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ABSTRACT 

Today, the limits of petroleum resources (and rising gasoline prices) have globally 

become a reason for concern, and it is commonly thought throughout the world that 

current automotive technology will need to be adapted or replaced for the future. Efforts 

are underway worldwide to improve current vehicle technologies to make automobiles 

more fuel efficient, environmentally friendly, powerful, etc. In this context, EcoCAR: The 

Next Challenge was an international, collegiate vehicle engineering competition for 

North American colleges and universities sponsored by the US Department of Energy 

and General Motors Corporation, and others. Texas Tech University was one of the 

sixteen universities that competed in this three year collegiate advanced vehicle 

technology competition where teams were challenged to re-engineer a GM donated 

vehicle to achieve improved fuel economy and reduced emissions while maintaining 

consumer acceptability in the areas of stock performance, utility and safety. 

This dissertation presents an overview of the development of the vehicle design 

with industry standard vehicle development process (VDP). A two-mode hybrid 

powertrain was proposed to keep the vehicle performance, improve fuel economy and 

reduce the impact to the environment. The powertrain utilizes a GM 1.6L family 1 

engine, a GM 2-mode front-wheel drive (FWD) transaxle and a 12.9 kWh A123 Systems 

high voltage battery pack. The proposed 2-mode hybrid electric vehicle was built by 

integrating the proposed hybrid powertrain into a GM donated vehicle.   
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The design process started from the architecture selection with the use of PSAT 

software. Modeling and simulation of two-mode hybrid using model based design 

(MBD) process was performed. The Mathworks Simulink, SimDriveline and Stateflow 

provided an environment for modeling selected architecture and powertrain components. 

A vehicle performance target was established through vehicle technical specifications 

(VTS). Once model was verified in Software-in-the-loop (SIL), hardware in-the-loop 

(HIL) testing was performed with the use of a National Instruments PXI and a dSPACE 

MicroAutoBox (MABX). For the hybrid control algorithm development, a rule-based 

control method is used to consider both the 2-mode transmission dynamic model and the 

powertrain component specifications and constraints. For rapid control system 

prototyping, MABX was added as a supervisory controller to interface with the stock 

electronic control units to accomplish the desired hybrid control functions.  In this way 

going from mathematical models to lab-based tests with HIL, then by moving to in-

vehicle testing of the vehicle’s on board software, a realistic vehicle propulsion controller 

was developed. The proposed hybrid vehicle is capable of EV drive, regenerative 

braking, two electric variable transmission modes, engine auto-stop, and engine optimal 

operation. The prototype vehicle was tested on road to verify the simulation model, 

vehicle performance and fuel economy, the 2-mode transmission dynamic model and the 

hybrid control algorithm.     
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CHAPTER 1 

INTRODUCTION 

1.1 Emissions from Motor Vehicle  

 The development of internal combustion engine vehicles, especially for 

automobiles, is one of the greatest achievements of modern technology. The power to 

move a car comes from burning fuel in an engine. Pollution from cars comes from by-

products of this combustion process (exhaust) and from evaporation of the fuel itself. 

With the increase in traffic over the years, one of the major threats to clean air in many of 

the developed countries like the U.S. is vehicular emissions [1]. Motor vehicles emit 

large quantities of carbon dioxide (CO2), carbon monoxide (CO), hydrocarbons (HC), 

nitrogen oxides (NOx), particulate matter (PM), and substances known as mobile source 

air toxics (MSATs), such as benzene, formaldehyde, acetaldehyde, 1,3-butadiene, and 

lead (where leaded gasoline is still in use). Each of these, along with secondary by-

products, such as ozone and secondary aerosols (e.g., nitrates and inorganic and organic 

acids), can cause adverse effects on health and the environment [2].  

The transport sector plays a crucial and growing role in emissions of greenhouse 

gas (GHGs). Driving the vehicle can yield both greenhouse gas (GHG) emissions from 

the vehicle's tailpipe and GHG emissions related to the production of the fuel used to 

power the vehicle. Atmospheric CO2 which presently contributes 72 % of the GHG 

emissions is known to be entirely due to human activity [3]. Global warming is caused by 

an increase in the greenhouse effect. The greenhouse effect is the process by which 
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absorption and emission of infrared radiation by greenhouse gases in the atmosphere 

warm the planet's lower atmosphere and surface.  From Figure 1-1, transport sector was 

responsible for 27% of total U.S. greenhouse gas emissions, making it the second largest 

contributor of U.S. greenhouse gas emissions after the Electricity sector [4].  Due to 

increased demand for travel and the stagnation of fuel efficiency across the U.S. vehicle 

fleet, GHG emissions from transportation increased by 19% since 1990.   

 

 

Figure 1-1: Total U.S. Greenhouse Gas Emissions by Economic Sector in 2010 [4] 

1.2 Petroleum Oil Usage in Transportation 

Over the next 25 years, the energy demand for transportation is expected to 

increase more rapidly than in any other end-use sectors due to increasing demand for 

http://epa.gov/climatechange/ghgemissions/sources/electricity.html
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personal motor transportation as a result of rapidly developing global economies.  In 

2000 it was about 25% higher than in 1990, and in between 2000 and 2030 it is 

projected to grow by nearly 90%. As shown in Figure 1-2  in terms of oil use 

Transport is becoming the dominant sector. It has accounted for nearly all growth in 

oil use over the past 30 years, and this is expected to continue over the next 30 years 

as well. 

 

Figure 1-2: Oil Consumption in Transport [4] 

Petroleum oil is heavily consumed in automotive transportation. Transportation 

consumes more than 20% of the world's total petroleum energy. The United States 

consumes nearly one quarter of the world petroleum production, over 70% percent of 

which is consumed in automotive transportation. Highway transportation accounts for 
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85% of the petroleum oil consumption for transportation in the U.S. and light-duty 

vehicles account for 66% of the petroleum oil consumption [5]. Over 95% of on-road 

vehicles in the world consume petroleum-based fuels. 

The limited petroleum oil reservoir and increasing demand for petroleum oil 

seems to be irresolvable in the short term. Maintaining energy sustainability is of interest 

to scientists and governments. Energy sustainability is not only a problem in one country 

or one region, it is a global challenge. Governments, scientists and engineers from all 

countries are joining together to find the solutions. Many technologies and strategies are 

at hand to reduce the growth or even, eventually, reverse transport GHG emissions and 

oil consumptions [6]. GHG emissions associated with vehicles can be reduced by four 

types of measures [7]. First is the reduction of loads on vehicle which consist of force 

needed to accelerate the vehicle, to overcome inertia; vehicle weight when climbing 

slopes; the rolling resistance of tires; aerodynamic forces and accessory loads. Reducing 

inertia load is achieved by reducing vehicle weight with greater use of lightweight 

materials.  Reducing tire losses is accomplished by improving tire design and materials 

and reducing aerodynamic forces is accomplished by changing the shape of the vehicle.  

Second is increasing the fuel economy by improving drive train efficiency and 

recapturing energy losses. This includes measures to improve engine efficiency and the 

efficiency of the rest of the drive train which can be accomplished by hybrid vehicle 

technology. Third is use of alternative fuels such as hydrogen, ethanol, biodiesel and 

methanol. Each fuel can be made from multiple sources, with a wide range of GHG 

emission. It is crucial to consider GHG emissions associated with fuel production and 
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distribution in addition to vehicle tailpipe emissions. Fourth is reducing emissions of non-

CO2 GHG’s from vehicle exhaust and climate control. The most promising strategy for 

the near term is incremental improvements in fuel economy.   

1.3 Corporate Average Fuel Economy (CAFE) 

The Corporate Average Fuel Economy (CAFE) is regulations in the United States, 

first enacted by the U.S. Congress in 1975[8]. The purpose of CAFE is to reduce energy 

consumption by increasing the fuel economy of cars and light trucks sold in 

US.  National highway traffic safety administration  (NHTSA) administers the CAFE 

program, and the Environmental protection agency (EPA) provides the fuel economy 

data. Vehicle manufacturers must meet fuel economy and greenhouse gas (GHG) 

emissions standards for vehicles sold in the United States.  Figure 1-3 shows CAFE fuel 

economy for model year (MY) 2012 through MY 2022 vehicles [9]. The   footprint is a 

measure of vehicle size determined by multiplying the vehicle’s wheelbase by its average 

track width. As per regulations manufacturers must improve fleet-wide fuel economy and 

reduce fleet-wide GHG emissions by approximately 5% each year. By MY 2016, these 

vehicles must meet an estimated combined average emissions level not higher than 250 

grams of carbon dioxide per mile, equivalent to a fuel economy of 35.5 miles per gallon 

if the industry were to meet this carbon dioxide level solely through fuel economy 

improvements. CAFE 2016 target fuel economy of 38.5 MPG (44 sq. ft. footprint) 

compares to 2012 actual advanced vehicle performance of Prius hybrid: 50 MPG. 

http://en.wikipedia.org/wiki/Regulation
http://en.wikipedia.org/wiki/United_States
http://en.wikipedia.org/wiki/National_Highway_Traffic_Safety_Administration
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               Figure 1-3: CAFE Fuel Economy vs Model Year and Footprint [9] 

Fuel economy regulations have been effective in slowing the growth of GHG emissions. 

These strong policies ensure that technologies are applied to increasing fuel economy 

rather than spent increased horsepower and vehicle mass. So far, the most promising 

technologies for fuel economy improvement are hybrid electric vehicles and fuel cell 

vehicles. The use of alternative fuels such as natural gas, biofuels, electricity and 

hydrogen, in combination with improved conventional and advanced technologies; 

provide the potential for even larger reductions. 

1.4 Hybrid Electric Vehicles  

Hybrid electric vehicles (HEV) combine conventional internal combustion 

engines (ICEs) as their primary power source, and electric motor/generators and batteries 

as a peaking power source. Hybrid vehicles have much higher operating efficiency than 

those powered by ICEs alone [10]. On the other hand, fuel cell vehicles, which are 

potentially more efficient and cleaner than hybrid electric vehicles, are still in the 
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laboratory stage and it will take more time to overcome technical hurdles for 

commercialization. Tomorrow’s automobiles must be flexible enough to accommodate 

many different energy sources. And a key part of that flexibility will be enabled by the 

development of electrically driven cars. Some of the Key advantages of HEVs are as 

follows.  

Battery only Propulsion - Some hybrid designs can propel a vehicle with only electric 

power with the hybrid engine remaining off until a predefined speed or power 

requirement is met. Because the electric motor in its normal mode of operation can 

provide constant-rated torque up to its base or rated speed, the electric motor can provide 

performance the ICE cannot during initial vehicle acceleration [11]. In addition to electric 

propulsion, in some hybrid designs the acceleration force is supplied by the electric 

power train in combination with the ICE power train which allows use of a smaller, 

lighter engine and improves average vehicle efficiency.  

Engine Stop start- The engine is no longer required to idle during vehicle coast-down or 

while stopped because the powerful electric motor / generators of the hybrid system can 

rapidly auto start the engine. A method is to shut down the combustion engine when the 

vehicle stops, saving fuel consumed during idle periods. When the driver accelerates after 

stopping, the electric motor kicks in, propelling the car forward and restarting the 

combustion engine.  The integrated starter-generator systems replace the IC engine’s 

flywheel, taking over the function of the alternator and the starter in a conventional 

engine configuration, and improve both performance and fuel economy [12].  
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Engine steady state operation- Electric assist allows engine to operate in best efficient 

region at given speed [13]. Allowing the engine to operate at steady state has two 

important advantages: fuel usage can be optimized, and exhaust emissions can be tightly 

controlled. In HEV engine and driveline vibrations can be canceled mechanically by 

motor/generator which results in increased fuel economy and decreased emissions. 

