ESS depending on the storage limit, indicated here by 'Inputs - 

Results Dashboard'!$G$3. In Column 2 the actual amount of energy in the ESS (state of charge) is 

calculated considering the energy input with losses, W3*'Inputs - Results Dashboard'!$G$19, the energy 

output with losses, Y3/'Inputs - Results Dashboard'!$G$19, and the previous time step state of charge of 

the ESS, AA2. The losses are introduced by an efficiency value represented by 'Inputs - Results 

Dashboard'!$G$19, which corresponds to the value in Table 16. 

Now that the capacity limit had been included, the next step was to implement a series of 

limitations that would limit utilisation of energy more dependent on the voltage, current and power 

magnitude of the motors during braking and motoring, corresponding to charge and discharge for 

the ESS, respectively. The following logic for dynamic braking was used to implement these 

limitations: 

For each time step and data row, 

 if braking == 1 
if V_motor > V_UL 

  E_ch = 0; 
 elseif V_motor < V_LL 
  E_ch = 0; 
 else  

if I_motor > I_UL 
   E_ch = V_motor*I_UL*dt; 
  elseif I_motor < I_LL 
   E_ch = 0; 
  else  

 if P_motor > P_UL 
    E_ch = P_UL*dt; 
   elseif P_motor < P_LL 
    E_ch = 0; 
   else  
    E_ch = P_motor*dt; 

end 
  end 
 end 

  … 
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where E_ch is the charge energy into the ESS, V_motor is the motor output voltage, I_motor is 

the motor output current, P_motor is the motor output power, V_UL and V_LL are the voltage 

upper and lower limit, I_UL and I_LL are the current upper and lower limits, P_UL and P_LL are 

the power upper and lower limits and dt is the time step 

A similar logic was used for motoring, when power was required out of the ESS. The only 

difference being that the upper and lower limits were different. The auxiliary equipment energy 

supplied by the ESS was simply subtracted from the energy capacity in the ESS for each time 

step using the following equation: 

𝐸𝑆𝑂𝐶,2 = 𝐸𝑆𝑂𝐶,1 − 𝐸𝑏𝑟𝑎𝑘𝑒,2 − 𝐸𝑎𝑢𝑥,2 − 𝐸𝑡𝑟𝑎𝑐,2 −  𝐸𝑙𝑜𝑠𝑠𝑒𝑠,2 

where 𝐸𝑆𝑂𝐶,2 is the new state of charge (SOC) in kWh of the ESS, 𝐸𝑆𝑂𝐶,1 is the previous SOC, 

𝐸𝑏𝑟𝑎𝑘𝑒,2 is the brake energy into the ESS, 𝐸𝑎𝑢𝑥,2 is the auxiliary equipment energy supplied by the 

ESS, 𝐸𝑡𝑟𝑎𝑐,2 is the traction energy out of the ESS and 𝐸𝑙𝑜𝑠𝑠𝑒𝑠,2 are the losses incurred in the ESS 

as the energy is transferred. Thus, the ESS performance was calculated from the energy inputs 

from recorded data. 

5.7 Conceptual Design Parameters of Energy Storage System 

The model that has been constructed is based on the energy storage system parameters as 

tabulated in Table 18 . These parameters can be adjusted for system size optimization and as 

well as for future economic optimization. However, these values are used as the basis for the 

ESS concept in order to produce a model with which to calculate the braking energy savings on 

the route.   

Table 18: Battery ESS parameters table used for simulation and calculation input. 

Battery Model Parameters Value  Unit 
Energy Storage Size/Capacity (Usable) 128.0 kWh 

Voltage Limit In Lower (Charge) 100 V 

Voltage Limit In Upper (Charge) 800 V 

Voltage Limit Out Lower (Discharge) 100 V 

Voltage Limit Out Upper (Discharge) 800 V 

Current In limit (per series motor group, 2x) 267 A 

Current Out Limit (per motor) 213 A 

Current In Limit (Battery)  (Charge) 800 A 

Current Out Limit (Battery)  (Discharge) 1280 A 

Power In limit  (Charge) 640 kW 

Power Out Limit  (Discharge) 1024 kW  

Notch Limit (Discharge) 8  - 

Eq. (26) 
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The parameters in Table 18 point to the limits of the system that were used in the simulation of 

energy storage along the route from Phalaborwa to Richard’s Bay. For instance, the battery has 

a usable capacity of 128 kWh, with a maximum charge current of 267 A per series motor group 

and a total maximum charge current of 800A and a total maximum discharge current limit of 1280 

A. During charging, if the output from motors exceeded 800 A equivalent on batteries, then the 

current above the limit is dissipated through the resistors. During discharging, should the 

locomotive require more power than the batteries can deliver, this will be supplemented by the 

prime mover. The indication of “Notch Limit” is for the purpose of posing a limit on power given 

for a specific power Notch. Thus, when the driver demands Notch 8 power for instance and the 

power Notch limit is set to 7, the power from the battery bank will be limited to Notch 7 power, 

with the engine and alternator providing the power to supplement to full Notch 8 power.  

Table 19 shows the LiFePO4 battery design details. Here the limits of C-rate on charge and 

discharge for the battery of the ESS are shown. The battery charge rate has been capped at a 

maximum of 5C and the discharge rate at 8C. The usable capacity of the battery is considered to 

be 60% of the total available battery storage capacity. Thus, the battery is over designed by a 

factor of 1.667, thus lengthening the design life of the battery. The total battery amp-hour capacity 

at a rate nominal voltage of 800V is 266.7 Ah, with a total energy capacity of 213.3 kWh. The 

minimum expected battery cycle life is based on the results from tests done by Omar et al (2014). 

A battery cycle life of 9605 cycles before reaching 80% capacity (or 20% capacity fade) is purely 

based on the depth of discharge effects of dynamic cycling on the battery. 

Table 19: Energy storage system battery design details 

ESS Battery Details Value  Unit 

Battery Voltage 800 V 

Battery Ah (Useable) 160 Ah 

Max Charge C-rate 5  C 

Max Discharge C-rate 8  C 

Max Charge Current 800 A  

Max Discharge Current 1280 A 

Usable Battery Capacity (max DOD) 60%   

Battery Ah (Design) 266.7 Ah 

Battery Energy Capacity (Design) 213.3 kWh 

Minimum Expected Battery Cycle Life 9605 cycles 
 

  



 
Investigating the feasibility of braking energy utilisation on diesel electric locomotives for South 
African Railway Duty Cycles   

69 of 121 
 

Table 20: Physical battery parameters that will need to be implemented into mechanical design. 

Physical Parameters Value Unit 

Battery Technology LiFePO4   

Specific Energy Density 150.0 Wh/kg 

Volumetric Energy Density 300.0 Wh/L 

Density 2.0 kg/L 

Mass of Battery 1422.2 kg   

Mass of Battery and Structure 2133.3 kg 

Volume Occupied by Battery  711.1 L 

Volume Occupied by Battery and Structure  1066.7 L 

 
The values in Table 20 are the physical properties of the battery bank. When implemented, the 

mechanical design of the battery ESS will need to take these parameters into account and are to 

be used for structural design as well as space claim on-board the locomotive. 

 

For the 213 kWh battery bank mentioned previously, at specific energy of 150 Wh/kg of the 

battery, and an energy density of 300 Wh/L, this battery bank would weigh 1.4 tons and occupy 

711 L of space. This is stacking the batteries as close as possible. Estimating the necessary 

ventilation space required in between the batteries as well as the mass of the structure that is 

needed to house these batteries and make maintenance easier, the rough figures boil down to 

2133 kg of battery system in a space of 1067 L. 

From dimensional measurements of the 39-200 locomotive available space, about 1.2 m3 of 

practical space exists on-board the locomotive. Thus, from a space perspective, this solution is 

feasible. The details of integration of such a system will only be clear once detail design of the 

ESS on-board the locomotive is done. 

5.8 Energy Storage System Analysis Results 

Having done the necessary preparation work, the calculation of energy savings was executed. 

Two energy storage configurations were used in different calculations for comparison purposes: 

 Battery Energy Storage (as aforementioned) 

 Battery and Supercapacitor Energy Storage (Hybrid Battery) 

The reason for also opting for hybrid battery with battery and supercapacitor energy storage is to 

be able to see the effects of introducing a supercapacitor into the energy storage system, allowing 

the recovery of smaller amounts of energy that would otherwise be burnt on the resistor grids due 

to battery charge limitations. 
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 Battery Energy Storage 

For the battery energy storage configuration, a calculation was done on Excel according to the 

method described in Section 5.6 to determine the effects of system limitations to energy utilised.  

Figure 40 shows the energy stored in the battery, and therefore the energy savings, during the 

movement of the train over the route. The lines “ESS without Limit”, “ESS Cap Limited”, “ESS 

ALL Limited Aux” are three different levels of calculation done with different traction system 

limitation conditions.  

 “ESS without Limit” – calculation done without limits.  

 “ESS Cap Limited” – calculation done with only ESS capacity as a limitation (note the flat 

top of the curve in certain areas; e.g. 200 km) 

 “ESS ALL Limited Aux” – calculation done with voltage, current, power, and ESS capacity 

limitations with auxiliaries drawing power from the ESS when energy is available. 

