
IN DEGREE PROJECT MECHANICAL ENGINEERING,
SECOND CYCLE, 30 CREDITS

,  STOCKHOLM SWEDEN 2019

A Test Rig for Emulating Drive 
Cycles to Measure the Energy 
Consumption of HEVs

MENG BA

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF INDUSTRIAL ENGINEERING AND MANAGEMENT



 

 I 

 

 

 

 Examensarbete MMK 2018:  

TRITA-ITM-EX 2019:292 

 

En Testrigg för att Emulera Körcykler vid Mätning av 
Elhybridbilars Energiförbrukning 

   

  Meng Ba 

 

Godkänt 

2019-06-05 

Examinator 

Lei Feng 

Handledare 

Mikael Hellgren 

 Uppdragsgivare 

KTH Integrated Transport 

Research Lab (ITRL) 

Kontaktperson 

Mikael Hellgren 

Sammanfattning 
Detta examensarbete syftar till att slutföra och verifiera kärnfunktioner i en testrigg som är 

designad och byggd för att emulera körcykler för att mäta energiförbrukningen för elhybridbilar, 

särskilt ett fordon som heter ELBA från KTH Integrated Transport Research Lab (ITRL). För att 

uppfylla detta mål skapades en förenklad modell för testriggen, vars parametrar identifieras genom 

olika experiment. Sedan verifieras modellen av både stegspänningssvar och sinusformade 

strömsvar. Under tiden modelleras fordonsdynamiken för att beräkna erforderlig motståndskraft 

för väglöpemulering. Samtidigt modelleras fordonsdynamiken för att beräkna den erforderliga 

motståndskraften för emulering av väglutningar. Dessutom används en befintlig metod, 

fordonsekvivalentmassa, för att kompensera fordonskroppens dynamiska kraft, vilket möjliggör 

simulering av regenerativ bromsning utan extra svänghjul. Tillsammans med testriggens modell 

som är ansvarig för att konvertera erforderlig motståndskraft till efterfrågad strömreferens, är 

riggens funktioner färdig och redo för slutlig verifiering. 

Som ett resultat har föraren av likström motorn på riggen visat sig ha lägre strömbegränsning än 

vad som krävs så att riggen inte helt kan kompensera bilens dynamiska kraft. Emellertid bevisas 

principens genomförbarhet fortfarande av testerna. Baserat på resultatet ges rekommendationer för 

att lösa problemet och uppnå andra förbättringar i framtiden.
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Abstract 
This master thesis project aims to complete and verify core functions of a test rig that is designed 

and built to emulate drive cycles for measuring the energy consumption of HEVs, especially a 

vehicle named ELBA from KTH Integrated Transport Research Lab (ITRL). To fulfill this goal, a 

simplified model is created for the test rig, whose involved parameters are identified through 

various experiments. Then the model is verified by both step voltage responses and sinusoidal 

current responses. Meanwhile, vehicle dynamics is modeled to calculate required resistance force 

for road slope emulation. Moreover, an existing method, vehicle equivalent mass, is utilized to 

compensate dynamic force of the vehicle body, enabling simulation of regenerative braking 

without an extra flywheel. Together with test rig’s model that is responsible for converting required 

resistance force to demanded current reference, the rig’s functions are completed and ready for 

final verification. 

As a result, the driver of the DC motor on the rig is found to has lower current limitation than 

required so that the rig is not able to entirely compensate dynamic force of the car. However, the 

feasibility of the principle is still proved by the tests. Based on the result, recommendations are 

given to solve the problem and achieve other improvements in the future. 
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NOMENCLATURE 

Notations 

Symbol Description 

𝐴  Reference Area (m2) 

𝐶𝑑  Air Drag Coefficient (1) 

𝐹𝐷  Air Drag Force (N) 

𝐹𝐺  Slope Resistance (N) 

𝐹𝑖𝑛  Propulsion Force (N) 

𝐹𝑅 Rolling Resistance Force (N) 

𝑔  Gravity (N/kg) 

𝑖  Current (A) 

𝐽  Inertia (kg∙m2) 

𝐾𝑒𝑚𝑓  Back-EMF Constant (V/rad∙s-1) 

𝐾𝑇  Torque Constant (Nm/A) 

𝐿  Inductance (H) 

𝑚  Mass (kg) 

𝑚𝑒  Equivalent Mass (kg) 

𝑁  Normal Force (N) 

𝑛𝑚2𝑟  Transmission Ratio from DC Motor and Roller (1) 

𝑛𝐵𝐿𝐷𝐶  Gear Ratio of BLDC Motor’s Chain Drive (1) 

𝑛𝑝  Gear Ratio of Planetary Gear (1) 

𝑃  Power (W) 

𝑅  Resistance (Ω) 

𝑟𝑤ℎ𝑒𝑒𝑙  Radius of Wheel (m) 

𝑇𝐵𝐿𝐷𝐶  Output Torque of BLDC Motor (Nm) 

𝑈  Voltage (V) 

𝑣  Velocity (m/s) 

𝜔𝑤  Angular Velocity of Wheel (rad/s) 

β  Road Angle (rad) 

𝜌  Mass Density of The Air (kg/m3) 

𝜑  Angle (rad) 

𝜇 Rolling Resistance Coefficient (1) 

𝜏  Time Constant (s) 
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𝜂  Efficiency (1) 

Abbreviations 

ADVISOR Advanced Vehicle Simulator 

Back-EMF Back Electromotive Force 

BEV Battery-powered Electric Vehicle 

CAN Controller Area Network 

DC Direct Current 

ECU Electronics Control Unit 

FIR Finite impulse response 

HEV  Hybrid Electric Vehicle 

ICE Internal Combustion Engines 

ITRL Integrated Transport Research Lab 

MPC Model Predictive Control 

NRMSE Root-mean-square Deviation 

ODE Ordinary Differential Equation 

PID Proportion-Integration-Differentiation 

SI Système Internationale 

SoC State of Charge 

PWM Pulse Width Modulation 

UDDS Urban Dynamometer Driving Schedule 
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1  INTRODUCTION 

1.1 Background 

As an essential human need, transportation plays an important role in the development of human 

society (He et al., 2005). Hence, the amount of fossil fuel that is the main energy source of 

transportation significantly increases, although this kind of energy is non-renewable (Chan et al., 

2010). Battery-powered electric vehicles (BEVs) are promising solution to alleviate the 

contradiction between human need and energy crisis. However, limited drive distance and lengthy 

charging time are two obstacles on the way to market. While researchers are taking effort to handle 

with these issues, hybrid electric vehicles (HEVs) and other alternatives get more attention because 

they can reduce fuel consumption and exhaust emission to some extent in a short term. The 

question about how to maximize HEV’s efficiency by distributing power requirement between 

battery and internal combustion engine (ICE) is generally called power management (Sciarretta 

and Guzzella, 2007). Shell Eco-marathon is a competition on ultra-energy-efficient vehicles such 

as HEVs, aiming at promotion of concepts and power management strategies. 

In KTH, a team has focused on a manufactured powertrain in the vehicle Elba, a prototype HEV 

that could be improved by following teams both on functions and control strategies. To make 

indoor test feasible, a test rig called as road simulator was built by the 2016-2017 EcoCar team. 

The goal of the test rig is to simulate dynamic road slope angle of any drive cycle and estimate the 

real fuel consumption of Elba. And then the result obtained from it can be utilized to test the power 

management strategy, leading to a better competition result and improvement in related field. 

However, since the test rig was built, it has not gone through comprehensive validation and 

verification. Hence, it needs further tests and improvements for practical application. 

1.2 Purpose 

The ultimate purpose for this master thesis is to complete, verify and validate the functions of the 

test rig, which help researchers to test power management strategies and conduct experiments on 

new concepts of road design. To be more specific, the results of this project are supposed to answer 

the following research questions: 

1. Is it possible to compensate dynamic force of vehicle body for simulating drive cycles 

without adding an extra flywheel on the test rig? 

2. Does the fuel efficiency result obtained by the test rig agree with reliable result, like 

measurement of a real vehicle on the real road? If not, analyze the difference. 

1.3 Delimitations 

The scope of this project is limited in control field. Parameters identification, modelling, control 

system design and test of system performance are fundamental sections in the project like a general 

control problem except for extra required experiments in cooperation with an HEV. In other words, 

mechanical problems like improvement of transmission efficiency are not included in the scope. 

It also means that even though the difference between wheel-road contact model and wheel-roller 

contact model is obvious, efforts will be taken to produce right resistance force on the wheel rather 

than discuss the difference. 

On the other hand, the HEV shall be viewed as an auxiliary device whose characteristics and power 

management strategy will not be considered. This gives clear limitation on how to verify the result, 
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which prefers comparing test results with simulation result either got from Simulink model or 

advanced vehicle simulator (ADVISOR), given the fact that parameters of Elba are not reliable 

enough. If time allows, on-road test might be implemented with analysis and discussion on the 

results. 

1.4 Method 

To accomplish the goal and answer research questions, several methods would be applied. 

1. Literature Review. The literature review aims to establish decent project background and the 

frame of reference. By studying the previous research, related knowledge about motor 

control, vehicle dynamics and so on could be attained. Apart from this, it could pinpoint the 

dissimilarity of this project so that duplicate work is avoided. 