Regenerative Braking- Regenerative braking allows the energy which is usually lost 

during deceleration of the vehicle to be recovered. A conventional vehicle uses 

mechanical brakes to convert the excess kinetic energy of the vehicle into heat which 

dissipates into the surrounding air and is lost. In a hybrid design some of this wasted 

vehicle energy can be converted into electricity during braking/ or coasting by allowing 

the electric motor to operate as a generator to generate electricity and charge the hybrid 

batteries. The effectiveness of regenerative braking depends on several factors relating to 

the design of the vehicle [14, 15]. The capturing of this wasted energy gives HEV some 

of the energy efficiency advantage over a non-hybrid vehicle. 

Active Fuel Management- It allows a V6 or V8 engine to "turn off" half of the cylinders 

under light-load conditions to improve fuel economy. Solenoids are designed into intake 

and exhaust valve actuators. The intake and exhaust valves are closed on certain cylinders 

when not required [16]. In hybrid vehicle active fuel management can be initiated at 

much lower vehicle speed. 

Late Intake Valve Closing (LIVC)- It is an expansion cycle which reduces the energy 

lost when the exhaust valve opens by making the expansion (power) stroke longer than 

the compression stroke. This is done in the LIVC by reducing the compression stroke by 

http://en.wikipedia.org/wiki/V6
http://en.wikipedia.org/wiki/V8
http://en.wikipedia.org/wiki/Fuel_economy_in_automobiles
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closing the intake valve late.  The result of LIVC in ICE is reduced torque output [17]. 

HEV can overcome this by blending the torque output of electric motor/generators to 

help propel the vehicle [18].  

1.5 Concept of Hybrid Electric Drive Trains   

A hybrid electric drive train usually consists of no more than two power trains. As 

shown in Figure 1-4 the two power sources of propulsion power are the internal 

combustion engine (power train 1) and electric motor or motors (power train 2). For the 

purpose of recapturing a part of braking energy, a hybrid drive train usually has a 

bidirectional energy source and converter.  

 

 

Figure 1-4: Concept of Hybrid Drive-train [10] 

There are many possibilities for combining power flows to meet load 

requirements as described below [10]. 
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1) Power train 1 alone delivers the power to load. This is engine alone propelling 

mode may be used when the batteries are almost completely depleted and the 

engine has no remaining power to charge the batteries or when the batteries have 

been fully charged and the engine is able to supply sufficient power to meet the 

vehicle power demand.  

2) Power train 2 alone delivers the power to the load. This is the pure electric 

propelling mode in which the engine is shut off. This mode may be used at low 

speed where the battery supplies tractive power. 

3) Both power trains deliver power to load at same time. This is the hybrid traction 

mode and may be used when a large amount of power is required. Generally at 

higher speeds, the engine and battery work together to meet the tractive power 

demand. 

4) Power train 2 obtains power from load. This is the regenerative braking mode in 

which kinetic energy that normally would be lost during deceleration is captured 

and subsequently converted into electric energy. This energy is then used to 

charge the battery. 

5) Power train 2 obtains power from power train 1. This is the mode in which the 

engine charges the batteries. The vehicle is at a standstill or coasting so that the 

load power is very small or zero. 

6) Power train 2 obtains power from power train 1 and load at same time. This is the 

mode in which both regenerative braking and the IC engine charge the batteries 

simultaneously. 
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7) Power train 1 delivers power to load and to power train 2 at the same time. This is 

the mode in which the engine propels the vehicle and charges the batteries 

simultaneously. 

8) Power train 1 delivers power to power train 2, and power train 2 delivers power to 

load. This is the mode in which the engine charges the batteries and the batteries 

supply power to the load. 

9) Power train 1 delivers power to load, and load delivers power to power train 2. 

This is the mode in which power flows into the batteries from the IC engine 

through the vehicle mass. 

1.6 Types Hybrid Electric Drive Train   

There are many ways to classify hybrid electric vehicles. Based on level of 

hybridization, HEVs can be divided into several categories: mild hybrid, balanced hybrid 

and wild hybrid. A mild hybrid is a conventional vehicle with an oversized starter motor, 

allowing the engine to be turned off whenever the car is coasting, braking, or stopped, 

and yet be restarted quickly when required. In this architecture the engine stop-start 

function is implemented with a starter/generator [19]. Here the ICE provides much more 

power than the motor. In a balanced hybrid the ICE and motor roughly provide equal 

maximum power. In wild hybrid the electric motor provides much more power than the 

ICE. A plug-in hybrid is a wild hybrid with a substantial battery capacity which provides 

an extended electric-only mode. 

Based on drive-train configuration, the three major hybrid vehicle architectures 

introduced are series, parallel and power split hybrid [20]. These terms generally describe 
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the power flow of energy through the vehicles power-train to the final drive. This 

research focuses on the power-split HEVs.  

1.6.1  Series Hybrid Electric Vehicle 

Figure 1-5 shows a schematic of a series drive arrangement. The series hybrid gets 

its name from the fact that energy conversion and torque transfer are constrained to occur 

serially through the components.  The series configuration only has the motor (sometimes 

motors) driving the wheels—the engine is not directly connected to the wheels. As 

shown, the primary drive of the vehicle is accomplished by the electric motor. 

 

Figure 1-5: Series Hybrid Configuration 

The motor power is supplied by either a power-storage device (such as a battery), 

or a generator or the combination of both with a split ratio determined by the power 

management controller. The engine is used to drive a generator to supplement the power 

available from the battery pack. If the state of charge of the battery pack fell below a 

certain level, the engine /generator would be activated until the state of charge was 

restored. The engine would then continue to cycle on and off as required. The sustained 
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power demands of high speed cruising would require the engine to operate continuously 

in order to avoid rapid depletion of the battery. 

1.6.1.1 Series HEV Advantages [21]: 

1) Engine decoupled from driven wheels. IC engine can be operated at any point on 

speed–torque map and can be operated within its maximum efficiency region. 

Engine efficiency and emissions further improved by optimal design and control 

in this narrow region. Allows use of a high–speed engine. 

2) Electric motor has ideal torque–speed characteristics. There is frequently no need 

of multi–gear transmissions. Thus, vehicle construction is simplified and cost is 

reduced. 

3) Instead of one motor with differential two motors, each powering a single wheel 

can provide speed decoupling between the two wheels like a differential. With 

ultimate refinement we can use four motors making vehicle all–wheel–drive 

without the expense and complexity of differentials and drive shafts running 

through frame. 

4) Simple control strategies can be used as a result of mechanical decoupling. 

However in series hybrid the energy passes through several conversions before 

being used by the vehicle. The engine first converts the fuel into mechanical power which 

is then converted to electricity by the generator. The electricity flows into the battery with 

charging losses, and then back out with discharge losses. Due to the mass requirement of 

series hybrid systems most applications have been limited to large vehicles.  
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The configuration of fuel cell HEVs is also technically in series as shown in 

Figure 1-6. Since fuel cells generate electric, rather than mechanical power, it functions as 

a power generator replacing both, the engine and the electric generator. 

 

Figure 1-6: Fuel Cell Configuration 

 

1.6.2 Parallel Hybrid Electric Vehicle 

Parallel hybrid designs blend the torque output of an electric motor/generator 

along the IC engine torque output. In this drive-train ICE supplies its power mechanically 

to the wheels as in a conventional ICE powered vehicle. It is assisted by an electric motor 

that is mechanically coupled to the drive-line. Torque output from the engine and the 

electric motor coupled mechanically. A separate generator is not required because the 

drive motor can be used as a generator by powering it from the main driveshaft. 

Based on where the gearbox is introduced in the power-train, there are two typical 

parallel HEV architectures: pre-transmission parallel and post-transmission parallel.  

Figure 1-7 shows the pre-transmission parallel HEV, the transmission is located on the 

main drive shaft. In this configuration both the engine torque and motor torque are 
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modified by the transmission. The engine and motor must have the same speed range. 

This configuration is usually used in case of small motor. 

 

 

Figure 1-7: Parallel Hybrid Configuration 

Post-transmission electric hybrids have been proposed and built but are more 

challenging because either a dedicated transmission is used to interface the M/G to the 

driven wheels M/G has sufficient constant power speed range, to function over the 

full operating regime of the vehicle. Without a matching transmission, a post-

transmission M/G will require very high torque levels to deliver the tractive effort 

necessary [22]. In post-transmission configuration the transmission can only modify the 

engine torque while the motor torque is directly delivered to the driven wheels. This 

configuration may be used in the drive train where a large electric motor with long 

constant power region is used [23]. Because the motor cannot be used to both charge the 

battery and assist the engine simultaneously, the power assistance must be constrained to 

avoid draining the battery. This situation mostly occurs during city driving, where 
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frequent stop-and-go demands force the engine to produce power in its low-efficiency 

range [24]. This is why most parallel HEVs do not have impressive city fuel efficiency if 

compared to other types of hybrid vehicle of similar size. 

1.6.3  Power Split Hybrid Electric Vehicle 

The power split hybrid is also known as series-parallel hybrid or combined 

hybrid. With proper control strategy it can be designed to take advantage of both parallel 

and series types while avoiding their disadvantages [25]. Figure 1-8 shows a power split 

hybrid electric vehicle.  

 

Figure 1-8: Power Split Hybrid Configuration 

This design depends on the presence of two motors/generators and the 

connections between them, which can be both electrical and mechanical. The mechanical 

connections between the engine and electric machines are usually accomplished by 

planetary gears known as power-splitting devices. In power split designs, the electric 

motor typically determines the output ratio. This type of transmission is commonly 

referred to as an electronically variable transmission (EVT). An EVT has the potential to 
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combine the continuous control and urban drive cycle efficiency of the series hybrid with 

the high power capability and highway efficiency of the parallel hybrid [26]. 

  Power split is further defined as input-split, output-split and compound-split; they 

are defined by the location of the power-split device in the transmission. The input-split 

details a single point of power split occurring at the input of the transmission. The output 

split details a single point of power split occurring at the output of the transmission. The 

compound-split details a design in which a power split occurs at both the input and output 

of the transmission [26]. EVTs divide power between the electrical and mechanical paths 

using input, output or compound split-schemes. Figure 1-9 shows EVT power split design 

options based on location of the power-split device [27]. 

 

Figure 1-9: Input-split, Output-split, and Compound-split EVT Hybrids 
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1.6.3.1  Input-split: 

Figure 1-10 shows the core elements of the one-mode input-split EVT concept 

[28]. The one-mode EVT is currently the most common hybrid system in the market 

place. It is mechanically simple and contains only one planetary gear set and two electric 

motors, without clutches. The input power from the engine comes immediately to a 

planetary gear set. This gearing splits the power through the transmission between a 

mechanical path and an electrical path. A significant portion of the engine power through 

the mechanical path goes directly to the final drive of the vehicle. The remaining power 

from the engine flows to the first electric motor. This first motor acts as a generator, 

changing part of the engine power into electric current. The electric current from this 

motor can either go into the battery for storage or on to the second electric motor. The 

second motor changes electric current from the first motor or from the battery back into 

mechanical power for the output [29]. 

 

 

Figure 1-10: Core Elements of Input Split Transmission [28] 
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The input-split EVT arrangement is shown schematically in Figure 1-11. Planetary 

gear splits the engine power. Some portion of power goes to final drive with mechanical 

arrangement and remaining power flows to the first electric motor.  Schematic on right 

shows the power from the engine flowing through both the electrical and mechanical 

paths of the EVT to the transmission output. 