It can be clearly seen in Figure 40 that the capacity limitation titled “ESS Cap Limited” (red) has 

a severe impact on the energy regain potential compared to the total energy available as in “ESS 

without limit”. At around 100 km, all of the 300 kWh braking energy cannot be utilised but is limited 

to 128 kWh. Thus, for that brake application, 172 kWh is unused. The only way to increase this 

utilisation is to increase system size, which on the contrary has a negative impact on system price 

and integration into the locomotive. This finding allows the future optimization of the ESS capacity 

taking into account the increased initial cost and life cycle cost.  
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Figure 40: Energy storage system analysis with and without system limitations to show these effects. 

Zooming into the region on the plot between 80 km and 100 km in Figure 41 shows how the 

limitations affect the state of charge of the energy storage system. From Figure 41, it can be seen 

how the 128 kWh capacity limit constrains the energy stored in the battery when comparing the 

blue line with the red line (“ESS without Limit with “ESS Cap with Limit”). Comparing the orange 

line (“ESS All Limited Aux”), the gradient of the rate of energy storage is seen to diminish. This is 

a direct result of the voltage, current and power limits imposed on the ESS. The energy that is not 

stored in the battery is dissipated as heat through braking resistors on-board. 
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Figure 41: Figure 42 zoomed between km 80 and 100 showing how limitations affect the energy stored in the 
ESS. 

As mentioned, it is possible to feed the auxiliaries from the batteries, whether the batteries are 

being charged or discharged. Figure 42 shows the auxiliary equipment power as well as the 

auxiliary equipment power provided by the batteries when energy is available and traction 

demand is low. Due to the high engine fuel consumption at low power notches, coasting and 

idling, feeding the auxiliaries from the battery bank contributes a 2% fuel cost reduction due to 

the efficiency gains. There is also a 1% increase in braking energy recovery. This is due to the 

energy stored in the battery being systematically used by the auxiliaries, allowing at the next 

charge cycle to store more energy than would otherwise. In total, the benefits of feeding auxiliaries 

proves to be 3% reduction on fuel input.  
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Figure 42: Auxiliary equipment power from engine over the route from Phalaborwa to Richards Bay with 
battery supplied auxiliary equipment power indicated with the dashed red line (Aux Alt – Auxiliary Alternator) 

 

Figure 43: Zoomed view of auxiliary power profile over the route, km 0 to km 100 with battery supplied 
auxiliary equipment power indicated with the dashed red line. 
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In Figure 42, two different limitation are imposed on the data and the auxiliary power supplied 

from the engine is calculated and plotted. The black line, “ESS Cap Limited”, shows the auxiliary 

power supplied during only capacity limitation with the engine providing all the auxiliary power. 

The dotted red line, “ESS ALL Limited Aux”, shows the auxiliary power supplied by the engine 

with the ESS supplementing auxiliary energy from regenerated energy. The difference between 

these black and red-dotted lines indicates the power supplemented by the ESS.  

Figure 43 depicts the auxiliary power supplemented from the ESS that was calculated from the 

recorded data. Here it was plotted with the actual auxiliary power demand, “Aux Alt kW 205”. The 

auxiliary power supplied by the ESS is represented by the red-dotted line. A total of 153 kWh of 

the total 505 kWh of auxiliary energy required for the route was supplied from the ESS in this 

configuration.  

 Battery and Supercapacitor Energy Storage 

In addition to a battery, it might be possible to employ a hybrid battery comprised of a 

supercapacitor bank and battery bank that collaborate to optimise energy utilisation. With this in 

mind, the ESS model was adapted to include a two-piece ESS, namely battery and 

supercapacitor. The same method in Section 5.6 was used for analysis and calculation of the 

hybrid battery with inclusion of a second, smaller energy storage capacity with no power and 

current limitations. This is due to the high power capability and specific power of supercapacitors  

As seen in Figure 44, the energy storage capacity of the super capacitor has been chosen at 10 

kWh of usable storage capacity. Basically, the function of this capacitor is to store energy that 

would otherwise have been dissipated on the resistor grids on-board the locomotive. During 

powering then, the energy is extracted from the supercapacitor first and then from the battery. 

The red line in Figure 44 depicts the energy stored in the capacitor bank. It is therefore evident 

that the supercapacitor utilises energy that the battery could not utilise and thus will increase the 

utilisation of braking energy. 
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Figure 44: Hybrid battery (battery and supercapacitor) simulated over the same route. 

5.9 Energy Storage System Loading 

Only batteries have been consider for analysis of the dynamic loading during operation which 

impacts battery life. This is due to the incredibly high cycling life of supercapacitors which are 

between 500,000 and 1 milllion cycles. For all practical reasons, the supercapacitors will outlast 

the life of the vehicle. 

Figure 45 is a plot of the state of charge (energy stored in the battery) over the route from 

Phalaborwa to Richards Bay. It is evident that the battery only reaches its full capacity once on 

the entire route (60% in this case due to a 40% retention of capacity for longer battery life). 
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Figure 45: Battery state of charge (SOC) over the route simulated 

The battery ESS concept has been designed for a maximum discharge of 60%. Thus, the control 

of this ESS does not allow the battery to be drained to lower than 60% of its full capacity. In Figure 

45, the state of charge of the battery is shown. In this figure, 0% refers to an actual 40% charge 

having considered this design parameter of maximum discharge to 60% capacity, with 60% 

therefore referring to 100% battery charge. 100% battery charge condition only occurs after long 

sustained charging and as a practical measure, the maximum charging of the battery has only 

been allowed up to 95% of its capacity due to the impractical trickle charging required for higher 

SOC’s. 

It has been seen in literature that LiFePO4 batteries can discharges as high as 30C (A123 

Systems, 2010). Though this has an impact on battery life, the batteries are capable of operation 

with much less life degradation effect than other battery types. Certain of these batteries can also 

take a 10C charge, which allows better utilisation of available braking energy. It is evident from 

Figure 46 that in more than 80% of charging occurrences, the maximum charging limit was 

reached. This is very much similar to the discharge side in Figure 47, in which more than 70% of 

discharge occurrences reached the discharge limit. 
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Figure 46: Histogram of charge C-rate seen by ESS for the calculated over route. 

It can be seen in Figure 47 that the most dominant C-rate is the maximum allowed C-rate of 8C. 

This immediately implies that the system might be under designed if the main aim was energy 

utilisation.  
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Figure 47: Histogram of discharge C-rate seen by ESS for the simulated route. 

 

Figure 48: C-rate of Battery and Brake Resistor and actual C-rate experienced by Battery (red) 
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Figure 48 depicts the C-rate versus time that the batteries experience over the duty cycle 

analysed. The blue line indicates the C-rate of available power from the motors. The red shows 

the actual C-rate that the batteries experience, with the power electronics successfully limiting the 

current into the batteries. The remainder or difference between these two curves are either 

provided by the prime mover, as the case with the positive C-rate (discharge), or dissipated on 

the resistor grids, as the case with the negative C-rate (charge).  

Such control of the power system can become quite complicated. However, using a common DC 

link with chopper modules for brake resistors and for battery input onto the DC link (matching 

alternator with battery voltage) and inverters for the motors, a configuration such as this should 

be possible. 

5.10 Energy Recovered and Savings 

This section covers the summed energy results of energy recovered through regenerative braking 

that results from the application of the ESS model of Section 5.6 and calculation over the route 

data set in question (Phalaborwa to Richards Bay). Table 21 summarizes the energy usage over 

the entire trip for one locomotive. It is noteworthy that the auxiliaries use approximately 500 kWh 

of energy over the entire trip. The total available braking energy for regeneration is over 37%, 

with 100% braking energy utilisation. 

Table 21:  Summary of the traction energy, auxiliary energy and braking energy for PHL - RCB trip. 

     Possible Savings 

Total Traction and Auxiliary Energy (TAE) 15,417.0 kWh - 

Total Traction Energy (TE) 14,911.5 kWh 96.7% 

Total Braking Energy (BE) 5,754.0 kWh 37.3% 

 

The total energy results from the calculation of the ESS model is displayed in Table 22. This is 

called the “Utilisation Table”, showing the utilisation of the available braking energy from both 

perspectives of energy input and energy output of the energy storage system.  

In Table 22, the following serves as a legend: 

 BEI means “Braking Energy Into” ESS  

 MEO refers to “Motoring Energy Out” of ESS. 

 TAE refers to “Traction and Auxiliary Energy” 
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 TAEI refers to “Traction and Auxiliary Energy Input” 

 TEI refers to “Traction Energy Input” 

 
Table 22:  Utilisation table depicting the energy recovered and comparing to available capacity. 