2. System modelling. To design the controller, a mathematical model of the test rig should be 

built based on parameter identification and modelling. The real road profile also needs to be 

modelled so that the software can process it. In fact, this methodology is the prerequisite for 

simulation part. 

3. Computer simulation. Before testing control system by experiments, computer simulation is 

useful for predicting its performance. Moreover, since the resistance of vehicle is calculated 

from given parameters that might not be compatible with actual vehicle, simulation results 

based on the same parameters will be used as references. In this way, many drive cycles 

could be operated no matter what kind of real road can be accessed. 

4. The Experiment. Both parameter identification and verification phase need experiments to 

collect data. The final step of the project makes use of this methodology to test the function 

of the rig. 
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2  FRAME OF REFERENCE 

According to the literature review, lots of research efforts have been done to emulate vehicles’ 

operating situation on real road with indoor equipment, aiming to reduce test cost and shorten 

development cycle. Chassis dynamometer is a mature technique to test vehicles with various goals 

such as drawing efficiency map, brake test, road simulation, etc. A chassis dynamometer usually 

includes flywheels to substitute vehicle inertia so that dynamic force can be compensated (Hong 

and Shio, 1996), and a torque sensor to offer controller with the feedback signal, shown in a system 

designed and implemented for a battery-powered motorcycle (Su et al., 2008). Not only do these 

researches show the widespread applications, but they also expose shortcomings of chassis 

dynamometer because torque sensor is costly, and flywheels make the equipment heavier. The test 

rig studied by this project is expected to overcome these disadvantages, meaning it is similar with 

a two-rollers chassis dynamometer without torque sensor or flywheels. 

Another kind of test equipment, called as road load simulator or dynamometer test bench, is used 

to test vehicle drivetrains instead of the whole vehicle (Wang et al., 2017). By connecting the 

drivetrain to a motor via a torque sensor, the simulator reduces test cost and in the same time, 

simplifies the test procedure. Many works have been carried out to enhance the performance of 

this kind of simulator. Wang et al. (2009) designed an iterative learning control system so that the 

road simulator could track the reference torque signal based on a nonlinear plant model obtained 

by experiments. The resonant problem, which is generated by the stiffness of the shaft, has been 

solved by Wang et al. (2016) making use of cascade control theory and proportional resonant 

control theory. However, torque sensor is still a significant element in these control systems. 

Compared with conventional chassis dynamometer, the important advantage is no need to 

dismantle vehicle’s drivetrain. 

Given the difficulty of making corresponding flywheels for different vehicles, Thompson et al. 

(2002) found a method to compensate the difference between discrete flywheels’ inertia and target 

inertia. Similarly, Alcala et al. (2008) and Fajri et al. (2013) managed to calculate equivalent 

rotational inertia of a vehicle to improve the accuracy of a road simulator. Furthermore, a new 

approach to emulate the effect of regenerative braking was created on the basis of equivalent 

rotational inertia (Fajri et al., 2016). All these researches used results attained from advanced 

vehicle simulator (ADVISOR), which has been introduced properly by Wipke et al. (1999), as 

references to test the correctness of proposed approaches. 

The most fundamental step to build such an equipment is controller design of the load motor, 

because the goal is to generate right load torque on drivetrain. Regarding the motor of test rig as 

the plant, the output is expected torque and the disturbance is the torque given by wheels or 

drivetrain. And this kind of disturbance cannot be handled with basic control theory. Neborak and 

Kuchar (2016) analyzed the load torque impact on the accuracy of direct current (DC) motor 

current control. In the meanwhile, Prasetyo et al. (2016) used a steady-state estimation method to 

deal with this impact. However, they didn’t manage to obtain satisfying dynamic performance 

because of the limited proportion-integration-differentiation (PID) controller they used in the 

project. In fact, Son et al. (2012) proposed a current control method based on reduced-order 

extended observer without the need of either encoder in system or mechanical parameters of the 

motor, which has not been tested in the field of road simulator. Furthermore, many advanced 

control theories like model predictive control (MPC) were utilized and compared for the task of 

heavy load emulation in wind energy harvest field (Neshati et al., 2016). And the designed control 

system did not require torque sensor. Instead, Kalman filter was applied. 

Rail vehicle, as important as road vehicle, has a much more expensive test process. Thus, it is more 

necessary to build full-scale test rigs (Allotta et al., 2015). Although such an equipment for rail 
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vehicle is too complicated, the structure and research method of this project can be made use of. 

Likewise, Botwinska et al. (2017) has illustrated a helpful way to simulate a drive cycle. 

In conclusion, this master thesis aims to design a control system for existing two-rollers test rig so 

that it could generate expected torque on vehicle drivetrain to emulate given drive cycle and get 

the fuel consumption result. Moreover, not using extra flywheels for dynamic force compensation 

or torque sensor for feedback control in the meanwhile is the key improvement between previous 

work and this research, which can be viewed as a combination of other’s achievements. 
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3  IMPLEMENTATION 

3.1 System Structure 

This master thesis involves two parts: the test rig and the HEV, Elba. Both are typical mechatronics 

systems, consisting of embedded computers, actuators, sensors, mechanical system, and 

communication system. Moreover, when these two elements work together to simulate road 

profile, they together become a new mechatronics system. Hence, analyzing them from the 

perspective of mechatronics system is a prerequisite to do the following work, such as system 

modeling, parameter identification and test design. 

3.1.1 Elba Structure 

Elba is the newest HEV build by KTH Ecocar team and is used for studying mechatronics and 

participating Shell Eco-Marathon competition. In Elba mechatronics system, four homemade 

electronics control units (ECUs) are embedded computers; ICE, DC motor, and BLDC motor are 

actuators; encoders, hall sensors, voltage sensors, and current sensors are responsible for 

measurement; chassis and other mechanical parts make up the mechanical system; and 

communication is enabled by controller area network (CAN) bus. 

In the normal operating mode, Elba starts with 90% charged super CAP and uses BLDC motor to 

accelerate. After Elba’s speed increases to a target value, control system tends to use DC motor to 

keep the speed stable. If DC motor cannot hold speed because of high resistance, the BLDC motor 

will begin to run again. Both motors use power from the super CAP, decreasing state of charge 

(SoC) until voltage level of super CAP reaches the lower bound. Then according to the control 

logic, Elba will start ICE to provide propulsion and simultaneously recharge the super CAP 

through BLDC motor, working as a generator. However, given that Elba’s performance is not in 

the scope of the research and BLDC motor is enough to run the car especially when the super CAP 

is externally powered by a voltage source, DC motor and ICE are neglected here to simplify the 

modeling and analysis process. 

 

Figure 1. Simplified System Structure of Elba 

Figure 1 shows an overview of Elba’s simplified system structure, where the left triangle represents 

control input signal while the right triangle is external force. Some external forces such as rolling 

resistance and air drag do not impact the vehicle via the drive wheel, but in the lab all external 

forces are finally simulated by the test rig through the contact between rig rollers and the drive 

wheel. To emulate road slope, test rig needs to generate correct resistance force so that experiment 

results accurately estimate the real energy consumption, which means a simplified vehicle 

dynamics model need to be studied. 

First, as an urban concept vehicle, Elba has four wheels, among of which only the rear right one is 

connected to the drive train. And two front wheels are used for steering. However, for the test rig 

aiming for simulate energy consumption, steering is neglected. To sum up, the following 

consumptions are made to build the simplified model: 
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1. All parts of the vehicle are rigid body, except for wheels. 

2. The vehicle drives on a straight road. 

3. Drive wheel and driven wheel have the same resistance. 

 

Figure 2. Vehicle dynamics 

Figure 2 shows the model of vehicle dynamics. Both 𝐹𝑥𝑓  and 𝐹𝑥𝑟  in the figure are rolling 

resistances, which are mainly generated by non-elastic effects. Since wheels are not rigid body, 

energy is lost during its repeatedly deformation and recovery. Given the third assumption, all four 

rolling resistances can be aggregated as: 

𝐹𝑅 = 𝜇𝑁 = 𝜇𝑚𝑔𝑐𝑜𝑠(𝛽) (1) 

where 𝐹𝑅  is rolling resistance force, 𝜇  is rolling resistance coefficient, 𝑁  is normal force, g is 

gravity, β is angle and 𝑚 is the total mass of the vehicle body and its driver. 

Then, air drag force 𝐹𝐷 is commonly calculated as: 

𝐹𝐷 = 𝐶𝐷(𝑣 − 𝑣𝑎𝑖𝑟)2 (2) 

𝐶𝐷 =
1

2
𝐶𝑑𝜌𝐴 (3) 

where Cd is the air drag coefficient,  𝜌 is mass density of the air, and A is the reference area. Then 

𝑣 hereby denotes the speed of vehicle while 𝑣𝑎𝑖𝑟 means the air speed. 