 

Figure 1-11: Input-split EVT arrangement [28] 

A well-known input-split is the Toyota hybrid system (THS) design that was first 

used on a Toyota Prius. Figure 1-12 shows drive train configuration for Prius [30], which 

is a input split series parallel hybrid. The power from the engine is split into two paths by 

the power split device. The power split device uses a planetary gear. The rotational shaft 

of the planetary carrier inside the gear mechanism is directly linked to the engine, and 

transmits the motive power to the outer ring gear and the inner sun gear via pinion gears. 

The rotational shaft of the ring gear is directly linked to the motor and transmits the drive 

force to the wheels, while the rotational shaft of the sun gear is directly linked to the 
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generator. In this way, the motive power from the engine is transmitted through two 

paths. In one path, the power from the gasoline engine is directly transmitted to the 

vehicle’s wheels. In the other path (electrical path), the power from the engine is 

converted into electricity by a generator to drive an electric motor or to charge the battery 

[30, 31]. As a hybrid vehicle, the 2004 Prius uses both a gasoline-powered IC engine 

capable of delivering a peak power output of 57 kW and a battery-powered electric motor 

capable of delivering a peak power output of 50 kW as motive power sources. Combining 

these two-motive power sources results in improved fuel efficiency and reduced 

emissions compared to traditional automobiles [32]. 

 

Figure 1-12: THS II in Prius (Input-split) 

The Prius is capable of functioning in the following modes [30, 32]: 
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1) When the vehicle is starting from rest, moving slowly, or going down a gradual 

slope, the engine does not operate efficiently. So the engine shuts down. Only the 

electric motor drives the wheels by drawing electrical power from the battery. 

2) Under normal driving conditions, overall efficiency is optimized by controlling 

the power allocation so that some of the engine power is used for turning the 

generator to supply electricity for the motor while the remaining power is used for 

turning the wheels. 

3) During periods of full throttle acceleration or under heavy load, when extra power 

is needed, the power from the battery is added to the motor to boost the motor 

power that drives the wheel. 

4) While decelerating and braking, the motor acts as a generator that is driven by the 

wheels thus allowing the recovery of kinetic energy. The recovered kinetic energy 

is converted to electrical energy and stored in the battery. 

5) When necessary, the generator recharges the battery to maintain sufficient 

reserves. 

6) At times when the vehicle is not moving and when the engine moves outside of 

certain speed and load conditions, the engine stops automatically. 

1.6.3.2   Limitations of Input-split: 

The amount of power that must be transmitted electrically varies with vehicle 

speed. The ratios of the planetary gearing and speeds of the engine and the motors 

determine the fraction of engine power that is transmitted electrically. In the case of a 

one-mode EVT, the magnitude of the electrical power can be quite large, driving a 
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requirement for large motors for any given size of engine and vehicle. Typically, the 

combined power rating of both motors must be more than the power of the engine. The 

amount of power that must be transmitted electrically with the one-mode EVT is one of 

its most critical drawbacks, resulting in reduced efficiency, packaging issues, higher mass 

and increased manufacturing costs for a given level of manufacturing economy.  

The high requirement for electrical power in a typical one-mode hybrid comes 

from the fact that there is only a single transmission ratio where the power transmitted 

through the electrical power path becomes zero. At this ratio, sometimes called the 

"mechanical point" of operation, the speed of the first motor, which controls the speed 

ratio through the transmission, reaches zero. With one motor at zero speed, engine power 

is not transmitted through the electrical path to the output. This one mechanical ratio is a 

characteristic of the one-mode input-split EVT. This ratio is typically chosen in the 

design of the one-mode hybrid for high drive-cycle fuel economy. This forces a 

compromise, and results in significant power loss through the electrical path, and 

ultimately lower transmission efficiency, at all other transmission ratios. The impact of 

this inefficiency is typically more pronounced at higher speeds and with higher load 

conditions found in "real world” driving [33]. 

The one-mode hybrid has only proven successful in small to mid-size vehicles 

carrying light to moderate loads. As the vehicle size and load rating increase, the electric 

power flow and the torque necessary for appropriate output become heavy burdens. The 

motor components, especially the motor connected to the output is very large, heavy, and 

costly for larger, more powerful vehicles.  
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1.6.3.3   Compound-split: 

Input-split design drawback of inefficiency at higher speeds can be addressed in 

compound-split by combining several EVT modes in to one multi-mode hybrid system, 

thereby increasing the number of mechanical points and allowing greater operation 

flexibility [27]. 

Compared to the input-split system a compound split system has more planetary 

gear sets and clutches. Similar to the single-mode system, the engine power flows into the 

gear trains and is split into a mechanical power path and an electric power path. The 

compound mode is named as such because it consists of two different power-split modes 

and can be switched from one to another by coordinately locking and unlocking the two 

clutches. 

1.7 Objective of the Dissertation 

In this study, a new compound series-parallel configuration known as two-mode 

configuration is introduced and analyzed. GM has introduced a two-mode transmission 

that provides significant improvement over Toyota THS transmission. These 

improvements are achieved by employing additional planetary gear sets with clutches 

and brakes to switch from mode-1 to mode-2 [26, 28, 29, and 33].   

The primary objective of this research is the conception, development and 

implementation of a two-mode hybrid powertrain to sustain petroleum energy and reduce 

the GHGs emission. Petroleum energy can be sustained by consuming less petroleum 

fuel in the motor transportation. It is widely agreed that GHGs are associated with global 

warming.  The less fuel consumption will generate less GHGs emission consequently.  
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In accordance with this objective, the first contribution of this research is the 

formulation of a two mode hybrid vehicle model using model based design that captures 

the dynamic behavior of the hybrid powertrain and of the vehicle. A second contribution 

is to develop the rule-based hybrid control algorithm to optimize the hybrid control 

system. The proposed control design will be capable of EV drive, regenerative braking, 

two electric variable transmission modes, engine auto-stop, and engine optimal operation.  

The simulation results projected that the proposed hybrid powertrain can reduce the fuel 

consumption by over 40% compared with non-hybrid powertrain. A third contribution is 

validation of model in a real time using HIL testing on different drive cycles. At final 

stage the 2-mode hybrid electric vehicle is built by integrating the proposed two mode 

transmission into a GM donated vehicle. 
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CHAPTER 2 

VEHICLE DEVELOPMENT PROCESS 

2.1 EcoCAR: The Next Challenge  

 EcoCAR was a three-year collegiate advanced vehicle technology engineering 

competition established by the United States Department of Energy (DOE) in partnership 

with General Motors (GM) and is being managed by Argonne National Laboratory. The 

competition goals were to challenge university engineering students across North 

America to re-engineer a 2009 GM Saturn VUE to achieve improved fuel efficiency and 

reduced emissions, while retaining the vehicle’s performance and consumer appeal [34]. 

Texas Tech University was one of the sixteen universities selected to participate 

in this competition. This competition provides an opportunity for students to apply their 

engineering skills to facilitate the transition of existing automotive technologies into a 

class of vehicle technology that can be used increasingly in the future using fuels such as 

E10 ethanol, E85 ethanol, B20 biodiesel, compressed gaseous hydrogen, and electricity.   

Teams from Texas Tech have participated in vehicle design competitions every 

year since 1989 through 2011: The Texas Tech E85 fueled two-mode hybrid was the 23rd 

Texas Tech entry in DOE vehicle design challenge. EcoCAR challenge vehicle is 

developed at the Advanced Vehicle Laboratory (AVEL) located at the Reese Technology 

Center.  In this chapter development process of E85 fueled two-mode hybrid is presented. 

The goals of this study are to develop a vehicle which can provide high energy efficiency 

and low well-to-wheels emissions. Thus the main objective is to design a vehicle with 

minimal or at least reasonable, packaging and component manufacturing issues and 
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concentrate on system integration and control strategies to drive design and development 

process. To achieve the objectives industrial standard vehicle development process is 

followed.  

The first year of competition emphasized on vehicle design through Argonne 

National Laboratory’s Powertrain System Analysis Toolkit (PSAT) software, vehicle 

performance target established through vehicle technical specifications(VTS), 

development of software-in-the-loop (SIL) and hardware in-the-loop (HIL) techniques, 

rapid control system prototyping, component selection and sizing. These first year 

activities are continued for the vehicle development and refinement in subsequent years 

of the competition. EcoCAR teams learn real-world automotive engineering practices 

through the use of Model-Based Design and graphical system design hardware-in-the-

loop (HIL). Model-Based Design is a process that provides professional engineers with 

real-time, cost-effective simulation. HIL simulation is a technique that is used 

increasingly in the development and test of complex real-time embedded systems. These 

HIL simulations will serve as virtual vehicles on which teams can test and validate 

advanced hybrid system controllers before the actual vehicle designs are assembled. 

2.2 Vehicle Design and Development Process 

        The main task in hybrid electric powertrain development is to design the overall 

control strategy. Figure 2-1, shows the development process for two-mode hybrid 

controller development. EcoCAR was based on a real-world integrated vehicle design 

and development processes [35]. EcoCAR VDP summary and timelines are continuously 

used for the control strategy verification and validation.  
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Figure 2-1: Two-mode Hybrid Vehicle Development Process 

2.2.1 Architecture Selection  

The first step in the development process was architecture selection. The most 

important task while designing the vehicle architecture is to know which components will 

be available for the vehicle. Knowledge of this information facilitates and focuses the 

design process with respect to the resources available. Architecture selection was 

performed based on literature review, PSAT modeling and GREET (Greenhouse gases, 

Regulated Emissions, and Energy use in Transportation) analysis. Use of axiomatic 

design concepts for vehicle architecture selection was also investigated. An axiomatic 

design concept was used for designing the entire powertrain, steering, and suspension 

system as an integrated system. Based on architecture selection two-mode hybrid is 
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chosen as team’s architecture. As per the requirement of competition team set VTS goal 

in a way to achieve safety to passenger as well as vehicle.   

2.2.2 Control System Architecture 

Hybrid drivetrain combines well-known state-of-the-art powertrain technology 

with powerful electric motors and energy storage device in various configurations. HEV 

contains complex interaction between different powertrain devices and incorporates 

complex electronic control unit (ECU) network. The main task in hybrid electric 

powertrain development is to design the overall control strategy. The control functions 

are spread over a distributed network of electronic control units. The next step was to 

define the requirement for the control system of the two-mode hybrid, followed by the 

engineering control system architecture. Control system architecture involves high level 

overview of components that system must control such as engine on-off, mode operation, 

battery management, regenerative braking. Once system requirements were defined next 

step was to develop control strategy that validate team’s VTS. The control strategy was 

developed with Matlab, Simulink and Stateflow.  

2.2.3 Model Based Design 

A method known as the model based design (MBD) process is becoming standard 

approach across industries for the development of control software for complex ECU 

network. The MBD process begins with conceptual development of controller algorithms 

and validation using a computational representation of physical device known as plant 

model. Computer modeling and simulation can be used as a virtual environment to reduce 

the expense and length of the design cycle of control development by testing control 
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strategies in closed loop prior to the availability of physical prototypes. Therefore, the 

next step in controller development process is to create accurate plant models. The goal 

of the plant model development process is to achieve a real-time capable model that 

simulates the vehicle as closely as possible. To validate control system all required 

physical systems such as driver, battery, transmission, engine, chassis are developed 

using Simulink, SimScape, and Stateflow. Simulink’s signal based modeling methods are 

very flexible. The mathematical modeling used in Simulink is its most important 

property.  The advantage with the signal flow modeling used in Simulink is that it can be 

applied on many systems from different domains, as long as the equations describing the 

system behavior are known and they can be expressed by state space equations. It can be 

adapted to a wide variety of powertrain systems and offers maximum flexibility.   