UTILISATION 
TABLE 

Braking Energy 
Input (BEI) 

Motoring 
Energy Output 

(MEO) 

% BEI of 
Total 
TAE 

% MEO of 
Total TAE 

% BEI of 
Total BE 

% MEO 
of Total 

BE 

Savings 
Rate 

(R/kWh) 

Power Delivered 
From Regen ESS  
(No Limits) 

5,754.0 kWh 4,776 kWh 37.3% 31.0% 100.0% 83.0% R 4.55 

Power Delivered 
From Regen ESS  
(Capacity Limit) 

4,447.5 kWh 3,690 kWh 28.8% 23.9% 77.3% 64.1% R 4.61 

Power Delivered 
From Regen ESS  
(All Limits, Aux) 

2,414.6 kWh 2,002 kWh 15.7% 13.0% 42.0% 34.8% R 5.53 

 

It can be seen that if all system limits described are implemented, then the system will have a 

severe drop in utilisation with only 42% of the total available braking energy (BE) being available 

to be stored in the ESS and 34.8% being used for traction. The difference represents energy 

storage system losses. It should be noted that the energy capacity limitation has a significant 

impact on total utilisation, bringing the total utilisation down by 22.7% to 77.3%. The additional 

35.3% is reduction due to power, voltage and current limitations. 

 

Table 23: Energy Savings Table putting the savings into an input energy savings perspective. 

ENERGY SAVINGS TABLE 
Diesel Energy 
Input / Saving 

Diesel 
Consumpti
on / Saving  

% of 
Total 
Diesel 

TEI 

% of 
Total 
Diesel 
TAEI 

Traction and Auxiliary Power 
(TAEI) 

57,299.6 kWh 5,316 L - 100.0% 

Traction Power (TEI) 55,609.5 kWh 5,160 L 100.0% 97.1% 

Power Delivered From Regen ESS 
(No Limits) 

17,998.4 kWh 1,670 L 32.4% 31.4% 

Power Delivered From Regen ESS  
(Energy Limits) 

14,095.5 kWh 1,308 L 25.3% 24.6% 

Power Delivered From Regen ESS  
(All Limits, Aux) 

9,174.0 kWh 851 L 16.5% 16.0% 
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On the right most column of Table 23 savings rate figures are given. These refer to the cost of 

diesel associated with energy expended to traction at each notch. It can be seen that although 

the energy recovered decreases, the rate at which energy is saved increases. This is mainly due 

to the auxiliaries being added as a load on the batteries. A diesel price of R13 /L was assumed 

for this indicative parameter. 

In Table 23, the diesel energy input is calculated using the fuel consumption table of the 

locomotive found in Appendix A. From this Energy Savings Table, it can be seen that a 16% 

savings on energy can be achieved using an ESS. The significance of this saving can only be 

seen once the operational data of this train and locomotive are used to calculated total savings 

per annum. However, a 16% reduction in fuel cost is most definitely a solution that operations will 

consider if the investment numbers are accordingly profitable. 

For the hybrid battery configuration, similar results were achieved. Significant advantages of the 

hybrid battery was that the supercapacitor allowed utilisation of more energy. The results of such 

a configuration at this scale produced a roughly 13.5% increase in braking energy utilisation. This 

is considerable as on this route that translates to roughly 620 kWh per locomotive. It should be 

noted that the additional complexity of the supercapacitors, the fact that two different DC sources 

are used together with the need then for multi cell type inverter topology, and the high cost of 

capacitors will influence feasibility of this concept significantly.  

5.11 Comparison of Route Energy Results of Method #1 and Method #2 

Comparing the route energy results from the theoretical calculated values of method #1 with those 

from the data analysis and calculation method #2, it is clear that there is results similarity between 

the two methods for the motoring energy. Motoring energy for Method #1 adds up to 14 881 kWh 

per locomotive compared to 14 910 kWh per locomotive from Method #2 analysis. This is a 0.2% 

difference. 

Table 24: Energy consumption per locomotive calculated by theoretical simple model and calculated from 
data 

Test Data Comparison  

(per locomotive) 

Method #1 Method #2 

Motoring Braking Motoring Braking 

Energy (kWh) 14 881 15 478 14 910 5 742 

 

For braking energy, there is some notable difference. The theoretical calculated braking energy 

is equal to 15 478 kWh per locomotive compared to 5 742 kWh from trip data analysis. This is a 
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62.9 % difference. The reason for this difference is the fact that the data analysis (Method #2) 

only focussed on the braking energy from the traction motors whereas the theoretical model 

(Method #1), as a high level physics model, considers the traction forces of electrical as well as 

mechanical braking. 

It should however be noted that the actual recovered braking energy was calculated with Method 

#2 only and not with Method #1. The energy regenerated according to Method #2 is 2,414.6 kWh 

according to Table 22. This is a portion (42 %) of the total braking energy per Method #2 of 5 742 

kWh. Due to the lack of an ESS model for Method #1, the results for these two methods cannot 

be properly compared on the level of energy recovery. 
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CHAPTER 6: TRAIN DYNAMICS AND ENERGY SIMULATION 

The next step in the Methodology as per Section 4 was to add an additional source of data for 

comparison to analyse correlation of these methods. This is Method #3. There are two ways of 

accomplishing this: 

(i) Analysing all the available recorded data sets for diesel locomotives and 

doing the same analysis as done in Section 5. This is limited to tests being 

done. 

(ii) Create a train dynamics and energy simulator in order to create the needed 

power data through computational simulation. This allows simulation of any 

train over any route profile and the feasibility assessment of an ESS on that 

route.  

Of these two options, the first (i) is often hard to achieve due to the unavailability of proper data 

to analyse. Thus, the second option (ii) presents a more achievable goal. The energy storage 

system (ESS) model used in Section 5 was implemented in this simulator in order to use same 

system parameters and implement a control algorithm that would control the train over the route. 

Train modelling has been quite decently researched in the past. Cole (2006) adequately describes 

very critical parts of a simulation model. Cole (2006) elaborates on the equations used in 

calculating the force profile of a train on a route. It also goes into the mathematics of modelling a 

train as a multiple degree of freedom system.  

6.1 Simulation Force Model 

It is appropriate to understand the equations and coefficients used behind the mathematical model 

used in this dissertation. Here, the updated and modified Davis equation (Davis, 1999) as well as 

other source inputs (Gilliespie, 1992) (Hay, 1982) were used as the basis for setting up the 

equation for propulsion resistance.  

 Propulsion Resistance 

Propulsion resistance practically represents all the resistances, except gravitational resistance, 

that a vehicle in a train would experience. It can be broken down into several component forces 

that contribute to the total resistance of each rail vehicle. 
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For 

- Rolling Resistance = RR 

- Bearing Resistance = BR 

- Aerodynamic Resistance = AR 

- Curve Resistance = CR 

- Propulsion Resistance = PR 

then 

𝑃𝑅𝑖 = 𝑅𝑅𝑖 + 𝐵𝑅𝑖 + 𝐴𝑅𝑖 + 𝐶𝑅𝑖 

where  𝑖  is the vehicle number in the train. Thus, for 𝑛 = the number of total vehicles, the total 

propulsion resistance, 𝑃𝑅, is equal to the sum:  

PR𝑡𝑜𝑡 = ∑ 𝑅𝑅𝑖 + 𝐵𝑅𝑖 + 𝐴𝑅𝑖 + 𝐶𝑅𝑖

𝑛

𝑖=0

 

 Rolling Resistance 

Rolling resistance includes the resistance of the wheel rail interaction as well as the resistance of 

the bearing to rotation. The latter of the two is dependent on the mass of the vehicle, as a greater 

mass will provide greater resistance proportionally. The relationship for the second term is linear. 

The first term is a constant independent term. 

Locomotive: 

According Hay (1982), the modified Davis formula for rolling resistance for a locomotive is 

𝑅𝑅𝐿 = 𝑔 (
0.6

2
+

10000

𝑤𝐿
)

𝑚𝐿

1000
                           [𝑁]  

where 𝑔 is the gravitational acceleration (9.81 m/s2), 𝑤𝐿 is the locomotive axle load in kg and 𝑚𝐿 

is the locomotive mass in kg. 

Wagon: 

According Hay (1982), the modified Davis formula for rolling resistance for a wagon is 

 

Eq. (27a) 

Eq. (27b) 

Eq. (28) 
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𝑅𝑅𝑊 = 𝑔 (
0.6

2
+

10000

𝑤𝑤
)

𝑚𝑊

1000
                           [𝑁]  

where 𝑔 is the gravitational acceleration (9.81 m/s2), 𝑤𝐿 is the wagon axle load in kg and 𝑚𝐿 is 

the wagon mass in kg.  

For total rolling resistance, the sum off the rolling resistance of all the vehicles is taken as 

RR𝑡𝑜𝑡 = ∑ 𝑅𝑅𝑖

𝑛

𝑖=0

 

 Flange Resistance 

This resistance is directly related to the flange rail interaction and the resistance that results from 

this interaction.  

Locomotive: 

According Hay (1982), the modified Davis formula for flange resistance for a locomotive is 

𝐹𝑅𝐿 =
𝑔𝐵𝑣𝑚𝐿

1000
                           [𝑁]  

where 𝑣 is the velocity of the vehicle in m/s, 𝐵 is the bearing resistance coefficient and  𝑚𝐿 is the 

locomotive mass in kg. The modified Davis equation as given by 𝐵 = 0.01, with the answer then 

in lb/ton (short ton). To convert it to kg/tonne (metric tonne), the result is divided by a factor 2. 