The other part that needs to be considered is the slope resistance 𝐹𝐺 , which is calculated from road 

slope 𝛽 together with 𝑚 as: 

𝐹𝐺 = 𝑚𝑔𝑠𝑖𝑛(𝛽) (4) 

Since only BLDC is considered to provide propulsion force 𝐹𝑖𝑛, after chain drive and planetary 

gear transmission, it is calculated as: 

𝐹𝑖𝑛 =
1

𝑟𝑤ℎ𝑒𝑒𝑙
(𝑇𝐵𝐿𝐷𝐶 ∙ 𝑛𝑝 ∙ 𝑛𝐵𝐿𝐷𝐶 − 𝑇𝑙𝑜𝑠𝑠(𝑣)) (5) 

where 𝑟𝑤ℎ𝑒𝑒𝑙is wheel radius, 𝑇𝐵𝐿𝐷𝐶 is output torque of BLDC motor, 𝑛𝑝 is gear ratio of planetary 

gear that is on main shaft and shared by all propulsion systems, 𝑛𝐵𝐿𝐷𝐶 is the transmission ratio of  

BLDC motor’s chain drive, and 𝑇𝑙𝑜𝑠𝑠(𝑣) denotes loss during transmission process of torque, which 

is neglected in the analysis. Finally, the equation that describes vehicle dynamic is: 

𝑚�̇� = 𝐹𝑖𝑛 − 𝐹𝑅 − 𝐹𝐷 − 𝐹𝐺 (6) 

where �̇� denotes the acceleration of ELBA. 

However, the total kinetic energy of a moving vehicle not only includes the translational kinetic 

energy, but also the rotational kinetic energy. Hence, Fajri et al. (2013) used equivalent mass 𝑚𝑒 

to compensate kinetic energy of all rotating components in a vhicle and it is given as: 
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𝑚𝑒 = 𝛿 × 𝑚 (7) 

where 𝛿 is the rotational inertia factor or mass factor and can be written as: 

𝛿 = (1 +
𝐼𝑊

𝑚𝑟𝑤ℎ𝑒𝑒𝑙
2 +

𝐼𝑃

𝑚𝑟𝑤ℎ𝑒𝑒𝑙
2 𝐺2) (8) 

where 1 denotes the original mass of the vehicle, 𝐼𝑊 and 𝐼𝑃 are the total angular inertial moments 

of the wheels and rotating components connected with the power train, and 𝐺 is the total gear ratio. 

Typical estimated value of 𝛿 is 1 + 0.04 + 0.0025𝐺2 (Ehsani et al., 2008). And this estimation is 

directly used in this thesis, as opposed to calculating for ELBA. 

3.1.2 Test Rig Structure 

As shown in Figure 3, the mechanical system of the roller test rig consists of a chain transmission 

system, two rollers, an encoder and a DC motor. All these components are mounted on a 

homemade framework. One thing not shown in this figure is the rig’s ECU that controls DC motor 

and receive signals from the encoder to get roller’s rotational speed.  

 

Figure 3. 3d model of test rig. 

The principle is putting the single drive wheel of the car on the rollers, enabling the DC motor to 

provide required forces as the car is running on a real road via the friction generated by wheel-

roller contact. And the system’s structure can be illustrated in Figure 4. Test rig and ELBA 

evidently share a rather similar system architecture. The main difference is that the green triangle 

points to outside direction in this figure which means this test rig serves for testing the vehicle.  

 

Figure 4. System Structure of Test Rig 

One thing to note is that arrows of mechanical connection and electrical connection do not stand 

for the direction of signal flow or torque transmission. When regenerative braking is emulated, all 

mechanical connection arrows together with the arrow between super CAP and motors are reversed. 
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3.2 Preparation 

Based on given structure built by former teams, there is some preparation work for the tests and 

experiments. The work contains four parts, which are fixing test rig’s problems, adding LEM 

current sensor for ELBA with its power supply, preparing PicoScope hardware and software, and 

modifying MATLAB project. 

3.2.1 Test Rig’s problems 

The test rig was not used for almost half a year when the thesis work started and some parts of it 

have malfunctions. For example, the connection between DC motor’s shaft and sprocket wheel 

was lose, caused by the missing set screw. This resulted in broken torque transmission and 

mismatched rotational speed between rollers and the motor.  

Then, the ECU in Figure 4 is implemented on a PCB board, of which the schematic design is 

rearranged and attached in Appendix A. The board has a remaining issue that CAN bus did not 

work, which disabled communication between rig’s ECU and vehicle’s CAN network. This is a 

significant problem because it disenables synchronization between BLDC motor in Figure 1 and 

DC motor in Figure 4 so that they could start running simultaneously. Also, solving this problem 

would make it more convenient to for anyone who might use this rig in the future as signals of the 

car and the rig can be integrated in one Simulink project. At last, it turned out to be a soldering 

issue and was solved. The same kind of problem also existed in two pins of Arduino board that are 

responsible for receiving encoder’s signal. 

Finally, a resistance labeled as R4 in Appendix A, which was broken and resulted in relay 

malfunction, was replaced. 

3.2.2 LEM current sensor and its power supply 

The current consumption of the BLDC motor that indicates ELBA’s energy consumption shall be 

measured so that the influence of the test rig on the vehicle can be analyzed. Because of high 

voltage and high current in BLDC electrical system, a current transducer is indispensable to isolate 

them from the low voltage level electronic circuit. As in Figure 5, a LEM current transducer whose 

primary nominal current and measuring range respectively are 50A and ±100A is chosen for this 

purpose given that the maximum rated current of BLDC is 24.60A, referring to Appendix B. 

 

Figure 5. LEM Current Transducer 

Specially, this current sensor demands ±12V power supply, which is not provided by the original 

vehicle electronic system. A power distribution board, therefore, is applied to produce required 

voltage by converting the DC power of the super CAP. The core of the board is a TRACO POWER 

DC/DC Converter circuit that is able to take 18-75V input and provide ±12V output. 

The current sensor’s output is current signal. By adding a resistor, the current signal is transferred 

to voltage signal that is convenient to read through either Arduino DUE board or an oscilloscope. 
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3.2.3 ESCON motor driver 

ESCON servo controller is a small, powerful 4-quadrand PWM servo controller for highly efficient 

control of permanent magnet-activated DC motors. It has integrated current controller with 

53.6kHz operating frequency, which is appropriate for the project because expected output from 

the test rig, torque is linearly dependent on current consumed by the DC motor. And its 

configuration detail is shown in Table 1. 

Table 1. Configuration of ESCON driver 

Max. permissible speed 3917rpm 

Max. output current limit 26.7A 

Nominal current 10A 

Digital input 1: 10% -15A 

Digital input 1: 90% 15A 

Fixed offset 0A 

Analog output 1: 0V -15A 

Analog output 1: 3.3V 15A 

Analog output 2: 0V -15A 

Analog output 2: 3.3V 15A 

Among these items, digital input is configured as desired current input that takes in a PWM signal 

where 10% and 90% duty cycle represent -15A and 15A respectively. Meantime, analog output 

port 1 is used to send out actual current in the motor that is measured by integrated current sensor 

in the driver. The voltage range of this port is from 0V to 3.3V, denoting from -15A to 15A current 

in the motor. Analog output port 2 has the same setting but represents the required current decided 

by digital input port. It is used to verify that the motor driver gets correct target current value. 

3.2.4 PicoScope 

In former sections, there are three important signals to observe: one signal from current sensor, 

and two signals from the ESCON driver. Apart from those signals, the voltage applied on the DC 

motor of the rig and the voltage of super CAP of the car are also significant for analysis, which 

are not possible to directly monitor by the Arduino DUE board. Hence a PC oscilloscope 

manufactured by Pico Technology is chosen to read them due to its portability and functionality. 

It has four independent channels, a built-in filter, and a software program called PicoScope where 

various custom formulas can be applied. 

 

Figure 6. PicoScope 

3.2.5 Simulink Project 

Since this master thesis is a continuation of previous work, there are many available resources 

created by former team, one part of which is Simulink projects for both test bench and ELBA. 

However, a leftover problem is that those projects were created with MATLAB 2015b version and 

not compatible with later versions. This project solved the problem. By updating the CAN 

communication library, all projects are updated to MATLAB 2017 version, and two of them that 

are mainly used in this thesis have a brief introduction in the following. 
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Figure 7. BACK_ECU Simulink Project 

Figure 7 shows the structure of BACK_ECU Simulink project whose main responsibility is to 

react to driver’s input like drive mode or target vehicle speed and together with sensor’s 

information, require corresponding operation of clutches, BLDC motor, small DC motor and ICE. 

Furthermore, it transmits vehicle speed, trip distance, super CAP’s voltage that are demanded for 

future tests. As the control of vehicle is not interested, evidently only few tiny changes are made 

on this project to establish the communication between vehicle and rig. 

 

Figure 8. Original TESTRIG_ECU Simulink Project 

The original TESTRIG_ECU Simulink project as shown in Figure 8 only has CAN message 

transmission block that is in fact not usable as a result of malfunction in test rig’s PCB board. 

Therefore, the controller can only utilize the information provided by the rig. To be specific, the 

ECU knows the speed of rig’s rollers but not the velocity of ELBA. Then there is no method to 

detect slip in roller-wheel contact. Moreover, it is impossible to synchronize starting time between 

the rig and the car. 
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After the CAN communication is established as in Section 3.2.1, a more comprehensive Simulink 

model as in Figure 9 is created to run various tests. 

 

Figure 9. Modified TESTRIG_ECU Simulink Project 

3.3 Parameters Identification 

The most important component in this thesis is the DC motor on the test rig given that the ultimate 

purpose, generating correct resistance force to simulate road profile, relies on it. Since there is no 

available datasheet, some experiments shall be done to identify its core parameters. 