MBD was used throughout the development process. With MBD the entire system 

can be easily integrated and simulated as an actual vehicle. Individual parts of the entire 

model were tested as per the requirement. 

2.2.4 Software-in-the-loop Testing  

  Integration of the controller algorithm models together with the validated plant 

models provides a complete simulation environment for model-based closed-loop testing. 

After validation of unit test of each component, team validated control algorithm as a 

whole. This means entire simulation took place within the development computer. This 

simulation technique is called software-in-the-loop (SIL). With SIL, the team tested the 

actual vehicle control algorithm against vehicle models that runs in simulation time.   
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2.2.5 Hardware-in-the-loop Testing  

The next stage in the development process was to validate the control system 

using Hardware-in-the-loop (HIL) testing. HIL simulation technique uses models and 

controls similar to SIL but deployed on a Real Time Target and on actual vehicle 

controllers. To perform HIL testing the team used National Instrument PXI as a HIL 

simulator and dSPACE MicroAutoBox (MABX) as an actual vehicle controller.  

2.2.6 In-vehicle Controller Testing  

The final step was to calibrate the control system in the actual vehicle. In this way 

process moved from mathematical models to lab-based tests with HIL, and then to in-

vehicle testing of its vehicle software where a realistic vehicle propulsion controller was 

developed.  
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CHAPTER 3 

ARCHITECTURE SELECTION AND VTS DEVELOPMENT 

3.1 Choice of Vehicle Architecture for EcoCAR 

The three initial architectures for the vehicle were evaluated against a set of three 

objectives: to provide similar performance, improve fuel economy, and reduce emissions 

compared with the stock vehicle. One architecture may be great at one and weak in 

another area; therefore intensive literature search was performed to identify best match 

for three objectives [36, 37, 38, 39 and 40]. The architecture describes the system-level 

components and their interconnection. The most important task while designing the 

vehicle architecture is to know which components will be available for the vehicle. 

Hybridizing a powertrain involves significant changes. All three architectures were 

evaluated by running simulation using Powertrain System Analysis Toolkit (PSAT) 

software sponsored by Argonne National Lab. This forward-looking model simulates 

vehicle fuel economy, emissions, and performance in a realistic manner-taking into 

account transient behavior [41]. With PSAT, a driver model follows any standard or 

custom driving cycle, sending a power demand to the vehicle controller, which, in turn, 

sends a demand to the propulsion components (commonly referred to as "forward-

looking" simulation). Component models react to the demand and feed their status to the 

vehicle controller, and the process iterates on a sub-second basis to achieve the desired 

result (similar to the operation of a real vehicle controller). Because of its forward 

architecture, PSAT component interactions are "real world" [42]. PSAT models are 

parameterized as per the available components.  
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To determine a baseline model for the EcoCAR competition, intensive research 

was performed on GM donated second generation production line Saturn VUE. The 

donated vehicle, Saturn VUE is an economical, compact sport utility vehicle offered as 

part of General Motor’s (GM’s) North American product line. The VUE was redesigned 

in 2008 and is an attractive option in this competitive vehicle class by offering a full 

complement of safety features such as ABS and dual air bags, and a wide variety of trim 

levels and options. The ’08 VUE is offered in XE, XR, Red Line and Green Line Hybrid 

trim levels.  Front wheel drive (FWD) is standard for all of versions of the VUE and all 

wheel drive (AWD) is optional for all but the Hybrid model.  

The XE 2009 trim package is the base level package of the VUE, available in 

either a FWD or AWD setup.  The FWD XE model engine is a 4-cylinder 2.4L rated at 

169 hp and 161 ft-lbs of torque.  The EPA mileage estimate for this package is 19 in city 

and 26 at highway.  The engine is coupled to a 4-speed automatic transmission driving 

the front wheels.  The vehicle curb weight is 3,689 lbs with 1500 lbs towing capacity, 

with a turning radius of 40 feet. The base XE model with standard 2.4L Ecotec engine 

and 4-speed transmission is modeled in PSAT. 

3.1.1 Fuel Cell Architecture 

A fuel cell only drive train configuration as shown in the Figure 3-1 was selected 

to represent a fuel cell powered vehicle in the PSAT simulations. It is a two- wheel drive 

fuel cell configuration with automatic transmission. The fuel cell used for the simulations 

is a 95 kW hydrogen fuel cell (data taken from the donated components from GM). The 

battery that has been selected for the simulations is a standard one [NiMH Panasonic used 
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in Prius] from the PSAT library. It has a capacity of 6.5 Ah and has 168 cells. The 

operating battery voltage ranges between 168V and 252V.  An automotive power train as 

shown in Figure 3-1 consists of a hydrogen fuel cell, motor, torque coupling, a gearbox 

(transmission), final drive, differential, drive shaft and the driven wheels. The vehicle is 

propelled by a motor which is powered by a battery pack. The torque and rotating speed 

of motor output shaft are transmitted to the drive wheels through the torque coupling, 

gearbox, final drive, differential and the drive shaft. 

 

Figure 3-1: Drive-train Configuration for Fuel Cell Vehicle 

3.1.2 Two-Mode Hybrid Architecture  

Figure 3-2 shows Two-Mode drive-train configuration. The Two-Mode Hybrid  

incorporates the 1.6L Family 1 gasoline engine donated from GM, the GM 2-Mode 

Hybrid Transmission  which incorporates two motors motor/generator A (MGA) and 

motor/generator B (MGB) donated from GM, and four modules of 25S2P lithium-ion 

battery  which has  nominal voltage of 330 V.  The advantages of combining these three 

components together is the fuel economy of a small internal combustion engine, the 
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power of the combined internal combustion engine and the dual motors, and the battery 

power of a larger battery pack in a smaller package to save space. With these three 

components, it is possible to achieve good fuel economy while keeping high performance 

requirements and a low weight. The motors used for the simulations are permanent 

magnet motors delivering a continuous power of 33KW and a peak power of 55KW.  

 

Figure 3-2: Drive-train Configuration for Two- Mode Hybrid 

The energy storage system used is a lithium-ion technology with 12.9 kWh 

energy and total number of cells as 200. Engine used for simulation is 1.6 L ethanol 

engine. Torque from the engine is transmitted to the drive wheels through the gearbox 

and the final drive. The gearbox used in the model development is a dual mode with 

discrete gear .The final drive and the tires have the specifications of the standard GM 

donated vehicle. 
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3.1.3 Belt Alternator Starter System (BAS+) Architecture 

The BAS+ uses a 3.6 L engine instead of a 1.6L engine which is used by the two 

mode hybrid. The two major functional requirements of creating and transferring of 

power remain the same. The only difference is that the motor is not incorporated within 

the transmission but instead has a motor which is mounted to the engine by means of an 

accessory belt placed on the engine. Thus, compared to the two-mode hybrid, the BAS+ 

has a motor placed physically outside instead of being placed within the transmission. 

Further the actuation of the motor, engine or both of them is controlled using power 

electronics for the entire system. A starter-motor-alternator drive train configuration as 

shown in the Figure 3-3 was selected to represent a Mild Hybrid vehicle in the PSAT 

simulations. It is a two wheel drive starter-alternator parallel configuration with 

automatic transmission. A 6Ah Lithium Ion battery with 75 cells is used as the energy 

storage system. An electric  motor /generator which delivers a continuous power of 5KW 

and peak power of 9KW with the stop-start capability and regenerative braking with 

motive power assistance is used. The Belt Alternator Starter [BAS] cuts off fuel during 

deceleration and shuts off the engine at idle. It also restarts the engine immediately after 

the brake is released.   
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Figure 3-3: Drive-train Configuration for BAS+ Hybrid 

3.2 Simulation Summaries 

Simulations were conducted for an acceleration test which comprises of time 

required to accelerate from 0–60mph [IVM], time required to accelerate from 50–70mph, 

time required to cover a distance of 0.25 mile and the distance travelled in 8 sec.  

3.2.1 Performance Simulations 

Performance simulations results are shown in Table 3-1. The performance 

characteristics that considered during simulation are time to accelerate from0-60 mph and 

50-70 mph, time required to cover a distance of 0.25 mile and distance travelled in 8 sec.   

Table 3-1: Performance Simulation Results  

Vehicle Characteristics Stock 

Vehicle 

Simulated 

Fuel Cell 

Vehicle  

Simulated 

Two-mode 

Vehicle  

Simulated 

BAS + 

Vehicle  

Time to accelerate 0– 
60mph  

10.6 sec 10.7 sec 8.6 sec 7.3 sec 

Time to accelerate from 
50–70mph 

5.7 sec 7.2 sec 4.0 sec 3.8  sec 
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Time required to cover a 
distance of 0.25 mile 

18.7 sec 18.4 sec 16.7 sec 16 sec 

Distance travelled in 8 
sec 

Data not 
available 

0.06 miles 0.07 miles 0.08 miles 

 

3.2.2 Fuel Economy Simulations 

Simulations were conducted for UDDS, Highway and US06 cycles, the results of 

which are shown in the Table 3-2 

Table 3-2: Fuel Economy Simulation Results  

Drive 

Cycle 

Stock Vehicle 

(mpgge) 

Fuel Cell 

Vehicle 

(mpgge) 

Two-mode 

Vehicle 

(mpgge) 

BAS + 

Vehicle 

(mpgge) 

UDDS  Data not available 43.93 40.53 29.4 

HWFET 37.0 60.72 40.07 35.72 
US 06 Data not available 34.87 34.68 23.91 
City 23.9 43.92 44.34 27.24 
Combined 28.4 51.48 35.87 31.06 

 

3.2.3  Vehicle Powertrain Modeling, Simulation and Analysis 

To determine power and energy requirements a standard physics analysis was 

performed. Basic performance data was obtained by solving the road load equation. 

Forces considered were those due to acceleration, rolling resistance, braking, 

aerodynamic losses, and degree of inclination 

        Eq. 3-1 

      
 

 
       Eq. 3-2 
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            Eq. 3-3 

            ( ) Eq. 3-4 

                               Eq. 3-5 

              Eq. 3-6 

Estimated values for test mass and Coefficient of aerodynamic drag (  ) as 0.33, 

vehicle frontal area (A) as 2.2, wheel rolling resistance (   ) as 0.0056, were used with a 

drivetrain efficiency of 0.85 to calculate the peak power requirement for the specified 

test. The test results are summarized in the Table 3-3. 

Table 3-3:  Power Requirement 

Trailer Tow (682 kg) 

Architecture Test Mass (kg) Road Load (N) Power 

Required (kW) 

Fuel Cell 2841 1576.4 37.1 
2 Mode 2726 1549.2 36.5 
BAS + 2406 1398.9 32.9 

50-70 mph Acceleration (5.7 s) 

Architecture Test Mass (kg) Road Load (N) Power 

Required (kW) 

Fuel Cell 2159 4506.8 165.9 
2 Mode 2044 4292.3 158.0 
BAS + 1724 3695.4 136.0 

 

Results indicate that all three architectures can provide the required power for the 

trailer tow test without utilizing the ESS. The power required to accelerate the estimated 

vehicle mass from 50 to 70 mph in 5.7 seconds (equivalent to stock VUE XE 

performance) was calculated by assuming a linear acceleration rate for the duration of the 
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test. Results indicate that the fuel cell architecture (100 kW est.) will be required to draw 

significant energy from the ESS to duplicate the stock vehicle performance. The 2 Mode 

and BAS + architectures have adequate power to achieve the performance target. 