Thus, 𝐵 = 0.005 for metric units.  

Wagon:  

According Hay (1982), the modified Davis formula for flange resistance for a wagon is 

𝐹𝑅𝑊 =
𝑔𝐵𝑣𝑚𝑊

1000
                           [𝑁]   

where 𝑣 is the velocity of the vehicle in m/s, 𝐵 is the bearing resistance coefficient and  𝑚𝐿 is the 

wagon mass in kg. The same value of 𝐵 = 0.005 applies to wagons. 

Eq. (29) 

Eq. (30) 

Eq. (31) 

Eq. (32) 
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For total flange resistance, the sum off the flange resistance of all the vehicles is taken as  

FR𝑡𝑜𝑡 = ∑ 𝐹𝑅𝑖

𝑛

𝑖=0

 

 Aerodynamic Resistance 

Two models can be utilised for the aerodynamic resistance. The first is the most commonly known 

drag force equation (Halliday, et al., 2005). 

Leading Locomotive: 

  

𝐴𝑅𝐿𝐿 = 0.5 
𝜌𝐶𝐷𝐿𝐿𝐴𝑓𝑣2

1000
                           [𝑘𝑁]  

where 𝜌 is the air density, 𝐶𝐷𝐿𝐿 is the drag coefficient of the leading locomotive, 𝐴𝑓 is the frontal 

drag area and 𝑣 is the velocity of the vehicle. For a leading locomotive, 𝐶𝐷 is 0.4.  

Trailing Locomotive:  

 

𝐴𝑅𝐿𝐿 = 0.5 
𝜌𝐶𝐷𝑇𝐿𝐴𝑓𝑣2

1000
                           [𝑘𝑁]  

where 𝜌 is the air density, 𝐶𝐷𝑇𝐿 is the drag coefficient of the trailing locomotive(s), 𝐴𝑓 is the frontal 

drag area and 𝑣 is the velocity of the vehicle. For a trailing locomotive, 𝐶𝐷 is 0.3. 

Wagon:  

𝐴𝑅𝑊 = 0.5 
𝜌𝐶𝐷𝑊𝐴𝑓𝑣2

1000
                           [𝑘𝑁]  

where 𝜌 is the air density, 𝐶𝐷𝑊 is the drag coefficient, 𝐴𝑓 is the frontal drag area and 𝑣 is the 

velocity of the vehicle in m/s. For a trailing locomotive, 𝐶𝐷 is 0.3. 

A second approach to aerodynamic drag is to use the Davis equation. (Davis, 1999).  

  

𝐴𝑅𝑉 = 𝑔
𝐾

𝑤𝑛
𝑣2                           [𝑁/𝑡𝑜𝑛𝑛𝑒]  

Eq. (33) 

Eq. (34) 

Eq. (35) 

Eq. (36) 

Eq. (37) 
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where 𝑤 is the vehicle axle mass in tonne per axle and 𝑛 is the number of axles per vehicle. Table 

25 shows the experimentally determined value of 𝐾 for conventional wagons, piggyback container 

wagons and standard container wagons. 

Table 25: Values for aerodynamic resistance coefficient for the Davis equation (Davis, 1999) (Hay, 1982). 

Condition Value of K 

Conventional Equipment 0.076 

Piggyback 0.16 

Containers  0.0935 

For total aerodynamic resistance, the sum off the aerodynamic resistances of all the vehicles is 

taken as  

AR𝑡𝑜𝑡 = ∑ 𝐴𝑅𝑖

𝑛

𝑖=0

 

For purposes of this dissertation, the drag force equation was used to calculate the aerodynamic 

drag in the train simulator. 

 Curve Resistance 

Curve resistance is inherently the resistance force acting upon a train vehicle due to the curvature 

of the track. As the vehicle moves around a curve on a track, the flange makes contact with the 

crown of the track. This produces the turning force steering the bogie along the new path line. 

However, there is a resultant resistance associated. It is directly related to the radius of curvature 

of the track. For locomotive and wagon, the curvature resistance according to Cole (2006) was 

calculated as  

𝐶𝑅𝐿𝑊 =
6116

𝑅
𝑚𝐿𝑊                 [𝑁]  

where 𝑅 is the radius of the curve in meters and 𝑚𝐿𝑊 is the mass of the vehicle (locomotive or 

wagon) in tonnes. (Collin Cole, 2006) 

The most important part here then is to determine the actual mass of the vehicles in the curve 

and thus the number of wagons in the curve through considering the length of vehicles and the 

arc length of the curve. 

Eq. (38) 

Eq. (39) 
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For total curvature resistance, the sum off the curvature resistances of all the vehicles is taken as  

CR𝑡𝑜𝑡 = ∑ 𝐶𝑅𝑖

𝑛

𝑖=0

 

 Gravitational Resistance 

The gravitational resistance is the greatest single resistance the train encounters on any route. 

The basic equation for determining gravitational resistance according to Cole and Halliday 

(Halliday, et al., 2005) is  

𝐹 = 𝑚𝑔 𝑠𝑖𝑛𝜃 =
𝑚𝑔

𝑋
                   [𝑁] 

where 𝑚 is the mass of the vehicle, 𝜃 is the angle of inclination as shown in Figure 49, and 𝑋 

refers to the same angle, but is in terms of “1 in X”. 

 

Figure 49: Depiction of Force of Gravity on a vehicle on a slope (Cole, 2006) 

For total gravitational resistance, the sum off the gravitational resistances of all the vehicles is 

taken as 

GR𝑡𝑜𝑡 = ∑ 𝐺𝑅𝑖

𝑛

𝑖=0

 

Using Equations 28 through 42, all the resistance forces on all the vehicles in the train from 

Phalaborwa to Richards Bay was calculated. Thus, knowing what the relative position on the track 

was for each vehicle, the instantaneous train resistance can be calculated by substituting 

Equations 28 through 42 into Equation 27b. This resulted in the summed total resistance force 

against which the locomotives have to apply traction to maintain train speed and control 

acceleration. 

  

Eq. (40) 

Eq. (41) 

Eq. (42) 
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6.2 Traction and Braking Force Curves 

 Tractive Effort Curve 

The tractive effort of a diesel electric locomotive can be limited due to certain system constraints. 

The following two factors influence a DC diesel electric locomotive traction system limits: 

- Current Limiting on Electrical Equipment (0 – 26.5 km/h); 

- Power Limiting (26.5 - 100 km/h); and 

Thus, the tractive effort curve is divided into two distinct sections. A piece wise function for the 

tractive effort curve was derived. The following curves given by Equations 41 to 44 were derived 

from Figure 10. 

Piece wise function: 

1) 1st  Linear:  

𝐹 = 𝑎𝑣 + 𝑐 

where 𝑎 is -1.176 kN/(km/h), 𝑐 is 370 kN, and 𝑣 is the velocity in m/s of the train. 

Thus, the 1st part of the equation has the form 

𝐹 = −1.176 + 370                  [𝑘𝑁] 

2) 2nd Inverse: 

The final part of the curve is a constant power curve of the form 

𝐹 =
𝑃

𝑣
 

The value of P is found at 26.5 km/h on the tractive effort curve at 240 kN of force. Thus, the value 

of P in this case becomes 

𝐹 =
1767

𝑣
                 [𝑘𝑁] 

where 𝑣 is the velocity of the locomotive in m/s. Power notches follow the percentages of total 

engine power according to Table 26. 

Eq. (43) 

Eq. (45) 

Eq. (46) 

Eq. (44) 
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Table 26: Load versus Throttle Position 

Throttle Position % Load 

Notch 1 4.1% 

Notch 2 8.5% 

Notch 3 18.5% 

Notch 4 31.8% 

Notch 5 47.2% 

Notch 6 65.1% 

Notch 7 84.1% 

Notch 8 100% 

 

 Braking Effort Curve 

The braking effort curve requires the same procedure. Mainly current limiting plays a role in the 

initial positive gradient up to the peak braking effort. The following curves given by Equations 45 

to 47 were derived from Figure 10. 

Piece wise function:  

1) 1st Linear:       

This part of the braking effort curve is increasing linearly with speed. Thus, it has a positive 

gradient. With 205 kN at 13.5 km/h from 0 kN at 0 km/h, the linear function becomes 

 𝐹𝐵𝐸 = 15.185𝑣                   [𝑘𝑁] 

where 𝑣 is the velocity of the locomotive in m/s. 

2) 2nd  Linear: 

Following the same form, F = av + c, where now 𝑎 is at a zero gradient 0 kN/(km/h), 𝑐 is 205 kN, 

and 𝑣 is the velocity in m/s of the train. Thus, the 3rd part of the equation has the 

form 

𝐹 = 205             [𝑘𝑁] 

3) Inverse 

The third part is in the constant power region, which is an inversely proportional function.  

Eq. (47) 

Eq. (48) 
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Constant Power Region = 205kN @ 26.5 km/h = 1510 kW (using Eq. 43) 

𝐹 =  1510/𝑣            [𝑘𝑁] 

where 𝑣 is the velocity of the locomotive in m/s.  