A commonly used simplified model to analyze DC motor can be seen in Figure 10. It consists of 

inductance 𝐿, resistance 𝑅, input voltage 𝑈𝑖, current 𝑖, and back-EMF 𝐸 generated by permanent 

magnet stator’s effect. 

 

Figure 10. DC motor’s simplified model 

Together with electromechanics part, the model can be illustrated by the following two ordinary 

differential equations (ODEs): 

𝑈𝑖 = 𝑈𝐿 + 𝑈𝑅 + 𝐸 = 𝐿
𝑑𝑖

𝑑𝑡
+ 𝑅𝑖 + 𝐾𝑒𝑚𝑓�̇� (9) 

𝑇𝑚 = 𝐾𝑇𝑖 (10) 

where 𝐾𝑒𝑚𝑓 is the back-EMF constant, 𝐾𝑇 is the torque constant, �̇� is the velocity of the rotator, 

and 𝑇𝑚 is motor’s output torque. 

The purpose of the parameter identification is to determine values of all unknown parameters for 

the ODEs. Among those values, input voltage, current, and rotator velocity can be observed by 

ESCON driver as well as PicoScope. Based on these measurements, inductance, resistance and 

back-EMF constant could be estimated. Then, the test on the torque constant requires accurate 

information about 𝑇𝑚 , where a torque sensor ought to be added on the existing mechanical 
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structure.  However, this is too complicated considering the unique layout of the test rig. The 

solution of this issue is to assume that back-EMF constant and torque constant have the same value 

under SI base units. This assumption is commonly used in analysis of DC motor. Apparently, it 

simplifies the testing process but introduces error in the result. 

Next, the concrete test process is explained step by step. 

3.3.1 Resistance and Inductance 

The resistance and the inductance will be identified using the same test step because if the back-

EMF equals zero, inductance impacts could be separated from resistance effects. And this special 

case can be realized by locking the chain transmission on the rig, which assures that velocity of 

rotator �̇� is zero. Also, the electromagnetic part of the model will become: 

𝑈𝑖 =  𝐿
𝑑𝑖

𝑑𝑡
+ 𝑅𝑖 (11) 

To generate various and sufficient data in a small number of experiments, trapezoidal current 

reference inputs with different amplitudes and frequencies are used as input to ESCON driver’s 

current feedback controller (Buechner et al., 2013). The current in the motor is provided by 

ESCON driver’s analogue output as a voltage signal. Then it will be monitored by an oscilloscope. 

Two channels of oscilloscope are responsible for the applied voltage on the DC motor because 

there are two PWM signals created by the driver to adjust the motor voltage. If the two channels 

are named as A and B, then a formula would be created inside PicoScope as: 

𝑈𝑖 = 𝐹( (𝐴 − 𝐵), 30 ) (12) 

where 𝐴 and 𝐵 in the equation denote the voltage amplitudes in two channels, 𝐹 means that a 

regular low-pass filter is applied on the result of (𝐴 − 𝐵), and 30(Hz) is the cut-off frequency. An 

example result of such a measurement method is shown in Figure 11, where the applied voltage of 

the DC motor is measured through PicoScope. 

 

Figure 11. PicoScope output example 

3.3.2 Back-EMF constant 

Similarly, by setting the motor current 𝑖 to zero the back-EMF constant is identified. Equation (9) 

is then simplified to: 

𝑈𝑖 = 𝐾𝑒𝑚𝑓�̇� (13)  

where 𝑈𝑖 only depends on the velocity of DC motor’s rotator �̇�. In experiments, the DC motor is 

actuated by ELBA’s BLDC motor running on a constant velocity. This is straightforward to 

implement because such a speed controller has already been put into use on the vehicle. From the 
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pairs of voltage 𝑈𝑖 and corresponding angular velocity �̇�, the 𝐾𝑒𝑚𝑓 is estimated. And based on the 

assumption made in analysis, the torque constant 𝐾𝑇 is obtained. 

3.3.3 Friction coefficients of the rig 

After those key parameters of DC motor are identified, the next step is to create a model for the 

friction torque in the test rig, which would facilitate the generation of correct torque output. A 

friction model used for this kind of motor is standard Coulomb model. As shown in Figure 12, the 

friction torque 𝑇𝑓 is in nonlinear correlation with velocity �̇�. And the correlation can be described 

by Equation (14). 

 

Figure 12. Standard Coulomb model 

𝑇𝑓(𝑣) =  𝑇𝑐𝑠𝑔𝑛(�̇� ) + 𝑑𝑚�̇� (14) 

Noticeably this model cannot be identified directly because 𝑇𝑓 is not measurable. Thus, the whole 

test rig, including DC motor, chain transmission and rollers but not interacting with the HEV are 

analyzed, where is model is composed of Equations (9), (10) and (15) as: 

𝐽𝜑 ̈ =  𝑇𝑚 − 𝑇𝑓 = 𝑇𝑐𝑠𝑔𝑛(�̇�) + 𝑑𝑚�̇� (15) 

where 𝜑 ̈ is acceleration and 𝐽 is the equivalent rotational inertia of motor’s rotator, one roller and 

other moving parts like chain, sprockets, encoders, etc. The problem here is that without placing 

the drive wheel on the two rollers, only one of them turns along with the motor, which is the reason 

why 𝐽 include only one roller’s inertia. Moreover, 𝑇𝑐 and 𝑑𝑚 do not include the impact of the other 

one roller either. Nonetheless, the error caused by this problem is acceptable given that the 

homemade roller enables rotational inertia calculation and the friction of the free roller is so small 

to be neglected. 

Then, the test method is based on steady state when the angular velocity keeps stable under the 

condition 𝑇𝑚  equals 𝑇𝑓 . And various steady states are created by applying different constant 

voltage to the motor. 

3.3.4 Rotational inertia of test rig 

Laplace transform shall be applied on the model of the rig for obtaining the value of inertia 𝐽. 

When motor voltage is input, and angular velocity is output, the result is: 

Φ(𝑠) =  
𝐾𝑇

𝑠2𝐽𝐿 + (𝐽𝑅 + 𝑑𝑚𝐿)𝑠 + (𝑑𝑚𝑅 + 𝐾𝑇𝐾𝑒𝑚𝑓)
𝑈𝑖(𝑠) (16) 

where if 𝐿 is small enough to be ignored, it would become: 

Φ(𝑠) =  
𝐾𝑇

𝐽𝑅𝑠 + (𝑑𝑚𝑅 + 𝐾𝑇𝐾𝑒𝑚𝑓)
𝑈𝑖(𝑠) (17) 

Evidently, Equation (17) depicts a first-order system whose time constant 𝜏 is given as: 

T𝑓 

d𝑚 
T𝑐 

�̇�
, 
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𝜏 =  
𝐽𝑅

𝑑𝑚𝑅 + 𝐾𝑇𝐾𝑒𝑚𝑓

(18) 

based on which 𝐽 is known after all the other parameters are identified in former sections. 

3.3.5 Transmission ratio from DC motor to roller 

The transmission ratio from the DC motor to the roller, 𝑛𝑚2𝑟 given by the former team is 2. The 

value is not correct because the teeth number of motor’s sprocket is wrongly counted as 12, which 

is actually 11 instead. Due to that teeth number of roller’s sprocket is 24, the correct ratio of the 

chain transmission is about 2.182. And it is worth noting that number denotes the average 

transmission ratio instead of the instantaneous transmission ratio because of the working principle 

of chain drive. 

To make this result more reliable, this ratio is also identified by experiment, in which the rig and 

the car are driven by the BLDC motor. The movement transmission sequence is BLDC motor – 

main shaft of the vehicle – drive wheel – rollers – DC motor, where BLDC motor’s speed is 

obtained from vehicle’s encoder, DC motor’s velocity is got from rig’s encoder, and all 

transmissions’ ratios are already known except for 𝑛𝑚2𝑟. Under a prerequisite condition that drive 

wheel and rollers have the same equivalent linear velocity when no slide happens, 𝑛𝑚2𝑟 is able to 

know. During the test, a tachometer is also utilized to assure that no slide occurs. 

3.4 Verification 

The verification aims to test the quality of test rig’s model with identified parameters by comparing 

the models output with measurements. 

There are two kinds of input signals made use of in this step. One is step voltage, and another one 

is sinusoidal current. The data created in the process of fiction coefficients identification can be 

re-utilized. However, by analyzing these data, it might lead to a biased result because only constant 

voltages are used as inputs. To increase the diversity of test data, several sinusoidal current inputs 

are also used.  

For both kinds of input, a proper Simulink model is created to predict actual outputs of the system, 

used for comparison with observed data. 

3.5 Experiments 

As the core functionality of the test rig, providing predicted friction to the drive wheel is tested by 

operating both BLDC motor of the vehicle and the DC motor of the rig simultaneously. The 

approach is explained as below: 

1. Put the drive wheel on the rollers. 

2. Start the BLDC motor and give a specific constant speed command to the motor. 

3. When the system reaches its steady state, send various constant current references to rig’s 

DC motor. For each current input, wait for the system reaching steady state again. 