Based on the results obtained from simulations, the performance simulation of the 

two-mode hybrid shows more desirable results compared to that of the fuel cell and the 

BAS+ architecture. Among the three architectures, the most desirable fuel economy is 

that of the fuel cell architecture, but based on real-time use of the architectures, the two 

mode hybrid technology is more advantageous while driving within the city. BAS+ 

system has similar results to that of the two- mode hybrid, but the two-mode architecture 

would be more promising because in slow-moving city traffic, a two-mode hybrid vehicle 

would only run the motors and not run the engine thus saving fuel and hence affect the 

fuel efficiency of the car. Two-mode hybrid architecture confirms closely to the design 

requirements of the vehicle and selected as the team’s architecture. 

3.3 Architecture Selection 

3.3.1 Fuel Selection  

Fuel selection is performed based on GREET (Greenhouse gases, Regulated 

Emissions, and Energy use in Transportation) analysis. GREET enables the analysis of 

vehicle fuel-cycles, commonly called well-to-wheels (WTW) analysis, for various 

fuel/vehicle systems. Based on the input, GREETGUI first conducts simulation studies 

on energy use and emissions associated with production and distribution activities of 

different transportation fuels, commonly called the well-to-pump (WTP) activities, and 
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then analyze the energy use and emissions associated with vehicle operation for advanced 

vehicle technologies, commonly called pump-to-wheels (PTW) activities [43]. 

With the use of GREET software ,energy use and emissions for alternative fuel 

vehicle are calculated for different technology options such as Hydrogen, Gasoline (E10), 

Ethanol (E85) and BioDiesel (B20) [44]. Additionally, Electricity is used as an energy 

source in the design. Energy use and emissions calculated with vehicle fuel cycles 

commonly called as well-to-pump (WTP) analysis and with vehicle operations for 

advanced vehicle technologies commonly called pump to wheel (PTW).  PTW analysis is 

performed with PSAT model and fuel economy is converted into fuel consumption for 

GREET model. Based on results fuel cell hybrids have much lower petroleum energy use 

as compared to E85 and gasoline but fuel cell must overcome many barriers. First and 

foremost is cost [45]. To be successful fuel cell will require the key characteristics of cost 

competitiveness and infrastructure availability. In the near term ethanol is an attractive 

alternative because of its low life-cycle GHG emissions and its sustainability [46]. E85 

was determined to be the most beneficial fuel behind hydrogen.  E85 is extremely 

efficient in terms of GHGs in well to pump. There is also a net loss of CO2 when 

producing E85. E85 also poses some challenges as the low vapor pressure effects cold 

starts. E85 does take significantly more energy to produce than gasoline, however, its 

reductions in petroleum usage, CO2, and GHGs make it a worthy choice for Texas Tech’s 

architectures. 
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3.3.2 Engine 

For the two-mode hybrid GM 1.6L Family one engine with E85 as its fuel is 

selected. This decision was influenced by simulation models and, like the architecture 

selection. The 1.6L Family 1 engine produces 108 hp at 6,300 rpm and 125 lb-ft torque   

at 3800 rpm. As described in the fuel selection discussion above, E85 has attractive GHG 

emissions, petroleum content, and tailpipe emissions.  The high octane rating (104-106) 

makes it favorable for performance enabling compression ratios of up to 13.3 with brake 

efficiencies of up to 39.6%.  Its high latent heat of vaporization leads to a 40%-50% 

reduction in NOx emissions due to lower combustion temperatures and also improves 

volumetric efficiency and engine torque via charge cooling. 

3.3.3 Battery 

Much research has been done with mathematical modeling, characterization, state 

of charge estimation and aging of batteries.  Ni-MH batteries have been used in the past 

for many automotive applications.  However, recent Li-ion batteries have clearly been 

shown to have superior power and energy density, and they are likely to become the 

battery of choice for future hybrid vehicle designs. The current state of development of 

Li-ion batteries and their performance make them the most appealing option for hybrid 

electric vehicles, and of course, for this competition. Further advances in energy 

management and SOC estimation strategies can increase the efficiency and lifespan of 

battery pack by allowing the state of charge to more accurately stay with in the upper and 

lower limits. Since the batteries are smaller, they are more easily packaged into a vehicle.  

In fact, by using lithium-ion batteries, the battery pack weight and volume is halved when 
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compared with nickel metal-hydride batteries. Team opted for four modules of A123 

25S2P lithium-ion battery pack with 12 KWh of energy and nominal voltage of 330 V.   

3.3.4 Transmission 

This architecture will employ a GM front wheel drive two-mode transmission as 

its drive/transmission component. The transaxle contains two electric motors, 2 planetary 

gear sets, and 4 wet-plate clutches. 

3.4 Vehicle Technical Specifications (VTS) 

Vehicle technical specifications are performance metrics or design constrains that 

team has to choose to meet competition requirement and targets.  Development of VTS is 

biggest factor in determining vehicle architecture. Team chose own VTS to meet both 

teams design philosophy and competition requirements and targets. With the help of 

different modeling software packages, hardware set ups and components provided by the 

sponsors, two mode hybrid vehicle was modeled to meet competition requirements. As 

shown in Table 3-4, EcoCAR competition requirements have been defined to produce 

vehicles exhibiting both fuel economy and utility.  Based on the interpretation of how 

best to meet the competition goals subset of VTS is chosen. VTS are defined through 

modeling, simulation results and actual vehicle testing.  Based on modeling and 

simulations performance, emissions and fuel economy was predicted. Upon arrival of the 

vehicle donated by General Motors, extensive vehicle testing was carried out. A chassis 

dynamometer was used to collect base line power and emissions data and one mile 

runway located at advanced vehicle technology center was used to collect real world 

acceleration and braking times as well as vehicle’s top speed. Different events test 
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different requirements and failing to meet a requirement can incur a scoring penalty.  The 

fourth column in Table 3-4 is the VTS for two-mode hybrid. 

Table 3-4:  Vehicle Technical Specifications 

Specifications 

Stock Base 

Vehicle 

Competition  

Requirement 

Texas Tech Two-

Mode Design 

Acceleration 0-60 mph 10.6 s ≤14 s 

8.6 s 

 

Acceleration 50-70 mph 5 s ≤10 s 4  s 

Towing Capacity 680 kg (1500 lb) 

≥680 kg @ 3.5%, 20 

min @ 72 kph (45 

mph) 680 kg (1500lb) 

Cargo Capacity .83 m3 

Height:457 mm(18 in) 
Depth:686 mm (27 in) 
Width: 762 mm (30 in) .8 m3 

Passenger Capacity 5 ≥4 5 

Braking 60 – 0 mph 
38 m- 43m (123 -

140ft) < 51.8 m (170 ft) 39.62 m (130 ft) 

Mass 
1758 kg (3875 

lb) ≤ 2268 kg* (5000 lb) 2050Kg (4520 lb) 

Starting Time ≤ 2 s ≤ 15 s ≤ 8 s 

Ground Clearance 198 mm (7.8 in) ≥178 mm (7 in) 178 mm (7 in) 

Fuel Economy, CAFE 

Unadjusted, Combined   
8.3 l/100 
(28.3 mpgge) 

7.4 l/100 
(32 mpgge) 

6.41  l/100 km 
(36.67  mpgge) 

Petroleum Use  .73 kWh/km .65 kWh/km 0.53 kWh/km 

Emissions Tier II Bin 5 Tier II Bin 5 Tier II Bin 5 

WTW GHG Emissions  250 g/km 224 g/km 224 g/km 

Range  
> 580 km (360 

miles) ≥ 320 km (200 miles) 
> 740 km (460  

miles) 
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CHAPTER 4 

TWO-MODE HYBRID TRANSMISSION  

4.1 Vehicle Component Specifications  

 To choose the configuration and components that are best suited is one of the 

main challenges of hybrids. With the use of PSAT modeling and VTS   requirement team 

finalize selection and sizing of the components. The proposed hybrid electric powertrain 

will include a GM 1.6L 4 cylinder flex-fuel engine, a General Motors front-wheel-drive 

transaxle 2MT20  and a high voltage battery   pack  with A123  Systems four  25S2P 

battery   modules  in  series. The HEV powertrain technical specifications are listed in 

Table 4-1 

Table 4-1:    Two-mode Hybrid Electric Vehicle Component Specifications 

 Specifications 

Engine 1.6 L Family-1  Engine 

108 HP @ 6300 RPM, 125 LB-FT @ 3800 RPM 

Two-mode Transmission GM Front Wheel Drive Two-mode Electrically Variable 

Transmission (EVT) 2MT20, 2 EVTs and 4 Fixed gears 

High Voltage Battery A123 Systems  25S2P  Lithium-ion Phosphate Battery 

Pack 

330V nominal, 38Ah, 12.9 kWh 

Hybrid Controller Supervisory Control Unit (SCU)- dSPACE Microautobox 

 

The 2009 Saturn VUE is the baseline for the proposed two-mode HEV. The stock 

2009 Saturn VUE is a four door, five passenger vehicle equipped with four wheel disk 

brakes. It has a range of 360 miles on one 19 gallon tank of gasoline and a cargo capacity 
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of 29 ft3. The stock Saturn VUE is equipped with 2.4L Ecotec engine with variable valve 

timing. It produces 164hp/122kW at 6,300 rpm and 160lb-ft/217Nm of torque at 4,500 

rpm. The VUE has a sticker fuel economy of 19/26 mpg in UDDS/HWFET. It falls under 

the EPA's Tier II Bin 5 emissions category and has WTW GHG emissions of 246 g/km.   

4.2 Two-Mode Hybrid Architectures 

A variety of two-mode architectures have been put forth by GM-Allison, Renault, 

and the Timken Company [47, 48, and 49]. This section provides an overview of the 

state-of-the-art in General Motors two-mode hybrid vehicle architecture. General Motors 

two mode hybrid transmission is an electrically variable transmission (EVT) which uses 

two electric motors to operate at nearly any speed ratio through the transmission [50]. It 

is also an automatic transmission, without torque converter but with hydraulically applied 

wet-plate clutches to allow automatic shifting among two continuously variable modes 

and four fixed gears .Total of six mechanical configurations achieved by the two-mode 

hybrid transmission are: 

1) Input-split EVT range (continuously variable, "mode 1") 

2) Compound-split EVT range (continuously variable, "mode 2")  

3) First fixed gear ratio with electric boost/braking (two motors)   

4) Second fixed gear ratio with electric boost/ braking (one motor)  

5) Third fixed gear ratio with electric boost/ braking (two motors)  

6) Fourth fixed gear ratio with electric boost/ braking (one motor)    

General Motors has developed a two mode transmission for the front-wheel drive 

vehicles and rear-wheel drive vehicles. Rear-wheel drive transmission employs three 
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planetary gear subsets which are coaxially aligned. Each planetary gear arrangement 

utilizes first, second and third gear members. One gear member of the first or second 

planetary gear set is operatively connected to the input member and one gear member of 

the third planetary gear set is selectively connected to the ground [51]. The rear-wheel 

drive two-mode hybrid system was introduced in the 2008 model year full-sized 

Chevrolet Tahoe and GMC Yukon SUVs, followed by the Cadillac Escalade and GMC 

Sierra in 2009. Front-wheel drive transmission have two planetary gears, the first gear set 

having gear elements coupled to the input, the output, and a first electric machine; the 

second gear set having gear elements coupled to the output and a second electric machine 

[52]. Front wheel drive 2-mode hybrid system was debuted in the 2009 Saturn Vue Green 

Line SUV which is powered by GM’s 3.6L V-6 gas engine, with direct injection and 

variable valve timing, a nickel-metal hydride battery pack and two active cooled 

permanent magnet motors.  