The driver’s brake notch control commands then follow subsequent percentages of total braking 

power according to Table 27. 

Table 27: Load versus Braking Notch Position 

Brake Notch Position % Load 

B Notch 1 10% 

B Notch 2 20% 

B Notch 3 30% 

B Notch 4 40% 

B Notch 5 50% 

B Notch 6 60% 

B Notch 7 70% 

B Notch 8 80% 

B Notch 9 90% 

B Notch 10 100% 

 

The tractive and braking effort curves vary with speed. Figure 50 clearly shows this variation from 

0 to 100 km/h. The air brake (mechanical brake) curves are also included in Figure 50. These 

have been estimated from gradual pressure reduction of the air brake system pressures as well 

as changing brake block to wheel friction coefficient with vehicle speed, as indicated in Figure 5. 

The air brake pressures consist of 1) the Main Reservoir Pressure (MRP) pipe, supplying air to 

all air reservoirs in the train, 2) Brake Pipe Pressure pipe, which is the brake signal pipe, with a 

reduction in pressure seen as an application, and also 3) the Equalizing Reservoir Pipe, allowing 

all locomotive reservoirs in a consist to be at the same pressure in order to allow compressors to 

work together. 

Eq. (49) 
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Figure 50: Typical tractive effort (top left), dynamic braking effort (top right) and air brake effort (bottom) of a 
locomotive 

6.3 Fixed Train Simulation Model 

Once the force model of the train, locomotives and wagons was completed, a fixed train model 

was developed in software which allowed the energy on the route to be analysed from a time-

based simulation perspective. The above mentioned force model was implemented in Octave 

(MATLAB Compatible) for simulation.  
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Figure 51: Simple depiction of fixed train model 

A route was simulated to understand the outputs of the fixed train model simulation. The following 

traction power graph, Figure 52, resulted. 

 

Figure 52: Route power requirements comparison for simulated (red) and actual (blue) for a train from 
Krugersdorp to Mafikeng. 

From the  Figure 52, sharp peaks of the red simulated data are apparent. The red line follows the 

pattern of the actual recorded data, suggesting that the model was indeed well aligned. Magnitude 

of the simulated data suggest lack of damping. This may be as a result of the damping of the train 

not being included in the model and thus not flattening out the power requirement. 

Figure 53 shows the results of the tractive effort requirement for a shorter distance of 16 km 

according to the notch setting of the actual driver. The method used here was taking the notch 

Fixed train model is solid, but of full length, ensuring that 

forces on each vehicle is different according to its 

position on the route 
No coupler movement 

element in model 
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setting at a specific distance point and applying this as the driver input into the control portion of 

the software. This is to reach similarity between the simulated values and the actual recorded 

values of the train. This test was done for a time period of 1000 seconds. There is some 

discrepancy visible in when comparing the data. Green and blue lines are not fully aligned all 

over. Also, at around the 13 km point, there is a sharp peak in the tractive force of the simulation 

set above 400 kN where the recorded set still remains relatively low in tractive force, about 20 kN. 

These discrepancies can be a result of:  

 Tractive effort curves not 100% fit of actual. There are always small variances 

between locomotive of the same type. 

 Wheel diameter differences cause changes in tractive effort. Decreased wheel 

diameter decreases tractive effort.  

 Force ramp up not implemented in locomotive control algorithm. This ramp up 

control allows for a slower application of power, a change from one power 

notch setting to the next taking approximately 3 seconds. 

 Slight misalignment of civil altitude data compared to the GPS coordinates of 

the recorded data set. 

The only way to conquer these discrepancies is to expand the model further in complexity and 

allow for adjustable parameters of tractive effort, wheel diameter and power ramp.  

 

Figure 53: Tractive effort of a consist of four locomotives pulling a train on the Krugersdorp to Mafikeng line. 
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6.4 Energy Simulation of Various Routes 

Because of the limited amount of actual recorded power data for routes in the South African rail 

network, the fixed train model allows analysis to be done on several routes to consider the 

potential of braking energy on those lines.  

In order to distinguish the most demanding routes in each region, a locomotive and wagon fixed 

force model was built and simulated over all the different routes available. The term “fixed” refers 

to the fact that there is no dynamic reaction (coupler and drawgear elements) of the train included 

in the model. A total of the 260 routes available were simulated to determine the most demanding 

routes.  

The three worst routes were analysed to determine energy usage and braking energy potential 

over these lines. The main criteria for worst route analysis were: 

(i) steepest incline 

(ii) longest continuous incline 

(iii) net elevation change 

A train, comprising of a single locomotive, six wagon train with a gross tonnage of 462 tons, was 

simulated over the route to determine the power requirements. The most important results of the 

simulation of this train over all 260 routes are given in Table 28.  

The results show that for a specific train type and size, certain of the routes across the country 

are more difficult to navigate in terms of power required to make the trip. For area 9 - Richards 

Bay, the most difficult is shown to be Vryheid-Oos to Richards Bay. The cells highlighted indicate 

the reason for selecting these routes as most demanding. Table 28 shows the following 

parameters for each route analysed: 

(i) Maximum Positive and Negative gradients and the distances that each 

occur, for a train travelling UP and DOWN. 

(ii) Distance and elevation of longest continuous uphill 

(iii) Elevation of longest single stretch uphill climb 

(iv) Total elevation change UP or DOWN the route 

(v) Tractive and Braking Energy required for the route 

(vi) Tractive Energy and Braking Energy per distance measure (kWh/km) 

(vii) Maximum instantaneous power required on the route 

(viii) Distance of the route from start to destination 
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Table 28: Three of the most demanding routes in South Africa per operational area, estimated by simulating a 
fixed train force model (1 locomotive, 6 wagons, 462 gross tons) over the various routes with the red cells 
indicating the parameter that causes most demanding scenario. 

Area Region 

 
Motoring 

Energy 
(kWh)  

 
Braking 
Energy 
(kWh)  

 Energy / 
Distance 

(kWh/km)  

 Braking 
Energy / 
Distance 

(kWh/km)  

 Max. 
Power 
(kW)  

 
Distance 

(km)  
Route Names 

1 Cape Town 2228 -1035 6.0 -2.8 974 369 Beaufort West - Worcester 

1 Cape Town 109 -4 9.2 -0.3 819 12 
Muldersfontein - 
Kraaifontein 

1 Cape Town 1868 -889 7.9 -3.7 1552 237 Worcester - Riversdale 

2 Kimberley 325 -105 8.1 -2.6 1235 40 Coligny - Vermaas 

2 Kimberley 1616 -562 7.3 -2.6 974 220 Groveput - Upington 

2 Kimberley 795 -591 7.9 -5.8 1259 101 Welverdiend - Coligny 

3 Port Elizabeth 728 -149 8.8 -1.8 2198 83 Cookhouse - Alicedale 

3 Port Elizabeth 589 -43 13.1 -1.0 819 45 Noupoort - Rosmead 

3 Port Elizabeth 1510 -205 8.6 -1.2 827 176 Rosmead - Cookhouse 

4 East London 491 -64 16.8 -2.2 1259 29 Amabele - Blaney 

4 East London 2250 -1158 8.0 -4.1 1606 282 Amabele - Umtata 

4 East London 1528 -927 5.5 -3.3 1863 278 Sterkstroom - Maclear 

5 Bloemfontein 1047 -806 6.2 -4.8 2002 168 Bethlehem - Modderpoort 

5 Bloemfontein 1510 -839 9.2 -5.1 1259 163 Bethlehem - Villiers 

6 Durban 567 -678 5.8 -7.0 1589 98 Danskraal - Harrismith 

6 Durban 1058 -159 10.8 -1.6 1010 98 Pietermaritzburg - Booth 

7 Johannesburg 2851 -1371 10.5 -5.0 2040 272 Krugersdorp - Mafeking 

8 Pretoria 473 -2 16.3 -0.1 1259 29 Belfast - Machadadorp 

8 Pretoria 2897 -1051 12.9 -4.7 1917 224 Belfast - Steelpoort 

8 Pretoria 1083 -97 9.9 -0.9 3948 109 Machadodorp - Nelspruit 

9 Richards Bay 83 -29 10.4 -3.7 1258 8 Buhrmanskop - Ermelo 

9 Richards Bay 402 -323 6.2 -5.0 1325 65 Empangeni - Nkwalini 

9 Richards Bay 1861 -407 8.7 -1.9 974 214 Vryheid Oos - Richards Bay 

10 
Sishen-

Saldanha 
1993 -82 4.5 -0.2 672 446 Halfweg - Salkor 

10 
Sishen-

Saldanha 
3709 -354 4.3 -0.4 677 870 

Sishen - Saldanha_with 
long loops 

 

The red blocks show the parameters that make the selected routes the most demanding in their 

region. The most important parameters are the “Energy/Distance” and “Braking Energy/Distance” 

measures. These depict the severity of the route in terms of energy consumption versus energy 

produced during braking. This clearly shows the potential of a simulation tool for estimating energy 
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usage and braking energy potential on lines for which power requirement data does not exist or 

is not freely available.  