4. Monitoring the current drained by BLDC motor. 

The principle is when the vehicle-rig system reaches the steady state, the changes of BLDC 

motor’s current linearly follows the change of current input of DC motor. And it is illustrated by 

following equations: 

𝑚′�̇� = 𝐹𝐵𝐿𝐷𝐶 − 𝐹𝐷𝐶 − 𝐹′ = 0 (19) 
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where 𝑚′ is the equivalent mass of all moving components, �̇� is linear acceleration, and 𝐹′ is the 

total friction. These three values ought to be calculated at the wheel’s surface and keep unchanged. 

Similarly, BLDC motor’s torque and DC motor’s torque are converted to forces on rollers-wheel 

contact surface as 𝐹𝐵𝐿𝐷𝐶 and 𝐹𝐷𝐶. Then it is known that: 

∆𝑖𝐵𝐿𝐷𝐶 ∝  Δ𝐹𝐵𝐿𝐷𝐶 =  Δ𝐹𝐷𝐶  ∝ ∆𝑖𝐷𝐶 (20) 

Equation (20) is theoretically correct but not practicable because each phase of BLDC motor is 

powered by AC electric current produced by the motor driver, which is APS3 controller produced 

by Inmotion company. Furthermore, it is impossible to measure all those three AC currents of the 

BLDC motor to get 𝑖𝐵𝐿𝐷𝐶 given existing resources. Instead, what is feasible to monitor is the input 

current of the APS3 controller because it takes DC current and voltage from the super CAP.  

𝑃𝐵𝐿𝐷𝐶 = 𝐹𝐵𝐿𝐷𝐶𝑣 = 𝜂𝐵𝐿𝐷𝐶𝑃𝑖𝑛 =  𝜂𝐵𝐿𝐷𝐶𝜂𝐴𝑃𝑆3𝑈𝐶𝐴𝑃𝑖𝐴𝑃𝑆3 (21) 

∆𝑖𝐷𝐶 ∝  Δ𝐹𝐵𝐿𝐷𝐶 =
𝜂𝐴𝑃𝑆3𝑈𝐶𝐴𝑃

𝑣
(𝑖𝐴𝑃𝑆3𝜂𝐵𝐿𝐷𝐶 − 𝑖𝐴𝑃𝑆3

′𝜂𝐵𝐿𝐷𝐶
′) (22) 

Equation (22), which is based on Equation (20) and (21), shows a relationship between DC current 

and the current drained by the controller where voltage of super CAP 𝑈𝐶𝐴𝑃 and wheel speed 𝑣 are 

constant. The efficiency of the controller 𝜂𝐴𝑃𝑆3 is assumed to be constant. However. the efficiency 

of the BLDC motor 𝜂𝐵𝐿𝐷𝐶 is not constant and can not be neglected here. Since it disables the 

quantitative analysis, only qualitative analysis is conducted here to justify whether the expected 

relationship exists. 

Finally, some experiments for estimating fuel efficiency are carried out by using the model shown 

in Figure 9 that is explained in detail here. 

In the TESTRIG_ECU Simulink project, the ‘Setup Can’ block is used to initialize CAN bus 

communication between test rig ECU and ELBA. Then ‘CAN Tx Channel 0’ serves to send control 

signals to the car, while ‘CAN Rx Channel 0’ receives vehicle sensors’ signal, including moved 

distance, current speed, and voltage of super CAP. Instead of CAN bus, the communication 

between rig ECU and DC motor is realized by normal I/O ports of Arduino DUE board which are 

modeled in ‘Testrig_actuators’ and ‘Testrig_sensors’. 

Module ‘sensor_fusion’ is responsible for monitoring velocity and distance error caused by slide 

between rollers and drive wheel. And ‘drive_cycle’ could automatically output information of road 

slope and reference speed according to vehicle moved distance and running time. 

 
Figure 13. Vehicle dynamics model 

 

The block ‘Control_system’ is the key component, holding the logic to calculate expected road 

friction and corresponding current reference for the rig motor. It consists of vehicle dynamics 

model and test rig dynamics model respectively given in  Figure 13 and Figure 14.The former one 



 

 16 

is built according to Equation (6), (7), and (8). It calculates the demanded torque output of DC 

motor to simulate resistance forces and compensate dynamic force of vehicle body. The rolling 

resistance of driving wheel is approximately produced by rollers-wheel contact, hence in the model 

only rolling resistances of the other three driven wheels need to be generated. The latter model is 

used to adjust the required torque due to that test rig has its own friction that counts as resistance 

on the drive wheel.  

 

Figure 14. Test rig dynamics model 

After the model is ready, the experiments are accomplished through four steps. The first step is 

constant velocity test, aiming to verify the functionality of the model mentioned above. And then, 

two standard dynamometer tests on fuel economy are used to generate data to compare with some 

existing vehicle simulator like ADVISOR. One is a basic test cycle and the other one is Urban 

Dynamometer Driving Schedule (UDDS), which is a test cycle on fuel economy that reflects light 

duty urban driving conditions. Finally, the road profile of Shell Eco-Marathon Europe track is also 

applied to the test rig while the ELBA is required to follow the measured velocity during 2017 

competition. The road profile and the measured velocity are respectively shown in Figure 15 and 

Figure 16. Specially, the measured velocity reflects 6 laps’ performances on the same match track 

and they are divided by zero value.  

 

Figure 15. Eco-Marathon competition track profile 

                                 

             

     

     

     

 

    

    

    

 
  
 
 
  
 
  
 
 



 

 17 

 

Figure 16. Eco-Marathon competition measured vehicle velocity 
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4  RESULTS  

4.1 Test Rig’s Parameters 

In this section the results of all parameters identification are shown and analyzed. The sequence is 

slightly different from last chapter as the transmission ratio from DC motor to roller is given firstly. 

One thing shall be declared is that all parameters of the vehicle and all signals offered by it such 

as vehicle speed, mass, gear ratio, etc. are assumed to be accurate because analyzing vehicle itself 

is not part of this thesis work. Hence these parameters and sensor signals are used directly and 

serve as references. 

4.1.1 Transmission ratio from DC motor to roller 

As aforementioned, the original transmission ratio from DC motor to roller is probably wrong 

because of a mistake in counting teeth number. To verify that the newly calculated ratio value, 

2.182, is correct, the test is done, and its result is shown in Figure 17. 

 

Figure 17. Transmission ratio validate: (a) reference and measured velocities; (b) measured 

velocity error; (c) moved distance; (d) moved distance error 

As shown in Figure 17 (a), many step signals are used as ELBA’s velocity reference input, making 

both the drive wheel and the rollers run on the same speed profile simultaneously. The velocity of 

drive wheel is transferred from main shaft encoder’s signal on the vehicle, with which the 

translational velocity of roller’s surface is compared. Then from subfigure (b) it is safe to make a 

conclusion that the new transmission ratio is correct given that the measured velocity error vibrates 

from -0.5 to 0.5. In fact, the main part of the error is generated from unsteady movement of the 

chain, vibration of the whole test platform, and sensor quantization. 

The moved distance of the rig follows the wheel with a very small error given in subfigure (d). To 

be more specific, the accumulated relative error of moved distance is:  

−
1.8440

250.6358
× 100% =  −0.74% (23) 

which is rather limited and hence, it can attest the correctness of new transmission ratio from DC 

motor to rollers. 
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4.1.2 Resistance and Inductance 

In this experiment, trapezoidal signal is generated in Arduino DUE board and then sent to ESCON 

driver through digital output port. The different current values are represented by the variation of 

PWM signal’s duty cycle that is understandable for the driver. Because of inevitable disturbance, 

the driver is not able to receive perfect signal. Instead, what the driver uses to control the motor 

has tiny fluctuations as shown in upper part of Figure 18. 

 

Figure 18. Resistance and inductance identification 

In the lower part, measured motor voltage is drawn in blue color. Based on the response of even 

parts of trapezoidal signal, the resistance of DC motor is estimated by dividing voltage by the 

current, where the result is 0.46Ω. 

 

Figure 19. Resistance and inductance simulated model 

Ideally the inductance value can be directly calculated from slopes of the trapezoidal response 

given that 𝑑𝑖/𝑑𝑡  is constant in these sections. But it is not feasible in practice because of 

disturbance. In this case, a Simulink model is built as shown in Figure 19 to find a reasonable 

estimation of inductance which is judged by normalized root-mean-square error (NRMSE). It is 

commonly used to quantify the differences between values predicted by a model and the values 

monitored, whose equation is given below: 

𝑁𝑅𝑀𝑆𝐸 =
𝑅𝑀𝑆𝐸

𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛
=  

√∑ (𝑦𝑖 − 𝑦𝑖
′)2𝑁

𝑖=1

𝑁
𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛

(24)
 

In this experiment, 𝑦 is observed motor voltage while 𝑦′ is the voltage forecasted by the model. In 

the Simulink model, blocks and signals related to inertia, friction and velocity are removed to 

emulate the test scenario where the rotator speed is limited to zero. And the PI controller is added 
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to imitate the effect of ESCON high frequency current controller. By looping through a range of 

inductance values, the final estimation result is 3.1mH and the corresponding NRMSE equals 

0.56%. 