4.2.1 Rear-wheel Drive Two-mode Transmission  

The Two-Mode Hybrid, shown in Figure 4-1 has three planetary gear sets and four 

wet clutches [28]. Clutches provide a torque advantage for the motor at low speeds while 

fundamentally changing the power flow through the transmission. 
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Figure 4-1: Rear-wheel Drive Two-mode Transmission [28] 

The combination of a compound-split EVT range and an input-split EVT range 

enables a Two-Mode Hybrid system with electric motors sized for hybrid functionality 

and provides for more efficient high speed cruising as compared with the one-mode 

hybrid. 

As shown in Figure 4-2, the amount of power transmitted electrically in the two-

mode hybrid varies with vehicle speed and transmission ratio. The two-mode hybrid has 

an input-split EVT range with a ratio when power through the electrical path from the 

engine to the output is zero. It also has a compound-split EVT range with two more of 

such ratios. The result is that the two-mode hybrid spans a wide range of transmission 

ratios maintaining relatively low power through the electrical path.  

More engine power is transmitted through the most efficient mechanical path 

which results in highest overall efficiency. This approach reduces both the electrical 

losses and the size of electric motors necessary. The one-mode hybrid requires relatively 

large motors just to transmit engine power to the output. Adding a compound-split EVT 
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range reduces the need to transmit power electrically and enables properly sizing the 

motors for the needs for regenerative braking and power assist. 

 

Figure 4-2: Compound Split EVT Arrangement [28] 

Figure 4-3  presents a schematic of the two-mode hybrid power-train [53]. It uses 

three planetary gear sets (PG1, PG2, and PG3) and four wet clutches (C1 through C4).  

 

Figure 4-3: Schematic of the GM Two-mode Hybrid [53] 

Engaging or disengaging the four clutches, gives six different operation modes 

including two EVT modes and four FG modes. When either C1 or C2 is engaged and 
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other three clutches are disengaged, the power-train operates in EVT1 or EVT2 [54]. The 

detailed clutch operations are summarized in Table 1[50]. A clutch Table 4-2 for the 

two-mode hybrid shows which of its four clutches are required to achieve its four fixed 

gear ratios and its two EVT modes. The action of two clutches at the same time provides 

a fixed ratio. 

Table 4-2: Clutch operation for EVT and FG modes     

 C1 C2 C3 C4 

EVT1 on    

EVT2  on   

FG1 on   on 

FG2 on on   

FG3  on  on 

FG4  on on  

 

4.2.1.1 EVT mode 1 

EVT mode 1 is activated by engaging clutch ‘C1’ and disengaging other three 

clutches. This is also known as input split EVT because the input is connected by itself to 

the planetary gearing, and power flow is split by gearing at the input. Some of the power 

flows to motor A, which acts as a generator which converts the power into electricity. 

The rest of the input power flows along the output shaft. Output shaft power is added 

from motor B, which turns electrical power from motor A back into mechanical power. 

So there are two power paths through the transmission:  an entirely mechanical path from 
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inputs to gears to output and an electrical path from input to gears to generator (A) to 

motor (B) to output. Input split is provided by the 1st and 2nd planetary while the 3rd 

planetary provides torque multiplication and speed reduction [50]. During this operation 

clutch ‘C4’ can be engaged to realize parallel hybrid mechanism (FG1). The input split 

configuration has one mechanical point where the input motor speed is zero. Power flow 

is in the forward direction above this ratio and reversed below this ratio [26].  

4.2.2  EVT2 

EVT2 is activated by engaging clutch ‘C2’ which is a rotating clutch.  This is also 

known as compound split mode. In this mode main shaft from carriers of the first and 

second planetary gear sets connected to output shaft. The third planetary spins freely and 

is not used in second EVT mode. As the vehicle velocity increases, the power-train shifts 

modes from EVT1 to EVT2. The compound split has a mechanical point at which each of 

the two electric machines is at zero speed [50]. The direction of the power flow is 

forward between these two ratios and reversed outside of this range [26]. 

4.2.3 Fixed Gears 

Addition of the fixed gears to the two-mode EVT is to meet demands of towing 

especially for high continuous engine power. The engagement of two clutches at same 

time provides fixed gear. The top fixed gear ratio FG4 was added by engaging stationary 

clutch or brake C3 on MGB that regulates the speed ratio through the transmission. FG4 

gives improved highway fuel economy by replacing electricity feed to MGB to maintain 

holding torque at the third mechanical point with hydraulic pressure already needed to 

keep clutch C2 activated. 



Texas Tech University, Kunal Patil, May 2013 
 

 

51 
 

FG1 and FG3 were both added with rotating clutch C4.Clutch C4 locks both the 

first and second planetary gear sets, which together provide an input power split and a 

compound power split through the EVT. FG1 comes from locking the input split mode, 

so the speed, torque and power from the engine go through the torque multiplication of 

the third planetary gear set. FG2 is inherent mode between the two EVT modes and 

enables the synchronous shift. During this shift C2 is engaged and C1 is released. FG3 

comes from locking the compound split mode so the speed, torque and power from the 

engine are coupled directly to the output [53]. 

4.2.3.1 Benefit of Fixed Gears in Two-mode Hybrid [54] 

1) Activation of fixed gears eliminates the motor power. Fixed gear ratios carry 

engine power through to output without motors. 

2)  Whenever level of motor peak power exceeded transmission can use fixed gears 

because of this engine size can be increased without increasing motor size.  

3) Similarly transmission can switch to fixed gear operation whenever the motors 

would overheat in EVT operation. This improves towing ability of the system and 

allows the hybrid vehicle to have same towing capacity as conventional vehicle.  

4) Fixed  gears ratios allow motors to be used entirely for power assist.(Instead of 

partly for carrying power through the EVT) 

5) Operation of fixed gear can enable motors to exchange power with battery with 

more efficiently. In FG3 and FG1 motors are fully available for using battery 

power or for recovering regenerative braking   power to the battery. 
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4.3 General Motors 2MT70 

General Motors 2MT70, two mode hybrid transmission is  world’s first front 

wheel drive transaxle which  contains two electric motors, 2 planetary gear sets, and 4 

wet-plate clutches[55]. Figure 4-4 shows 2MT70 transaxle in which two electric motors, 

2 planetary gears, and 4 transmissions clutches fit into the transaxle case.  

 

Figure 4-4: 2MT70 Transaxle 

This arrangement provides full hybrid capability in the same space as GM six 

speed FWD transaxle for the same vehicle. The power-flow of FWD EVT is based on 

two planetary gear sets. Figure 4-5  shows FWD two-mode EVT with two-planetary gear 

arrangement. As shown in the figure R, C and S represents ring, carrier and sun gear of 

planetary gear 1 and 2. Power input is connected to ring of the first planetary gear set and 

carrier of the second planetary is connected to output. A main shaft along the center 

connects the input gear set with the output gear set. Motor/generator A (MGA) is 

connected to input gear set and motor / generator B (MGB) is connected to main shaft 

and both gear sets [55]. Engaging or disengaging the four clutches(C1-C4), gives six 
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different operation modes including two EVT modes and four fixed gear (FG1 to FG4) 

modes.  

 

Figure 4-5: FWD Two-mode with Two Planetary Gears 

C1 is a clutch-brake which holds the ring of second planetary set stationary. C2 is 

a rotating clutch which provides an additional connection between the two gear sets, from 

the sun of the first planetary gear set to the ring of the second gear set. When either C1 or 

C2 is engaged and other three clutches are disengaged, the powertrain operates in EVT 1 

or EVT 2. The action of two clutches at the same time provides a fixed ratio. The action 

of two modes in FWD transmission is similar to the two-mode hybrid for the rear-wheel 

drive. Four fixed ratios of 3.24:1, 1.87:1, 1.0:1 and 0.61:1 may be chosen for balancing 

performance and fuel economy. Fixed ratios also allow overdrive, for faster overall total 

speed of the vehicle. FG2 is inherent mode between the two EVT modes and enables the 

synchronous shift. In a two-mode system, one electric motor controls the speed ratio 

using the sun gear of a planetary gearset as the input from the engine and a second motor 

generates electricity to power the first motor, or to supply torque to the output shaft. The 
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hybrid design therefore has two power sources, the engine and the electric motor, and 

either can supply torque independently to the output shaft and final drive.  

In typical operation, an acceleration will be initiated with the engine off and 

utilize only electrical power.  As the acceleration continues, the electric motors will 

simultaneously propel the vehicle and start the engine.  With the engine running, the 

control system will blend the electrical energy with the engine energy operating in the 

most efficient range to maximize fuel economy. 

4.4 Lever Analogy  

4.4.1 Planetary Gear Set  

The planetary gears, also known as epicyclic gear drives are the core of the two 

mode hybrid transmission and the means through which engine torque splits, a portion to 

the generator and a portion to the driveline.  The planetary gear set is so named due to 

physical arrangement of the three gears sun gear, a ring gear, and a set of planet gears 

(also known as pinion gears). It mechanically connects the power from all three power 

sources. A sun gear is located at the center; pinion gears are mounted in a carrier and 

rotate around the sun gear. All these gears are engage inside the ring gear. The pinion 

gears are in constant mesh with both the sun gear and ring gear because of that when one 

gear is either driven or held the other gears are affected. Figure 4-6 shows schematic of a 

planetary gear having four planets supported by a carrier and interposed between the 

central sun gear and outer ring gear (i.e., internal gear) [47].   

Planetary gear box offers a set of advantages which makes it an interesting 

alternative to traditional gears types such as helical and parallel shafts gear boxes. One 
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advantage is its unique combination of compactness, lightness and outstanding power 

transmission efficiencies. Most planetary gear sets use equally (or almost equally) spaced 

planets, the radial loads generated at the gear meshes cancel each other. This results in 

minimal radial bearing support requirements [57]. Their co-axial design is well suited for 

them to be incorporated with wet and one-way clutches, and friction bands so that input, 

output, and reaction members of the gear train can be varied conveniently to achieve 

multiple gear (speed) ratios from the same gear train [58]. 

The gear ratio which is the ratio of input rotation to output rotation is dependent 

upon the number of teeth in each gear, and upon which component is held stationary. 

Planetary gear sets have four different modes of operation. Various clutches are applied 

to change which gears are driving or held.  

 

Figure 4-6: Schematic of a Planetary Gear 
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4.4.1.1 Reduction  

 Reduction is achieved when output speed is slower than the input speed. For reduction, 

the internal gear is held and sun gear is turning. As an input sun gear drives the pinion 

gears. Pinion gears are in constant mesh with stationary internal gear and walks around 

the inside of internal gear. With carrier gear as an output, this action provides gear 

reduction. 

4.4.1.2 Direct drive 

Direct drive occurs when the output shaft rotates at relatively same speed as input.  

Locking any two of the three components together will lock up the whole device at a 1:1 

gear reduction.  

4.4.1.3 Overdrive 

Overdrive is achieved when the output speed is faster than the input speed. For overdrive, 

the sun gear is held and the planet carrier is turning. The pinion gears walk around the 

outside of the stationary sun gear and they drive the internal gear in the same direction, 

but at a faster rate than the planetary carrier. With internal gear driving output shaft and 

carrier driving an input shaft gives overdrive.   

4.4.1.4 Reverse 

Reverse is same as the reduction but the output direction is reversed. For reverse, the 

planet carrier is stationary and sun gear is turning. The pinion gears drive the internal 

gear in the opposite direction and in reduction.   
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4.4.2 Equivalent Lever  

For the analysis of speed and forces of gear component, planetary gear can be 

replaced as an equivalent lever using lever analogy approach. Lever analogy is a 

translational-system representation of the rotating parts for the planetary gear. It 

translates a planetary gear set to a lever of certain amount of nodes [59, 60].  As shown in 

Figure 4-7  ring gear, sun gear and planet carrier of simple planetary gearset are labeled as 

the nodes R, C and S on the single lever.  