Of all the routes in Table 28, it is clear that those routes which require the most energy do not 

necessarily require the highest peak instantaneous power, denoted by “Max Power”. Often, the 

route with the highest energy requirement is the longest route; whereas the route with the highest 

power requirement has the steepest gradient. As an example, in the Cape Town region, Beaufort-

West to Worcester is the route requiring the most energy. Worcester to Riversdale requires the 

highest peak instantaneous power. The third route is there to indicate the highest energy usage 

per kilometre of the route, kWh/km. This measure is in fact an excellent way to compare routes 

to see how demanding they can be for trains. 

This demonstrated the ability to simulate multiple routes using the simulation tool that had been 

created. It also showed that the energy requirements for any route can be simulated. 

6.5 Dynamic Train Simulation Model 

The Dynamic Train model was created to allow for simulation of the entire train, calculating the 

resulting velocities and accelerations of all the vehicles in the consist using a fourth order Runga-

Kutta method of integration (implemented in Octave). Using the resistance forces and the traction 

forces calculated for each time step, it was possible to predict and simulate the movement of each 

vehicle in the train. The dynamic train model used the same force model as the fixed train model. 

However, the difference is that the single degree of freedom (SDOF) system that was previously 

simulated has now been made a multiple degree of freedom (MDOF) system. The following 

diagram explains the mathematical representation of this MDOF train system 

Sim

 

Figure 54: Diagram depicting train motion in a MDOF environment, each vehicle with its own displacement 
and relative forces acting on it (Chou, et al., 2007). 
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The equations of train motion for a train with 𝑛 number of vehicles are then as follows (Chou, et 

al., 2007): 

First vehicle 

𝑚1�̈�1 =  𝑢1 −  𝑘1(𝑥1 − 𝑥2) − 𝑐1(�̇�1 − �̇�2) −  𝑃𝑅1  

Middle vehicles:  

𝑚𝑖�̈�𝑖 =  𝑢𝑖 −  𝑘𝑖(𝑥𝑖 − 𝑥𝑖+1)  −  𝑘𝑖(𝑥𝑖 − 𝑥𝑖−1)  − 𝑐𝑖(�̇�𝑖 − �̇�𝑖+1)  − 𝑐𝑖(�̇�𝑖 − �̇�𝑖−1)  −  𝑃𝑅𝑖   

Last vehicles:  

𝑚𝑛�̈�𝑛 =  𝑢𝑛 −  𝑘𝑛(𝑥𝑛−1 − 𝑥𝑛) − 𝑐𝑛(�̇�𝑛−1 − �̇�𝑛) −  𝑃𝑅𝑛  

With 𝑚 the mass of the vehicle [kg], 𝑢 the traction force on each vehicle [N],  𝑘 is the stiffness of 

the coupler and drawgear between each vehicle [N/m],  𝑐 is the damping coefficient of the coupler 

and drawgear between each vehicle [Ns/m],  𝑃𝑅 is the propulsion resistance of the vehicle [N] 

according to Eq. 27b,  𝑥 is absolute displacement of the vehicle [m], �̇� is absolute velocity of the 

vehicle [m/s], and  �̈� is absolute acceleration of the vehicle [m/s2]. 

For solving the MDOF vibration problem, the linear solution was initially assumed:  

𝑴�̈� + 𝑪�̇� + 𝑲𝑿 = 𝑭 

Where 𝑴 is the vehicle mass matrix, 𝑪 is the damping matrix, and 𝑲 is the stiffness matrix and 𝑭  

is the force vector of all the vehicles in the train.  

Each element of the force vector, 𝑭, would contain:  

𝑓𝑖 =  𝑓𝑖𝑡 +  𝑓𝑖𝑟 +  𝑓𝑖𝑠 

Where 𝑓𝑡 is the tractive force either positive (traction) or negative (braking), 𝑓𝑟 the resistance force 

of the vehicle, 𝑓𝑠 and the gravitational force on the vehicle. 

The above mentioned force model has been implemented in Octave (MATLAB Compatible) for 

simulation. This model allows for dynamic simulation of the entire train, calculating the resulting 

velocities and accelerations of all the vehicles in the consist using a fourth order Runga-Kutta 

method of integration. All degrees of freedom are given to the solver and simultaneously solved. 

Eq. (50) 

Eq. (51) 

Eq. (52) 

Eq. (53) 

Eq. (54) 
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Linear approximations of stiffness used for locomotive and wagon draw gear are 8 MN/m, with 

damping values approximately 200 kN.s/m. (TF 880 Miner Drawgear Specification Sheet, 2010) 

6.6 Software Structure 

The software involved the planning and execution of software architecture and overall simulator 

structure. The following structure has been used: 

 

Figure 55: Software architecture for the train energy simulator 

The software is comprised of several different modules that perform certain functions of the 

locomotive system and describe specific parts. The locomotive control module uses a control 

algorithm to keep the train as close to the speed limit as possible using a 5 km/h margin target 

speed and a simple proportional differential control algorithm. This module acts as a driver and 

performs the powering and braking functions to regulated speed. Driver notches from the data set 

were also super imposed on the inputs of the system. The traction force module accompanies 

vehicle traction force, electric braking force and pneumatic braking force. Wagons only have 

pneumatic braking force while locomotives have traction, electric and pneumatic braking forces 

modelled. “Structs” are employed in the software code to collectively describe vehicles and 

allocate properties to each vehicle. Distributed power capability, which is a condition where a train 

has multiple consists at different positions in a long train, has also been added to the simulator 

software to allow future simulation of heavy haul trains on main export lines. 
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Figure 56: Input tree into the train simulation model 

The inputs to this simulator are from a database that has been constructed of all the physical 

parameters, of locomotives and wagons, called the VPCD, or Vehicle Physical Characteristics 

Database of Transnet Engineering Research and Development. Vehicle parameters from the 

database such as tare mass, wheel diameter, payload, coupler and draw gear properties, coupler 

to coupler length and distance between bogie centres are some of the parameters stored in this 

database. These parameters were used as inputs for force and dynamics calculations in the 

simulator. Having a database for all vehicles allowed the simulator to be modified for any data set 

and can therefore simulate any train configuration on any route given the altitude and plan profiles 

are available. 

The identified possible solutions to the discrepancies in the data of the fixed train model were 

subsequently implemented in the software of the dynamic train model. Following implementation 

of the model into the developed software, time was spent understanding the coupler and drawgear 

reaction. For simplicity of the model, a linear model without coupler slack was used for the results 

in this section. The simplistic model also allowed for faster than real time simulation, with 1 real-

time second simulated in under 0.7 seconds. The same train and same route as in Section 5 were 

used for the simulation of the train.  

6.7 Dynamic Train Model Simulation Results 

The results of the dynamic train model simulation are depicted in Figure 57 and Figure 58. Figure 

57 shows the dynamic behaviour of the train vehicles during movement, showing a plot of vehicle 
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velocity (m/s) versus the distance travelled (km). It can be clearly seen from this graph that the 

dynamic behaviour of the vehicles is simulated as a MDOF system. This vibration system has 

several eigen frequencies that determine the response of the system. The main natural frequency 

of the entire train was determined as 0.27 Hz. The forces however on the system is very dynamic 

and varies as the gravitational and other resistance forces play a role. Also, tractive and braking 

effort forces influence the dynamic behaviour and coupler forces.  

 

Figure 57: Vehicle speed over distance travelled for a typical freight train during acceleration 

The latter, coupler forces, can be seen in the second plot on Figure 58. The first plot of Figure 58 

shows the locomotive applied tractive effort as the train speeds up. As the forces in the train 

increase, the controller monitors the coupler force and reduces the power to limit the coupler force 

from exceeding preset limits. Usual train design limits for coupler forces are 600 kN in tension 

and compression, limited primarily to ensure good performance life out of coupling equipment. 

The actual force that the couplers are structurally designed to withstand are between 1400 kN 

and 1600 kN. In the bottom graph of Figure 58, it is clear that locomotives generally have a lot 

higher coupler force than the wagons, specifically on pull away. The lines that are higher than the 

rest refer to the locomotive coupler forces.  
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Figure 58: Tractive force per vehicle in the train plotted over distance travelled by a freight train. 

 

 

Figure 59: Coupler force between vehicles in the train plotted over distance travelled by a freight train. 

Running the actual simulation with the same train configuration over the entire route from 

Phalaborwa to Richards Bay, the locomotive on-board systems were simulated along with the 

movement of the vehicles. These included power of auxiliaries, engine power, alternator power, 

traction motor power, engine temperatures and an on-board energy storage system. 

In Figure 60, the speed limit (blue) as well as the target controller speed (light green) is shown. 

The power notches are taken from the data set and implemented as the driver action in the 

simulator. The fact that the speed of the train is close to the speed limit highlights the fact that the 

force model of the train is relatively accurate. 
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Figure 60: Velocity of the vehicles across the distance of the route. 

Further simulation of the prime mover, which is a collective term used for alternator and engine, 

shows in Figure 62 the power, voltage and current of the prime mover that was simulated using 

basic alternator power model. 

 
Figure 61: Prime Mover (Engine-Alternator) power profile over 250 km of the 740 km route from Phalaborwa 
to Richards Bay. 