4.1.3 Back-EMF constant 

In this step the drive wheel of the vehicle is put on the test rig and the velocity of the car is 

controlled. Under different turning speed, the voltage level generated by the motor is measured by 

oscilloscope. The sampled data points composed by angular velocity and voltage are given in 

Figure 20, based on which a straight line is fitted by means of least square method where the slope 

denotes the back-EMF constant.  

 

Figure 20. Back-EMF constant 

In MATLAB, the function used for curve fitting is 𝑓(𝑥) = 𝐾𝑒𝑚𝑓𝑥, and the calculated result is that 

𝐾𝑒𝑚𝑓 equals 0.1286 whose 95% confidence interval is (0.1284, 0.1288).  

4.1.4 Friction coefficients of the test rig 

To identify nonlinear friction coefficient, the test rig is directly powered by a DC voltage source 

and operated without the car. As illustrated in last chapter, different steady states ought to be 

reached to generate various data. And those different steady stats are created by setting voltage 

source to different output level. There are 38 voltage levels in total used in this test step, varying 

from -15V to 15V with 0.5V and 1V intervals. However, only the results with positive input 

voltage are useful because the velocity of the rollers is in the same direction of the drive wheel 

while the vehicle runs. As a result, four sets of data with positive inputs are chosen to be shown in 

Figure 21 to explain the results.  

In theory, the step response of the test rig is the same as first order systems because the inductance 

is so small that its influence can be ignored. When the voltage source is set to 2.5V, the result 

almost aligns with the theory, but the velocity periodically vibrates all the time, which is more 

observable in steady state. Furthermore, this kind of friction has a stronger impact when the input 

voltage is lower as it can be seen in the first subfigure. And the phenomenon that the period of the 

vibration decreases as the velocity increases indicates that this kind of vibration is caused by 

periodic force in the system, which is not covered by the simplified model and would not be 

identified here. 

                  

                         

 

 

 

 

 

  

  

  

  

  

 
 
  
 
 
 
  
 
  

           

     



 

 22 

As the voltage increases the vibration is less visible, but another issue can be seen both in the third 

and the fourth figures. It is that the velocity increases linearly at the very start part in the step 

response due to that the voltage source has 5A as its current output limitation. This phenomenon 

would influence the identification of rotational inertia but not friction. 

 

Figure 21. Step responses of test rig 

Since resistance, inductance and the back-EMF constant have been obtained and the torque 

constant is assumed to be the same as back-EMF constant, the friction is able to calculate from the 

steady state velocities with their corresponding input voltages, which create points in Figure 22. 

Based on all measured points, a straight line is fitted by least square criterion, where the slope 

equals 𝑑𝑚 in Equation (15) and the intercept equals 𝑇𝑐. Even though the curve fitting result of 

negative voltage inputs is not necessary for future work, it is processed and given together with 

the result of positive voltages. 

 

Figure 22. Coulomb friction coefficients in both directions 

Finally, the friction coefficients are given in Table 2. The negative direction result varies from the 

other one because the chain connection mostly operates in the positive direction as the car never 
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runs in the other one. Because of the same reason, the result of negative direction not used in the 

model because the vehicle never runs in this direction. 

Table 2. Coulomb friction coefficients result 

Direction Positive Negative 

𝑑𝑚 (Nm/rads-1) 8.362e-4 7.397e-4 

𝑇𝑐 (Nm) 1.086e-1 1.350e-1 

 

4.1.5 Rotational inertia of the test rig 

The rotational inertia is estimated from the time constant of the rig’s step response when it is 

viewed as a first order system. As shown in Figure 23, the measured step response is fitted by 

using least square criterion and the following equation: 

𝑓(𝑡) = 𝐾 (1 − 𝑒−
𝑡

𝑡𝑎𝑢) (25) 

where 𝐾 is the steady state velocity and tau is time constant. The issue mentioned in last section 

has a strong impact on the result. In the fourth subfigure, the model performance varies from 

measurement a lot, which leads to an overestimated time constant. The time constant increases 

along with the input voltage as shown in Figure 24. To minimize the impact of voltage source’s 

current limitation, the lowest voltage input should be used to identify time constant, which is 1V 

here. 

 

Figure 23. Curve fitting for step responses 

The time constant corresponding to 1.0V input is 0.1696 second, and then the rotational inertia 𝐽 

is calculated referring to Equation (18), where the result is 6.239e-3 kg*m2. 

Another method is also used to finally tune the estimation result of inertia. Here a step current 

input is applied to the DC motor and the stimulated velocity response is analysed as shown in 

Figure 25. The starting point of acceleration phase is most interesting because only nonlinear 

friction torque 𝑇𝑐 , inertia 𝐽 and motor output torque need to be considered here given that the 

angular velocity is zero. And the inertia is estimated by: 

𝐽 =
𝐾𝑇𝑖 − 𝑇𝑐

𝑎𝑐𝑐
(26) 
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where 𝑎𝑐𝑐 is the acceleration value, 0.7172𝑚/𝑠2, at the starting point mentioned above. Then the 

inertia 𝐽 is 6.032e-3 kg*m2. In Figure 25, Red curve denotes model output with ideal input that is 

a pure 1.35A step current signal, while the green curve indicates model response of the real current 

profile which is applied to the rig and measured by PicoScope. The three curves have similar 

response at early stage of acceleration phase, which proves the correctness of the result. Moreover, 

the reason why these curves make a difference from 11 second is that the Coulomb friction model 

cannot fully interpret all frictions in the rig. 

 

Figure 24. Estimated time constant with corresponding input voltage 

 

 

Figure 25. Test rig’s response of step current input 

The new inertia is 3.32% smaller than the one calculated from time constant. Considering that 

super CAP is utilized as power source with 30A as current limitation as opposed to 5A of the 

normal voltage source, the new result is closer to the true value. Hence it is used in following work.  

The rotational inertia calculated before only includes one roller in the system, therefore the final 

rotational inertia 𝐽𝑎𝑙𝑙 is: 
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𝐽𝑎𝑙𝑙 = 𝐽 +
𝐽𝑟𝑜𝑙𝑙𝑒𝑟

𝑛𝑚2𝑟
2 = 0.006851 (26) 

where 𝐽𝑟𝑜𝑙𝑙𝑒𝑟 is rotational inertia of one roller. The roller is a hollow cylinder, so its rotational 

inertia is straightforward to calculate given its dimension and weight. 

4.2 Verification Result 

After all demanded parameters in the model are identified, the model ought to be verified by 

comparing output predicted by the model with output observed. In this phase, two different kinds 

of input signals are utilized as explained before. 

Firstly, the same set of motor input voltages in parameter identification part is used. But different 

from that part, the deceleration phase is also considered here. The Simulink model is given in 

Figure 26. To emulate the current limitation, a saturation block is added before motor current is 

converted to motor torque. The actual applied voltage measured by oscilloscope is import to this 

model and the model estimates the corresponding roller angular velocity. 

 

Figure 26. Test rig model with voltage as input 

In Figure 27, four pairs of observed and predicted data are shown. Excluding periodic vibration, it 

is safe to conclude that the model reflects the behaviour of the test rig, even the special feature 

added by the power source’s current limitation. Again, NRMSE is analyzed to quantify the 

performance of the model and the values are given in Table 3. NRMSE results. 

Table 3. NRMSE results 

Voltage NRMSE 

1.0V 13.27% 

2.5V 2.42% 

5.0V 1.57% 

15.0V 1.88% 

When input voltage is lower than 2.5V, NRMSE of the model declines along with the increment 

of voltage because of the neglected vibration. When a voltage higher than 2.5V is applied to the 

motor, NRMSE keeps smaller than 3%, which proves that the correctness of the model. 
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Figure 27. Verification result with voltage as input  

Apart from step voltage response, sinusoidal current response is also analyzed. Accordingly, the 

Simulink model is modified as in Figure 28, where resistance and inductance are removed. 

Furthermore, the PI controller modelling the ESCON driver is omitted as a result of its high 

operating frequency.  

 

Figure 28. Test rig model with current as input 

 

Figure 29. Verification result with current as input 
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Since the rig always turns in the same direction as the wheel and friction coefficients are estimated 

based on this, the sinusoidal inputs only include positive half cycle of the sine wave. All utilized 

sinusoidal current inputs are combined and can be seen in upper part of Figure 29. They all have 

5A as amplitude, but have 2.5s, 5s, 7.5s as their especial period. The comparison result is in the 

lower part of the figure, whose NRMSE value is 4.35%.  

4.3 Performance Test 

Before the test rig is used to emulate any road profile or dynamometer test cycle, the impact of 

various DC motor currents on the vehicle is tested. And the result is shown in Figure 30 as below. 

 

Figure 30. DC motor current’s impact on APS3 controller 

The figure demonstrates the correlation between the current taken by the APS3 controller and the 

DC motor current changes from -10A to 10A when the velocity reference of the car is set to 5km/h 

and 10km/h. What the figure illustrates is that the test rig could influence the drive train by 

implementing friction torque via the drive wheel, for which qualitative analysis is conducted. 

The positive current reference of DC motor, which has similar impact as a downhill road, decreases 

the demanded propulsion force in the drive train, corresponding to lower APS3 controller current. 