 

 

Figure 4-7: Equivalent Lever  

For the equivalent lever representation, the distances on the lever between any 

two nodes should be proportional to the number of teeth on the member representing the 

third node. Thus, the distance between R and C in Figure 4-7  is proportional to the 

number of teeth on the input sun gear which corresponds to the third node S. For 

example,     and    are number of teeth on the sun and ring gear. The lever length from 

C to R must be set equal to     and the lever length from C to S must be set equal to    . 
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In the lever analogy the lever length ratio is analogous to gear ratio.  Thus the gear ratio 

which is the ratio of input rotation to output rotation is dependent upon the number of 

teeth in each gear.   

Gear ratio=   

  
 

4.4.3 Lever Analogy of Simple Planetary Gear   

In the lever analogy for simple planetary gear, the input, output, and reaction 

torques are represented by horizontal forces on a single lever while the lever motion relative 

to the reaction point represents angular velocities. As shown in Figure 4-8 torques  

           represent forces on ring, carrier and sun gear.  Displacements of lever node for 

C and R are         represents angular velocities for carrier and sun gear. For the ring 

gear, displacement is zero represents that the ring gear is held stationary.             

 

Figure 4-8: Lever Analogy of Simple Planetary Gear   

4.4.4 Combining Two Levers 

The lever analogy diagram is very useful in analyzing gear train that has more 

than two connected planetary gear sets.  Any one degree-of-freedom planetary gear train 
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can be reduced into a single lever. Individual levers are then combined into a single lever 

representing the planetary gear train.  Two simple planetary gear sets are combined using 

an example shown in Figure 4-9.  Let teeth numbers at planetary gear 1 are 55 and 21 

teeth for ring and sun gear respectively; and at planetary gear 2 are 65 and 33 teeth for 

ring and sun gear respectively. The interconnections between gear-sets are replaced by 

horizontal links connected to the appropriate places on the levers. Whenever two gear 

sets have a pair of interconnections, the relative scale constants and placement of their 

analogous levers must be such that the interconnecting links are horizontal [61]. Levers 

connected by a pair of horizontal links remains parallel, and therefore can be replaced 

functionally by a single lever having the same vertical dimension between points. When 

combining two levers the gear ratio of levers must be same.  

 

Figure 4-9: Combining Two Levers 

Let    =55,    =21,    =65,    =33.   Eq. 4-1 gives the scaling constants a, b 

and c. 
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      (
   

       
)               

       (
   

       
)         

                

Eq. 4-1 

4.4.5 Analysis of Two Planetary Gear-sets  

This section describes all of the topological possibilities for interconnection 

between planetary gear sets. Figure 4-10 shows 14 different ways that two planetary gears 

can be combined together when they have pair of interconnections. 

 

Figure 4-10: Possibilities of Combining Two Planetary Gear-sets 

Table, shows relative scale constant for all the possible pair of interconnections. 

Parameters a, b, c represents distance between four nodes.     ,     are number of teeth 

on the sun and ring gear of first planetary gear and     ,     are number of teeth on the 

sun and ring gear of second planetary gear. 
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Table 4-3: Planetary Gear-sets Equations and Levers  

 

 Two levers  Levers with four nodes Scale constant  
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4.4.6 Lever Representation of Two-mode Hybrid  

In order to represent velocity and torque relationships in two mode hybrid 

transmission, lever analogy approach is used.  
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4.4.6.1 Lever Representation of Rear-wheel Drive Two-mode Transmission 

Figure 4-3 presents a stick diagram of the RWD two-mode hybrid power-train. 

This stick diagram can be represented into analogous levers. From Figure 4-3 there are no 

clutches involved between planetary gear-set 1 (PG1) and planetary gear set 2 (PG2).  

PG1 and PG2 can be combined together as one lever. As shown in Figure 4-11(a) PG1 

sun gear shaft is connected to ring gear shaft of PG2.  The planet carrier shaft of PG1 is 

connected to planet carrier shaft of PG2.  In order to combine PG1 and PG2 together, 

PG1 is inverted as shown in Figure 4-11 (b).  The interconnections between PG1 and PG2 

are replaced by horizontal links. Levers connected by a pair of horizontal links remains 

parallel, and therefore can be replaced by single lever with four nodes as shown in Figure 

4-11 (c). 

 

Figure 4-11: Combining PG1 and PG2 

Figure 4-12 shows the complete representation of RWD two-mode hybrid. It 

combines PG1 and PG2 together into single lever and third planetary gear PG3 connected 

using four wet clutches (CL1 through CL4) 
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Figure 4-12: Lever Representation of RWD Two-mode Hybrid 

4.4.6.2 Lever Representation of Front-wheel Drive Two-mode Transmission 

Figure 4-3 presents a stick diagram of the FWD two-mode hybrid power-train. As 

shown in Figure 4-13 FWD stick diagram can be represented into analogous levers. The 

schematic of this system has two planetary gear sets and four clutches (CL1 through 

CL4).  

 

Figure 4-13: Lever Representation of FWD Two-mode Hybrid 
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CHAPTER 5 

MATH BASED ANALYSIS OF TWO-MODE HYBRID 

TRANSMISSION 

5.1 Introduction  

Accurate component and vehicle simulations are critical to efficient development 

of advanced vehicles, particularly to making intelligent choices about energy 

management. Simulating vehicle and component performance helps engineers determine 

how to increase the life of components, improve vehicle performance, optimize vehicle 

system designs, and reduce development times.  It is imperative that greater emphasis be 

placed on modeling and simulation. Developing models of physical phenomena and 

determining whether models are mathematically well-posed are important aspects.   For 

modeling physical phenomena general equations are used. This chapter presents an 

analysis of RWD and FWD two-mode hybrid transmission. Mathematical equations 

representing a given system are presented.  

5.2 Rear Wheel Drive Two-mode Transmission 

Lever analogy approach is used for modeling rear wheel drive two-mode hybrid 

transmission. In different modes rotational speeds of MGA, MGB, and engine and output 

shaft are different.  Using lever analogy, relationships between components is described 

in kinematic equations. For each mode torque relationships are expressed under steady 

state condition i.e. components rotational inertias are not included.  
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5.2.1 EVT 1  

EVT1 is activated by engaging clutch ‘C1’ and disengaging other three clutches. 

In this case third planetary ring is locked. PG1 and PG2 provides input split.  The 

schematic and the lever analogy of the EVT1 are shown in Figure 5-1. 

 

Figure 5-1: Schematic and Lever Analogy of RWD Two-mode Hybrid 

Let a, b and c are planetary gear ratios of PG1, PG2 and PG3. T and    are torque and 

speed of each component. i and o are subscripts for input and output.  1, 2 are subscripts 

for MGA and MGB.     ,     ,     ,     ,     ,     are number of teeth on the sun and 

ring gear of first, second and third  planetary gear. Eq. 5-1 gives the gear ratio.                                    
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5.2.1.1 Torque Equations  

As shown in Figure 5-2   the input, output, and reaction torques are represented by 

horizontal forces on first and second lever.   Taking moment balance about point S2 the 

equilibrium equations can be derived as, 

         

      (
   

 
 )            (

    

 
)       

   (   )       (    )      
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)  Eq. 5-2 

      

Figure 5-2: First and Second Lever Torque Relationship 

Taking moment balance about point S1, R2 the equilibrium equations can be 

derived as, 
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 Eq. 5-3 

Taking moment balance about point R3 on second lever the equilibrium equations 

can be derived as, 

∑        

(       ) (         )              
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) Eq. 5-4 

Eq. 5-2  gives MGA torque and Eq. 5-4  gives MGB torque in term of input, 

output torques.  

5.2.1.2 Speed Equations 

As planetary gear ring 3 is locked to the case, speed of ring of PG3 is zero in EVT 

1 mode. As in the lever analogy, the lever motion relative to the reaction point represents 

angular velocities. From Figure 5-3 (a), based on similarity of triangles speed relationship 

can be derived as, 
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Figure 5-3: First and Second Lever Speed Relationship 
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Similarly From Figure 5-3 (b), based on similarity of triangles speed relationship 

can be derived as, 
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)    Eq. 5-6 

Eq. 5-6  gives MGA speed and Eq. 5-5  gives MGB speed in term of input, output 

speeds.  

5.2.1.3 Transmission Efficiency  

Transmission efficiency can be calculated by dividing output power by input 

power.   

         
     

     
           Eq. 5-7 

Assuming power assist from battery, the power conversion losses from MGA to 

MGB or from MGB to MGA can be calculated from         Eq. 5-8 

     

  
   

     

  
                  Eq. 5-8 

Where        is battery power,  Putting values of     ,     ,   ,     
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 Eq. 5-9 

Where   is the speed ratio which is defined as input speed over output speed 

    
  

  
 Eq. 5-10 
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) (

   

 
) Eq. 5-11 

Assuming no power from battery, at zero power level the transmission efficiency 

is   

           
 

  
  ((     ) 

  

  
       ) Eq. 5-12 

5.2.2 EVT2 

EVT2 is activated by engaging clutch ‘C2’ and disengaging other three clutches. 

In this case first and second planetary carriers are locked to final drive. Third planetary 

PG3 spins freely and is not used for EVT2.  PG1 and PG2 provide compound split. The 

lever analogy for torque calculation of the EVT2 is shown in Figure 5-4 . 

5.2.2.1 Torque Equations 

 

Figure 5-4: EVT2 Torque Relationship  

Taking moment balance about point S2 the equilibrium equations can be derived 

as, 
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 )   Eq. 5-13 

Taking moment balance about point S1, R2 
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Eq. 5-14 

Eq. 5-13 gives MGA torque and Eq. 5-14  gives MGB torque in term of input and 

output torques.  

5.2.2.2 Speed Equations 

From Figure 5-5 speed relationship can be derived as, 

 

Figure 5-5: EVT2 Speed Relationship  
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)       Eq. 5-16 

Eq. 5-15 gives MGA speed and Eq. 5-16  gives MGB speed in term of input, 

output speeds.  

5.2.2.3 Transmission Efficiency  

Transmission efficiency for different battery power is given as ,  

      
{  (         )       (        )    }           

  (    )

  
  

     (       )          (       )   
 Eq. 5-17 

Where           and        (    ) 

Transmission efficiency at zero power level is given as  
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} 

 

Eq. 5-18 

Simplified transmission efficiency can be obtained by inserting constant MGA 

and MGB efficiency values. Figure 5-6 shows the simplified transmission efficiency 

curve for EVT2.  At 100 % transmission efficiency two mechanical points can be 

obtained at the speed ratio of 0.74 and 1.51. 
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Figure 5-6: Simplified Transmission Efficiency of EVT2  

5.2.3 Fixed Gear 1 (FG1)                        

The action of two clutches at the same time provides a fixed ratio. FG1 is 

activated by engaging clutch ‘C1’, ‘C4’ and disengaging other two clutches. In this case 

PG1and PG2 are locked together which provides direct drive and third planetary ring is 

locked to the case which provides speed reduction.   This is fixed transmission ratio for 

maximum acceleration. The lever analogy of the FG1 is shown in Figure 5-7 The PG1 

and PG2 can be combined in a single lever as shown in Figure 5-7 
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Figure 5-7: FG1 Lever Representation   

5.2.3.1 Torque Equations 

The lever analogy for torque calculation of the FG1 is shown in Figure 5-8.  