 
In Figure 62, the energy stored in the ESS is simulated in an MDOF dynamic train simulation 

model. The graph shows that at around 80 km, the energy in the ESS peaks to 31 kWh. The 

energy is then used up again after km 95. Figure 63 the charging and discharging power of the 

ESS during operation on the Phalaborwa Richards Bay line.  
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Figure 62: Energy stored and power of ESS during the route. 

 

 

Figure 63: Power input and output of the ESS during 250 km of the Phalaborwa to Richards Bay line simulation. 

 
Summing the braking energy dissipated during the route for the first simulation is 4 657.9 kWh. 

The second simulation yielded 2 711.5 kWh. The difference between these two simulations can 

be contributed to the fact that the train speed of the simulations differ, requiring more or less 

power to maintain the speed of the train. 

Table 29: Test energy results of simulation 3 of energy storage on the train from Phalaborwa to Richards Bay 

Test Data Comparison 

(per locomotive) 
Part 1 Part 2 Part 3 Part 4 Part 5 TOTAL 

Motoring Energy (kWh) 4 835 799 4 141 1 972 1 748 13 495 

Braking Energy (kWh) 2 238 1 133 2 203 1 031 978 7 582 

Actual Recovered Energy (kWh) 931 520 1 076 500 153 3 179 

Start Distance (m) 0 173 630 251 391 557 275 680 078  

End Distance (m) 173 630 251 391 557 275 680 078 734 601  
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A second test was conducted without using the coupler variance and by forcing the train 

simulation to follow the power Notch settings of the driver on the test train. The results are shown 

in Table 29, having been separated in parts to make simulation more manageable. The stop and 

start distances of each part of the simulation has been included in the table. 
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CHAPTER 7:  DISCUSSION OF RESULTS OF THREE ENERGY 

ANALYSIS METHODS 

Comparing the results from Section 5.11 with the results from the train simulation, similarities in 

the data is visible. Using the traction motor input point as comparison, the following energy 

comparison is found, as described in Table 30. 

Table 30: Comparison of theoretical calculation, data analysis and simulation results. 

Test Data Comparison 

(per locomotive) 

Theoretical 

(Method #1) 

Data Analysis 

(Method #2) 

Simulation 1 

(Method #3) 

Simulation 2 

(Method #3) 

Motoring Energy (kWh) 14 881 14 910 12 494 13 495 

Braking Energy (kWh) 15 478 5 742 5 336 7 582 

Actual Recovered Energy (kWh) - 2 415 624 3 179 

 

Two separate simulations were run over the route, using the same train configuration and slightly 

varying coupler and drawgear parameters. From Table 30, it is evident that there is a correlation 

between Data Analysis and Simulation 1. This correlation indicates that the Train Dynamics 

Simulation model has a 16.2 % error when compared to Data Analysis motoring results. The Train 

Dynamics Simulation model can then for this case be considered about 83.8 % accurate. For 

braking energy, there is slightly higher correlation, with 7.1 % difference between Data Analysis 

results and Train Dynamics Simulation results from Simulation 1. 

Comparing the amount of braking energy recovered through the ESS, the data analysis showed 

significant decline in energy, 2414.6 kWh from the data analysis to 624 kWh for the first simulation. 

This is a difference of nearly 75%. This may be as a result of the voltage model of the alternator, 

which was required for limiting current and voltage on the ESS, not accurately describing the real 

locomotive system. This would result in significant decline in energy stored, energy high voltage 

which can be limited by DC-DC converter capability to produce the required charge voltage from 

the input voltage from traction motors. 

Comparing results from Simulation 2 with the data analysed, it is evident that the margin of error 

is even smaller with motoring energy, the total motoring energy amounts to 13 495 kWh. This is 

90.5 % of the 14 910 kWh from by the motoring results from Data Analysis. The error equates to 

a 9.5 % error, and an energy accuracy of 90.5 %. Braking energy is higher in Simulation 2 than 
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in the Data Analysis column; 7582 kWh compared to 5742 kWh. This is an increase of 32 % 

above the actual. The actual recovered and reused energy is also increased to 3179 kWh, 

compared to the data analysis figure of 2415 kWh. This shows an increase of 31.6 % in braking 

energy recovery. The difference is significant, being more than 500% compared to the Simulation 

1 (624 kWh). This may well be as a result of the difference in control philosophy between 

Simulation 1 and Simulation 2. 

Simulation 2 was controlled closer to reality of the recorded data due to the forced notch approach 

employed. Thus, Simulation 2 results compared to Data Analysis results show that less motoring 

energy was consumed, more braking energy was dissipated and more energy was recovered 

using the ESS. The latter two are closely related and their differences also correspond indicating 

that the same ESS model has been used for both. However, the lower motoring energy and higher 

braking energy indicate that the train is experiencing less resistance on the route overall. The 

most logical explanation for this decrease in consumption is that the parameters used for 

calculating the resistance values of the vehicles might be due for revision and might be too low. 

The explanation for these differences lie in the variance of the models. The analytical solution 

does not take into account any change in velocity and looks at the train from solely a gravitational 

loss perspective. The data analysis method is actual recorded data and it is seen here as the 

verification element. The actual recovered energy is however simulated in the data, using data 

set power, voltage and current parameters as input. The train simulation has a couple of 

differences: 

(i) This model attempts to produce voltage, current and power parameters from 

the simulation. The intention, to entirely eliminate the need for data input 

which is often not available. The model inaccuracies compared to real life 

contribute toward this difference. 

(ii) The efficiency curves vs. load of all the traction components may not be 

accurate compared to real world operation. 

(iii) The auxiliary system on-board the locomotive have also been simulated to 

allow for changing auxiliary load over the route. In other words, this means  

a. the compressor switching on if brakes are applied or if leakage 

drops pressure below values,  
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b. the radiator fan controlled by a proportional differential controller to 

keep engine temperature stable 

c. The traction motor and alternator cooling blowers changing speed 

to keep the equipment cool during hard operation. 

(iv) The increase in recovered energy can be mainly attributed to the power 

model of the traction system not being exact replication of the real world 

scenario. 

Additional development and optimization will be required to improve the accuracy even more. It 

should be noted that the focus of this section was to attempt to create a simulation model that will 

replace the need for recording data on test trains. Though the determination of regeneration 

potential for other routes is highly reliant on a proper simulation tool for trains, the development 

of this simulator for accurate analysis of all routes in South Africa is out of the scope of this study. 

There is unfortunately no gain in optimising the energy storage system size to maximise energy 

recovery. The reason is that optimization will choose the maximum possible energy storage 

capacity that will suit the route. The only area where optimization will be of much value is if a 

proper financial analysis is done of this solution. Financial feasibility and optimisation is out of the 

scope of this study; but it is highly recommended that a proper optimisation of capacity be done 

using system cost as the cost function. Both parameters are needed in that energy savings need 

to be maximised and cost has to be minimised (or return on investment be maximised.  

The use of a hybrid energy storage system, supercapacitor and battery, has not been 

implemented into the train dynamics simulator and therefore cannot be compared with data 

generated from this study.  
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CHAPTER 8:  CONCLUSION AND RECOMMENDATIONS 

This study has shown that it is technically possible and feasible from an energy perspective, to 

investigate further the possibility for a prototype.  

8.1 Energy Storage System for Locomotive Regeneration 

This study has gone through the lengths of analysing an energy storage system, with several 

configurations, and its practical application in the railway environment. With respect to the energy 

storage technology used, battery technology, specifically LiFePO4 was chosen due to several 

factors: 

 Technology maturity 

 Relatively high energy density compared to other storage methods 

 Relatively high power density compared to other storage methods 

 Higher safety as compared to other Li-ion battery chemistries 

Disadvantages of batteries such as limited cyclic lifetime and capacity fade can be somewhat 

overcome by the effective limiting of energy into the system through imposing voltage current, 

power and depth of discharge limits. By limiting these factors, the lifetime of the battery can be 

greatly increased. 

As an output of this study, the size of energy storage system capacity has been proposed as 128 

kWh of usable energy storage capacity. In addition, the energy storage system must be capable 

of 5C charge and 8C discharge to meet the target braking energy utilisation of 42 %. If this is 

achieved in the design, then an estimated 16% can be saved on energy costs specifically for a 

39-200 GM locomotive hauling a 75-wagon, 5900 tonne train from Phalaborwa to Richards Bay. 

8.2 Calculation, Data Analysis and Simulation Comparison 

In this study, three methods have been used to determine regenerative energy potential of a 39-

200 GM locomotive operating on the Phalaborwa to Richards Bay line. Firstly, the use of 

theoretical and analytical calculations for energy storage was compared to the second method of 

data analysis of a recorded duty cycle. The second method also included an ESS model to 

determine the energy recovery potential considering system limitations. 

The main objective of comparison is to see the influence of system limitations on actual energy 

recovery. This has been successfully achieved. The effect of system limitations presents a more 
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realistic scenario of real life operation. It is always important to note where energy savings are 

measured. Traction energy savings might not be the same as input energy savings due to system 

efficiencies. 