Meanwhile the negative one works as an uphill road, increasing propulsion force. Take 10km/h 

velocity as an example, -10A current input results in 3.89A APS3 controller current increment 

while 10A results in 3.08A decrement. This kind of distinction can be explained by following 

equation: 

𝑖𝐴𝑃𝑆3 =
𝜂𝐴𝑃𝑆3

𝑈𝐶𝐴𝑃
𝑃𝐴𝑃𝑆3 =  

𝜂𝐴𝑃𝑆3

𝑈𝐶𝐴𝑃
𝑖𝐵𝐿𝐷𝐶𝑈𝐵𝐿𝐷𝐶 ≈

𝜂𝐴𝑃𝑆3

𝑈𝐶𝐴𝑃
𝑖𝐵𝐿𝐷𝐶(𝑅𝐵𝐿𝐷𝐶𝑖𝐵𝐿𝐷𝐶 + 𝐾𝐵𝐿𝐷𝐶�̇�𝐵𝐿𝐷𝐶) (27) 

where 𝐾𝐵𝐿𝐷𝐶 is back-EMF constant of BLDC motor. As is known, changed resistances on drive 

wheel of 10A and -10A inputs have the same absolute value, which ideally leads to the same 

absolute changed value of BLDC motor’s current but in different direction. In Equation (27), 

𝐾𝐵𝐿𝐷𝐶�̇�𝐵𝐿𝐷𝐶  is constant regarding test conditions. The other part in the parenthesis however 

changes along with motor current. Therefore, -10A current input would create higher absolute 

changed value. And the curve formed by those data points should be concave, which is not very 

evident but still visible in Figure 30. 
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Based on this part of experiment, the core function of the test rig is qualitatively verified due to 

lack of direct measurement on BLDC motor. Apart from it, a possible problem noticed in the result 

is that impact of a high reference current is not strong enough to compensate dynamic force or 

slope influence. With this concern, the first step of final experiments, constant velocity test is 

conducted. 

Here the vehicle is set to run on 10km/h and the actual velocity response corresponding to this 

speed reference is shown in Figure 31. The velocity has been processed by discrete finite impulse 

response (FIR) filter, and the acceleration is derived from the velocity. As is shown in the figure, 

the acceleration keeps around 1.25𝑚/𝑠2 when ELBA speeds up to target velocity. And the concern 

mentioned above is proved by this result. Based on Equation (8), the equivalent mass is around 

230kg, considering both the vehicle body and driver. In this case, the required force on drive wheel 

surface for compensating dynamic force is 287.5N, which is converted to 8.76Nm demanded 

torque output of the DC motor on test rig. Given the DC motor’s torque constant, the corresponding 

motor current is 68.14A. Even though Motion Dynamics (2018) claims that rated current of DC 

motor is 26.7A, the maximum current ESCON driver could take is 15A, lower than the demanded 

current. 

 

Figure 31. Constant velocity test on entire system 

In Figure 32, the three parts of required current are given. And the one created by gravity is omitted 

because in the test zero slope is used. Clearly, the currents for simulating rolling resistance and air 

drag force are smaller than both the current limitation and the one for dynamic force compensation, 

which means the test rig can generate them. 

A problem in the result of this test is that the acceleration is not correct due to that the rig apparently 

does not provide expected resistance force on the drive wheel. The insufficient resistance leads to 

higher acceleration and then, it is converted to overestimated required torque output. These two 

things influence each other, so this problem should be analyzed in another perspective, where the 

maximum force that the rig could produce is calculated. To simplify the calculation process, it is 

assumed that motor torque output is used to only compensate dynamic force. Given the ±15A 

current limitation, the maximum force test rig could offer is 63.2891N. 
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Figure 32. Required currents in step velocity test 

Figure 33 shows the performance of the vehicle in one lap of London Eco-Marathon competition. 

ELBA uses the BLDC motor to speed up from standing still, illustrated by the first acceleration 

phase of each lap which is most interesting. Based on velocity and acceleration, the dynamic force, 

air drag, etc. can be calculated based on vehicle dynamics. What the test rig needs to produce is 

the sum of those forces, and all of them are shown in Figure 34. In the figure, three pairs of dash-

dot lines divide the figure to 3 main areas, which respectively indicate three capability levels: 

Level 1, ±63.29N, is defined by ESCON driver current limitation; Level 2, ±122.65N, is set by 

DC motor’s rated current; Level 3 is twice of level 2 where DC motor is allowed to 100% overload 

for a short time. Obviously, with currently used ESCON driver, the test bench is not able to emulate 

the drive cycle in Eco-Marathon competition. However, if a driver with higher current was used, 

the rig would be capable of operating the simulation because the level 3 area covers the total 

required force except for some peaks that happened when ICE was used to drive the car and 

recharge super CAP, or the driver used regenerative brake. And those peaks should be produced 

by both BLDC motor on the car and the DC motor on the rig. 

 

Figure 33. One lap in Eco-Marathon competition 
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Figure 34. Required force of one lap in Eco-Marathon competition 

In this situation, it’s meaningless to continue conducting further steps of the experiments because 

the current saturation problem would exist in all those chosen test profiles. Therefore, a lot of 

necessary work should be done before further research, which is minutely explained in following 

chapters. 
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5  DISCUSSION AND CONCLUSIONS 

5.1 Discussion 

In this thesis work, the system structure of the test rig and the HEV is studied, in which several 

problems are solved to facilitate further experiments. Also, some components are attached to 

enable measurements of signals. Since the parameters of the test rig are not known, a parameter 

identification process is designed and conducted based on a simplified model. After the parameters 

are estimated from test data, the expected function of the rig, emulating drive cycle to predict fuel 

consumption, is analyzed. 

According to the results given in last chapter, the created model of the rig can properly predict the 

behavior of the system, which is verified by both voltage input test and current input test. 

Then, the final test of expected function is operated but stopped in the first step where step velocity 

reference with flat road profile is utilized. Because it is found that the DC motor’s driver limits the 

capability of the test rig to produce required force on the drive wheel. It is possible to lower down 

the dynamic force by either decreasing velocity reference or decreasing emulated equivalent mass 

so that the required current in DC motor does not saturate. But as a vehicle designed and 

manufactured for Eco-Marathon competition, ELBA will not benefit from the test rig if it could 

not support full scale simulation. The key point is that the test rig shall at least be able to emulate 

London track so that the fuel efficiency of the HEV can be optimized under indoor tests. Now that 

the test rig is not qualified for the goal, it needs improvements in the future. 

5.2 Conclusions 

There are two research questions raised in this thesis which are repeated below: 

1. Is it possible to compensate dynamic force of vehicle body for simulating drive cycle without 

adding an extra flywheel on the test rig? 

2. Does the fuel efficiency result obtained by the test rig agree with reliable result? If not, 

analyze the difference. 

To answer the first question, a restricted test is conducted as supplement given that the test rig 

cannot emulate full scale drive cycle of the competition. This test takes UDDS as the test drive 

cycle, including both velocity profile and road slope profile. As ELBA’s maximum velocity is 

around 30 km/h, not the same as usual urban car, the velocity reference is decreased to one third 

of the original value. On the other hand, 100kg, instead of 230kg, is set as the equivalent mass of 

the vehicle due to current limitation of ESCON driver. Moreover, only a small part of the drive 

cycle is used to shorten test duration. 

The result of the test is shown in following figures. Figure 35 illustrates the modified speed 

reference and the vehicle velocity response in the test. Because of the communication between 

ELBA’s ECU and BLDC motor’s driver only takes integer, the vehicle velocity does not follow 

the exact reference but the floored value. However, it could still prove that ELBA could follow the 

speed reference. In Figure 36 the required force that the rig should produce on the drive wheel and 

applied force measured by ESCON driver and PicoScope is shown, where the measurement 

follows the required signal only with some acceptable noises. 

Based on this test’s result, the answer of the first research question is partly yes, which means the 

dynamics force can compensate without an extra flywheel but under a restricted condition. The 

condition is that the required force that rig should handle with shall be under 63.2891N. If the 

current ESCON driver is replaced with a more appropriate driver, the answer of the same question 
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would be yes. It is worth noting that the test rig would always has a capability limitation. But with 

a better driver and current DC motor, it would be able to emulate ELBA with Eco-Marathon 

competition track to facilitate further research on the HEV prototype.  

 

Figure 35. Velocity data of simplified UDDS drive cycle test 

 

Figure 36. Force data of simplified UDDS drive cycle test 

The ability to predict fuel efficiency is covered by the second research question, which is 

impossible to answer in this thesis because currently the test rig could not emulate full scale drive 

cycle. Then there is no usable and reliable result that can be used to compare with the experiment 

output. 

Apart from these questions, an approach to model and identify a DC motor system is utilized and 

proved to be helpful via its verification results. 
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6  RECOMMENDATIONS AND FUTURE WORK 

6.1 Recommendations 

There are many things that can be done to improve the test bench, among which the most 

significant one is to reselect the DC motor’s driver. 

As mentioned before, a driver with ±15A current limitation does not match with the DC motor on 

the test rig. Given the parameters of the DC motor and the target Eco-marathon drive cycle, a 

proper driver should have around 30A as continuous output current and 55A as maximum output 

current. 

Besides the aforementioned issues, the mechanical structure of the test bench is also improvable. 