What has also been confirmed in this study is the utilization of total braking energy available. Due 

to the usage of energy on a route, the energy storage has been simulated over the route analysed 

from Phalaborwa to Richards Bay in order to understand the effects of dynamic utilisation of this 

energy. The simulation has shown that only 42% of the total braking energy available can be 

utilised due to usage constraints and system limitations, providing a total energy savings of 16 % 

over the duty cycle. This is considerable lower than considered in other case studies such as 

Painter (2006) that estimated a 60% braking energy utilisation. 

The results from this study have shown that for motoring energy, a simple analytical method can 

be used to estimate the energy consumption with a great degree of accuracy. The same however 

does not apply to braking energy. The most likely reason however is that this energy is a result 

of comparing total braking energy analytically with only the electrical braking energy of the 

respective route data set analysed. 

Furthermore, a train simulation model has been built to simulate the power and energy 

consumption of the vehicles in the train over any route. The simulation results for the same 

respective route proved that there is a great degree of complexity in any such model. The 

simulation model showed between 73% and 82% accurate for motoring and braking energy 

estimation. With additional recommendations on improvements that might increase this accuracy, 

this model can be developed to predict energy usage on a route to a goal of 5%.  

8.3 Future Recommendations 

This study has taken the locomotive and studied it thoroughly as a system, to understand all 

system dependencies and effects when simulating energy storage of regenerative braking 

energy. From the outcomes of this study, the following can be said regarding further work and 

research into this area: 

 Better analysis of efficiency curves of all systems (engine, traction converter, traction 

motors, conductor losses, and alternator losses) on board specifically versus load and 

locomotive translational speed can be incorporated into the model for a more accurate 

estimation of recovered energy. 
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 Battery life models can be elaborated on to more accurately define the limitations of 

charge and discharge current as well as temperature and depth of discharge on battery 

life. This will directly influence the business case. 

 Battery capacity fade can be refined to yield more realistic results for economics model. 

 Modelling of battery internal resistance instead of efficiency can result in more accurate 

analysis of data and a more realistic approach to battery life calculations for economic 

model input. 

 Actual building of a locomotive ESS prototype according to the design specifications set 

out in this document will allow the testing of hypothesis that allow full verification of the 

model on other routes as well. 

 From this, actual simulation can be done to approximate the braking energy and cost 

savings per line, leading to a tool with multiple facets that can be used to test hybrid 

systems of different configurations and compare their performance. 

 More refinement can be done on using dynamic train simulators to estimate this real 

portion of energy recovered during dynamic braking as well as its use en route. 

 Simulation of energy on the train will allow accurate control and usage of energy. The 

batteries do not always need to be discharged at full power when the need is there. 

Having a view of the track ahead, the use of the stored energy can be optimised to 

improve the life of the battery system. 

 The ratio of battery to supercapacitor can be optimised for a specific route. Currently, the 

ratio in this analysis was 10/128 (supercapacitor to battery kWh). Also, this can be applied 

to multiple routes and a general operational area design requirements and specifications 

can be established for any of the operational regions mentioned. 

Although all the above areas can still further be refined, the analysis and simulation done in this 

research dissertation provides a foundation on which to build a business case for proof of concept. 

The true results will only be validated with the building of such a prototype system. This study 

provides the reasons for continuing research and testing the prototype to further verify the 

simulation outputs and confirm model assumptions. 

It is highly recommended that the study continue to prove that energy savings have been correctly 

predicted and to “close-the-loop” with proper experimental verification. In addition, the need for 

proper financial analysis of the solution is of the order, as this system will need to be implemented 

and pay its own investment off through energy and emissions savings.   
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GLOSSARY 

Notch A discrete power setting of the driver controls of the locomotive, used for 

braking and powering. 

Bogie The undercarriage of any rail vehicle, creating an intermediate mass 

between main underframe and wheels which are in direct contact with rail 

surface. 

Rollingstock  A general collective name for any rail vehicle. 

Dynamic Braking Another term for electric braking, using electric motors. 

Prime Mover Term given for any power source that is the prime provider of power for 

vehicle movement. 
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APPENDIX A 

Table A.1 tabulates the power flow through the traction system, calculated from input energy 

times the efficiencies of each component. All the different power notches are given, 1 through 8, 

as well as consumption during low idle, idle, and dynamic braking. Fuel is used during dynamic 

braking to keep the engine running as well as to provide a small amount of power to excite the 

motor field (DC traction) to produce braking power. 

Table A.1: Power throughput and losses of a 39-200 traction system. 

 

Table A.2 tabulates the losses and efficiencies of each traction system component. These are 

given as percentages, and show how energy is lost at each stage of energy conversion to traction. 

Power and Losses Table of 39-200 GM Locomotive

Notch % Load

Fuel 

Input 

Calc

Fuel 

Input 

[kW]

Engine 

Power 

[kW]

Main Alt 

Engine 

Load 

[kW]

Main Alt 

Power 

[kW]

Rectifier 

Power 

[kW]

Aux Alt 

Engine 

Load 

[kW]

Aux Alt 

Power 

[kW]

Converter 

Power 

Out [kW]

Traction 

Motor 

Power 

In [kW]

Traction 

Motor 

Power 

[kW]

Power 

on Rail 

[kW]

Total 

Parasistic 

Losses 

[kW]

Low Idle 9 kg/h 0% 75 951 152 0 0 0 152 140 0 0 0 0 0

Idle 14 kg/h 0% 75 951 152 0 0 0 152 140 0 0 0 0 0

1 456 g/kWh 3.0% 535 1474 255 94 65.8 62 161 150 58 58 37 37 162

2 456 g/kWh 9.6% 536 2345 406 234 208.4 198 172 160 188 186 140 138 174

3 317 g/kWh 20.3% 373 2684 667 485 441.1 423 183 170 406 402 350 343 186

4 279 g/kWh 31.3% 328 3293 931 739 680.3 653 191 180 627 618 556 545 200

5 265 g/kWh 43.5% 311 4065 1212 1015 944.1 916 197 185 879 866 788 768 209

6 253 g/kWh 59.1% 298 5021 1565 1365 1282.8 1244 200 190 1195 1177 1083 1050 216

7 228 g/kWh 82.7% 268 6039 2090 1892 1797.1 1761 198 190 1691 1657 1533 1487 229

8 209 g/kWh 100.0% 246 6529 2461 2263 2172.2 2129 198 190 2044 2003 1863 1807 236

DB 20 kg/h DB 63 797 120 0 50 0 120 110 0 0 0 0 152

Fuel Consumption
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Table A.2: Component efficiency table of 39-200 GM locomotive 

 

From Table A.2, it is clear the system efficiencies change with load. Power notch 5 for example 

the total efficiency to traction (TTW) is 18.9 %. “Traction Transmission Efficiency” of 75.7 % refers 

to the energy from engine to traction motors, excluding auxiliary losses. “Total Transmission 

Efficiency” of 63.4 % includes auxiliary losses. Combining all the efficiencies of the different 

components corresponds to total system efficiency and presents the losses and throughput at 

different components in the locomotive traction system. 

Efficiency Table of 39-200 GM Locomotive

Notch % Load
Eng Eff 

% 

Main Alt 

Eff %

Rectifier 

Eff %

Aux Alt 

Eff %

Converte

r Eff %

Conducti

on 

Losses %

Traction 

Motor 

Efficiency 

%

Gearbox 

Efficiency 

%

Parasitic 

Losses 

of Total 

%

Traction 

Transmissi

on 

Efficiency 

%

Total 

Transmiss

ion 

Efficiency 

%

TTW 

Efficiency 

%

Low Idle 0% 16.0% 0 0 92% 0.0% 0.0% 0.0% 0.0% 0% 0.0% 0.0% 0.0%

Idle 0% 16.0% 80% 0 92% 0.0% 0.0% 0.0% 0.0% 0% 0.0% 0.0% 0.0%

1 3.0% 17.3% 70% 94% 93% 94.0% 1.0% 65% 98.5% 63% 39.2% 14.4% 2.5%

2 9.6% 17.3% 89% 95% 93% 95.0% 1.0% 75% 98.5% 43% 58.7% 33.9% 5.9%

3 20.3% 24.9% 91% 96% 93% 96.0% 1.0% 87% 98.0% 28% 70.8% 51.4% 12.8%

4 31.3% 28.3% 92% 96% 94% 96.0% 1.5% 90% 98.0% 21% 73.7% 58.5% 16.5%

5 43.5% 29.8% 93% 97% 94% 96.0% 1.5% 91% 97.5% 17% 75.7% 63.4% 18.9%

6 59.1% 31.2% 94% 97% 95% 96.0% 1.5% 92% 97.0% 14% 76.9% 67.1% 20.9%

7 82.7% 34.6% 95% 98% 96% 96.0% 2.0% 93% 97.0% 11% 78.6% 71.1% 24.6%

8 100.0% 37.7% 96% 98% 96% 96.0% 2.0% 93% 97.0% 10% 79.8% 73.4% 27.7%

DB DB 15.0% 0.0% 92% 92% 94.0% 1.0% 92% 0% 127% 0% 0 0