Firstly, light framework indeed makes the rig portable, but in the meanwhile, generates large 

vibrations to the system. And the encoder of the rig has a weak mounting solution, resulting in 

unstable connection between the encoder and output shaft of the DC motor. Furthermore, the 

polygon effect, which is the natural feature of chain drive, makes gear ratio uneven and generates 

velocity fluctuation. 

With regards to connection method between drive train and test rig, currently it is realized but 

placing the wheel on the rollers. It on one hand simplifies test process due to no need of mounting 

or dismounting, but on the other hand, it has several disadvantages. Firstly, until now no slip 

happens in all experiments with insufficient output torque provided by the DC motor. When the 

system is improved to have enough power, higher resistance force would be transferred by wheel-

roller contact. And it is not known whether the drive wheel would slip on the rollers in this case. 

Secondly, the normal force in the wheel-roller contact is not able to keep consistent every time 

unless a proper platform is created for the vehicle, which introduces extra uncertainty factor in the 

system. Finally, if the vehicle manually is put on a direction that is not perpendicular to roller’s 

surface, extra axial force would be generated. 

In conclusion, it is recommended to redesign the test rig based on more thorough researches. For 

one thing, the motor and driver can be reselected according to more detailed data and calculation. 

For another, the connection method shall be improved or replaced by another one. A possible 

solution is to design a shaft on the test rig that is connected to rig’s motor on one side, and to the 

main shaft of ELBA on the other side. Apparently, this solution requires dismounting of the drive 

wheel. But it not only is able to improve the mentioned issues, but also enables adding gears like 

planet gear to flexibly design transmission ratio. 

6.2 Future work 

As shown earlier, the test rig currently cannot emulate road slope to measure the energy 

consumption, of which the redesign is a complicated and time-consuming task. No matter whether 

the redesign is conducted, there are plenty of advancements that could be done in the future. 

First, the layout of test rig’s PCB board should be redesigned in consideration of mounting 

positions in the edge, better input/output signals distribution, high/low voltage isolation, etc. It is 

significant to get rid of weak connections and unnecessary wires, making the electronic part neat, 

durable, and reliable. 

Then, further study on APS3 controller is requisite. Unlike the ESCON driver, the control 

algorithm of APS3 driver is unclear. Currently it is set to velocity control, which disables not only 

the controllability of BLDC motor current, but also the distribution of demand torque. To make it 

straightforward for verifying rig’s functionality and create more room for optimization of fuel 
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consumption, controller the driver shall be configured as current feedback. Besides, the driver has 

an integrated current sensor, but its output sent via CAN communication is not valid because of 

poor resolution. When this problem is solved, extra current sensors such as LEM used in this thesis 

could be removed. 

Moreover, a shorter sample time for velocity is essential for dynamic force consumption when 

flywheel’s impact is substituted by rig motor’s torque output. Right now, the sample time is 100 

milliseconds, which makes it extremely difficult to obtain even acceleration. Either an extra 

standalone circuit processing encoder’s signal more frequently or a gyroscope that directly sense 

angular acceleration are feasible solutions for this issue.  

In the end, since ADVISOR requires motor’s efficiency map for simulating vehicle’s performance, 

it’s helpful to measure the map in the future. Then the usage of ADVISOR, design of vehicle’s 

Simulink model, and optimization of fuel efficiency would take advantage of it.  



 

 35 

7  REFERENCES 

Alcala, I., Claudio, A. and Guerrero, G., “Test bench to emulate an electric vehicle through 

equivalent inertia and machine dc”, 11th IEEE International Power Electronics 

Congress, Morelos, Mexico, 2008, pp 198-203. 

Allotta, B., Conti, R., Meli, E., Pugi, L. and Ridolfi, A., “Development of new HIL architecture to 

study high speed trains dynamics on full-scale test-rigs”, IEEE International Instrumentation and 

Measurement Technology Conference (I2MTC), Pisa, Italy, 2015, pp 1843-1848. 

Botwinska, K., Mruk, R., Słoma, J., Tucki, K. and Zaleski, M., “Simulation of diesel engine 

emissions on the example of Fiat Panda in the NEDC test”, E3S Web of Conferences, Poland, Vol. 

19, 2017, p 02003). 

Buechner, S., Schreiber, V., Amthor, A., Ament, C. and Eichhorn M., “Nonlinear modeling and 

identification of a dc-motor with friction and cogging”, IECON 2013-39th Annual Conference of 

the IEEE Industrial Electronics Society, Vienna, Austria, 2013, pp 3621-3627. 

Chan, C.C., Bouscayrol, A. and Chen, K., “Electric, hybrid, and fuel-cell vehicles: Architectures 

and modeling”, IEEE transactions on vehicular technology, Vol. 59(2), 2010, pp 589-598.  

Ehsani, M., Gao, Y., Longo, S. and Ebrahimi, K., “Modern electric, hybrid electric, and fuel cell 

vehicles”, Second Edition, USA: CRC press, 2018, Chap. 2. 

Fajri, P., Ahmadi, R. and Ferdowsi, M., “Test bench for emulating electric-drive vehicle systems 

using equivalent vehicle rotational inertia”, IEEE Power and Energy Conference at Illinois 

(PECI), Champaign, IL, USA, 2013, pp 83-87. 

Fajri, P., Lee, S., Prabhala, V.A.K. and Ferdowsi, M., “Modeling and integration of electric vehicle 

regenerative and friction braking for motor/dynamometer Test Bench Emulation”, IEEE 

Transactions on Vehicular Technology, Vol. 65(6), 2016, pp 4264-4273. 

He, K., Huo, H., Zhang, Q., He, D., An, F., Wang, M., and Walsh, M.P., “Oil consumption and 

CO2 emissions in China's road transport: current status, future trends, and policy 

implications”, Energy policy, Vol. 33(12), 2005, pp 1499-1507. 

Hong, C.W. and Shio, T.W., “Fuzzy control strategy design for an autopilot on automobile chassis 

dynamometer test stands”, Mechatronics, Vol. 6(5), 1996, pp 537-555. 

Motion Dynamics, ”48 Volt DC Motors”, https://www.motiondynamics.com.au/unite-my1020-

1000w-3000-rpm-48v-dc-motor.html, accessed 2018-06-25. 

Neborak, I. and Kuchar, M., “Load torque impact on DC motor current control accuracy”, IEEE 

ELEKTRO, 2016, pp 341-345. 

Neshati, M., Zuga, A., Jersch, T. and Wenske, J., “Hardware-in-the-loop drive train control for 

realistic emulation of rotor torque in a full-scale wind turbine nacelle test rig”, IEEE European 

Control Conference (ECC), Aalborg, Denmark, 2016, pp 1481-1486. 

Prasetyo, H.F., Rohman, A.S., Hariadi, F.I. and Hindersah, H., “Controls of BLDC motors in 

electric vehicle testing simulator”, IEEE System Engineering and Technology (ICSET) 6th 

International Conference, Bandung, Indonesia, 2016, pp 173-178. 

Sciarretta, A. and Guzzella, L., “Control of hybrid electric vehicles”, IEEE Control systems, Vol. 

27(2), 2007, pp 60-70. 

Son, Y.I., Choi, D.S., Lim, S. and Kim, K.I., “Robust current control for speed sensorless DC 

motor drive using reduced-order extended observer”, Electronics letters, Vol. 48(18), 2012, pp 

1112-1114. 

https://www.motiondynamics.com.au/unite-my1020-1000w-3000-rpm-48v-dc-motor.html
https://www.motiondynamics.com.au/unite-my1020-1000w-3000-rpm-48v-dc-motor.html


 

 36 

Su, D.T., Shiao, Y.S. and Yang, J.L., “Design and implementation of a chassis dynamometer for 

testing battery-powered motorcycles”, WSEAS Transactions on Circuits and Systems, Vol. 7(10), 

2008, pp 879-889. 

Thompson, J.K., Marks, A. and Rhode, D., “Inertia simulation in brake dynamometer testing”, 

SAE Technical Paper, 2002. 

Troedsson, I. and Vedmar, L., “A method to determine the dynamic load distribution in a chain 

drive”, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical 

Engineering Science, Vol. 215(5), 2001, pp 569-579. 

Wang, B., Yang, B., Guo, X. and Tan, G., “Wave reproduction simulation for road simulator with 

iterative learning control applied to nonlinear plant model”, IEEE Intelligent Systems and 

Applications, 2009, pp 1-4. 

Wang, L., Wang, M., Guo, B., Wang, Z., Wang, D. and Li, Y., “Analysis and Design of a Speed 

Controller for Electric Load Simulators”, IEEE Transactions on Industrial Electronics, Vol. 

63(12), 2016, pp 7413-7422. 

Wang, L., Wang, M. and Guo, B., “Control system design for dynamic road load simulators”, 

IEEE Transportation Electrification Asia-Pacific, 2017, pp 1-6. 

Wipke, K.B., Cuddy, M.R. and Burch, S.D., “ADVISOR 2.1: A user-friendly advanced powertrain 

simulation using a combined backward/forward approach”, IEEE transactions on vehicular 

technology, Vol. 48(6), 1999, pp 1751-1761. 

 

 



 

 37 

APPENDIX A: SCHEMATICE DESIGN 
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APPENDIX B: BLDC MOTOR DATASHEET 

 

 

 



TRITA TRITA-ITM-EX 2019:292

www.kth.se