Taking moment balance about point R3 the equilibrium equations can be derived 

as, 

∑      

                   (
 

     
) Eq. 5-19 

  

Figure 5-8: FG1 Torque Relationship  
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5.2.3.2 Speed Equations 

From Figure 5-9 speed relationship can be derived as, 

 

Figure 5-9: FG1 Speed Relationship  
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) Eq. 5-20 

5.2.3.3 Transmission Efficiency 

         
     

          
    Eq. 5-21 

Where    

      
 

    
                 

Eq. 5-22 
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) Eq. 5-23 

5.2.4 Fixed Gear 2 (FG2) 

FG2 is activated by engaging clutch ‘C1’, ‘C2’ and disengaging other two 

clutches. In this case third planetary ring is locked to the case which provides speed 

reduction. FG2 enables the synchronous shift and allows the transition between EVT 1 
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and EVT2.  During this shift, C2 is engaged and C1 is released, minimizing the possible 

shock.  

5.2.4.1 Torque Equations 

 The lever analogy of the FG2 is shown in Figure 5-10. Taking moment balance 

about point R3 the equilibrium equations can be derived as, 

 

 

Figure 5-10:FG2 Lever Representation  
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5.2.4.2 Speed Equations 

 From Figure 5-11 speed relationship can be described as, 
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Figure 5-11: FG2 Speed Relationship  
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)    Eq. 5-27 

5.2.4.3 Transmission Efficiency 
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Eq. 5-29 

T2 is equal to Eq. 5-23  
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5.2.5 Fixed Gear 3 (FG3) 

FG3 is activated by engaging clutch ‘C2’, ‘C4’ and disengaging other two 

clutches. In this case first, second and third planetary locked together results in direct 

drive. FG3 is used for hill climbing and towing.  

5.2.5.1 Torque Equations 

 The lever analogy for torque calculation of the FG3 is shown in Figure 5-12. The 

torque constraint is derived as,  

                Eq. 5-30 

 

 

Figure 5-12: FG3 Torque Relationship  

 

5.2.5.2 Speed Equations 

From Figure 5-13, speed relationship can be described as, 
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Figure 5-13: FG3 Speed Relationship  

 

                 Eq. 5-31 

5.2.5.3 Transmission Efficiency 

         
    

             
    Eq. 5-32 

Where    

                   
Eq. 5-33 

T2 is same as in Eq. 5-23.   

 

5.2.6 Fixed Gear 4 (FG4) 

FG4 is activated by engaging clutch ‘C2’, ‘C3’ and disengaging other two 

clutches. In this case fixed clutch C3 holds third planetary sun gear stationary.  FG4 is 

used for constant vehicle speed cruising.  
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5.2.6.1 Torque Equations 

 The lever analogy for torque calculation of the FG4 is shown in Figure 5-14. The 

torque constraint is derived as,  

 

Figure 5-14: FG4 Torque Relationship  
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    Eq. 5-34 

 

5.2.6.2 Speed Equations 

From Figure 5-15, speed relationship can be described as, 

     Eq. 5-35 

   (   )   Eq. 5-36 

   (    )   Eq. 5-37 
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Figure 5-15: FG4 Speed Relationship  

 

5.2.6.3 Transmission Efficiency: 

         
    

             
    Eq. 5-38 

Where,        (
   

    
)  [ 

 

   
    -     ] Eq. 5-39 

     
   (      )    

  
  Eq. 5-40 

 

5.3 Front Wheel Drive Two-mode Transmission 

5.3.1 EVT1 

EVT mode 1 is activated by engaging clutch ‘C1’ with ring gear of PG2. The 

input engine power is split by PG1 which allows engine to turn with the generator.  PG2 

provides torque multiplication for engine, MGA and MGB.  Figure 5-16 shows the power 

flow during EVT1.  
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Figure 5-16: C1 Holds PG2 Ring Stationary   

The schematic and the lever analogy of the EVT1 are shown in Figure 5-17 .While 

operating in EVT1, the constraining torque equations are obtain using Figure 5-17 as 

follows.  

 

Figure 5-17: EVT1 Torque Relationship 

Taking moment balance about point C1 and R1.C1 the equilibrium equations can 

be derived as,  
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5.3.1.1 Speed Equations 
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5.3.1.2 Transmission Efficiency 
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5.3.2 EVT2  

In mode EVT2, compound-split operation is achieved by locking the ring gear of 

PG2 to the sun gear of PG1 with C2. Figure 5-18 shows the power flow during EVT2.  

 

 

Figure 5-18: C2 Holds PG1 Sun to PG2 Ring  

The power is split by PG1 at the input and combined by PG2 at the output. 

 From Figure 5-19 the torque constraint is, 

 

Figure 5-19: EVT2 Torque Relationship 
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5.3.2.1 Speed Equations: 
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5.3.2.2 Transmission Efficiency 
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5.3.3 Fixed Gear 1 

FG1 is activated by locking C3 with PG1 which allows direct drive and the ring 

gear of PG2 is held stationary by C1, providing speed reduction. FG1 has the greatest FG 

ratio and gives maximum acceleration.  Figure 5-20 shows the power flow during FG1.  
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Figure 5-20: C1 Holds PG2 Ring Stationary and C3 Locks PG1  

From Figure 5-21 the torque constraint is, 

              (            ) (         )  

        (            ) ( 
         

    
 )  

        (           ) (   
    

    
 ) Eq. 5-51 

 

Figure 5-21: FG1 Torque Relationship 
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5.3.4 Fixed Gear 2 

FG2 is inherent mode between two EVT modes achieved through the use of C1 

and C2.   PG1 sun locking provides overdrive while PG2 ring locking provides speed 

reduction. Figure 5-22 shows the power flow during FG2.  

 

Figure 5-22: C1 Holds PG2 Ring Stationary and C2 Holds PG1 Sun to PG2 Ring  

            From Figure 5-23 the torque constraint is, 

 

Figure 5-23: FG2 Torque Relationship 

∑        
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5.3.5 Fixed Gear 3 

FG3 is achieved by engaging C3 and C2, allowing direct drive between the engine 

and wheels. FG3 is used for hill climbing and towing. Figure 5-24  shows the power flow 

during FG3.  

 

Figure 5-24: C3 Locks PG1 and C2 Holds PG1 Sun to PG2 Ring  

From Figure 5-25  the torque constraint is, 

                                        
Eq. 5-53 
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Figure 5-25: FG3 Torque Relationship 

5.3.6 Fixed Gear 4 

FG4 is achieved by locking PG1 ring with C2 which enables overdrive and PG2 

sun gear is held stationary by C4. FG4 is used for cruising. MGB is stationary during 

FG4 operation. FG4 operation occurs at the second mechanical point speed ratio of the 

GM AHS-II architecture.  

 

Figure 5-26: C4 Holds PG1 Carrier to PG2 Sun and C2 Holds PG1 Sun to PG2 Ring 

From Figure 5-27 the torque constraint is,  
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Figure 5-27: FG4 Torque Relationship  

     (    )         (    )    Eq. 5-54 
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CHAPTER 6 

TWO-MODE HYBRID CONTROLLER DEVELOPMENT USING 

MODEL BASED DESIGN 

6.1 Model Based Design 

Computer modeling and simulation can be used as a virtual environment to reduce 

the expense and length of the design cycle of control development by testing control 

strategies in closed loop prior to the availability of physical prototypes. Model based 

design is the math-based visual method of developing the functional control algorithm 

using modeling tools. Use of systematic model-based control design has been widely 

accepted in the automotive industry.  

Model-based design helps in effectively managing complexity by validating 

performance requirements throughout the development, impacting quality and at the 

same time shortening development time. Evaluating a control system’s performance, 

functionality, and robustness in a simulation environment avoids the time and expense of 

developing hardware and software for each design iteration [62]. In a model-based 

development process, the control algorithm is designed together with the physical 

mechatronic system (aka plant) for validation [63]. Model based design relies on system 

level models to simulate the overall performance. The graphical representation of this 

system is incorporated in Figure 6-1. Supervisory controller can be used to supervise 

uncontrolled plant. If the plat models do not contain the desired functionality the validity  
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Figure 6-1: Feedback Loop of Controller   

 

of controller is inadequate.   Therefore, the first step in controller development process is 

to create accurate plant models. Integration of the controller algorithm models together 

with the validated plant models provides a complete simulation environment for model-

based closed-loop testing. 

6.2 Model-Based Design for Two-mode Hybrid Powertrain Development 

Model-Based Design is used to develop the two-mode hybrid powertrain control 

system. Figure 6-2 shows the configuration of two-mode HEV. Two mode hybrid design 

blends the torque of an electric motor/generator along the IC engine torque. In this 

drivetrain IC engine and electric motors are coupled to the drivetrain through torque and 

speed interface. The drivetrain is coupled to the vehicle dynamics model with the tire 

torque and tire speed interface. Finally there is interaction between the battery model and 

electric motor models via battery voltage and current. 
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Figure 6-2: Configuration of Two-Mode Hybrid 

Hybrid control unit (HCU) manages the interaction between powertrain, electric 

and chassis controllers, such as combustion engine electronic control unit (ECU), 

transmission control unit (transmission ECU), MGA electric control unit (MGA ECU), 

MGB electric control unit (MGB ECU), battery management system (BMS). HCU is 

acting as a supervisory controller; the main task of HCU is to find an optimum control 

strategy for the current driving situation and to select appropriate vehicle system to carry 

out the strategy. HCU control algorithm is capable of EV drive, regenerative braking, two 

electric variable transmission modes, engine auto-stop, and engine optimal operation.    

ECU’s are connected by bus systems and each ECU interacts with its plant by means of 

sensors and actuators. Same structure needs to be reflected into simulation model. In 
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order to develop hybrid control unit and test performance we have to have models for 

individual powertrain, electric motor, battery, chassis, additional models like driver, 

environment as well as complete ECU network.  

6.2.1 MBD Stages  

Models are constructed by utilizing MATLAB®, Simulink®, and Stateflow® 

[64].  Simulink provides math-based environment for complete multidisciplinary 

integration and testing prior to hardware builds. The mathematical modeling used in 

Simulink is its most important property. Using Simulink model environment the control 

system architecture and all the control and diagnostic functions, including hybrid 

operating strategy, engine start-stop, shift execution, and propulsion safety are designed 

and modeled.  

Various methods have been used to accomplish two- mode model based design. 

The stages involved in MBD are model-in-the loop testing (MIL), software-in-the-loop 

testing (SIL) and hardware -in-the-loop testing (HIL) [65].  

In MIL simulation technique mathematical model of entire vehicle, its subsystem 

and its environment are connected to control software models in an integration 

environment that allows such system to be simulated and tested on PC. The entire loop is 

on one computer and all communication is virtual.  The model based control algorithms 

are ECU independent. The goal of MIL development, therefore is to develop and test 

algorithm quickly, and test validity of overall system architecture.  

In SIL simulation technique controls prototyping utilizes I/O based vehicle 

models and actual vehicle control algorithms. Entire simulation takes place within the 
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development computer and all communication is I/O based. The I/O interface mapping 

matches I/O signals between vehicle plant model and the controller model and performs 

necessary unit conversions, signal grouping, signal mapping and additional signal 

sourcing. With SIL one can introduce the latency of individual components which helps 

to identify lags, hiccups and compatibility issues. The goal of SIL development therefore 

is to systematically move each new control model one step closer to actual ECU 

environment.   

In HIL simulation technique models and controls similar to SIL deployed on a 

real time target and on actual vehicle controllers. . The vehicle controller sends actuation 

signals to the simulator and the simulator provides feedback signals to the controller 

based on plant model response. HIL focuses on simulating sensors and actuators in real 

time and executing control system software on real hardware ECU. 

6.3 Software in the Loop Simulation  

Two-mode hybrid model was developed in Matlab/ Simulink environment. GM in 

collaboration with ANL provided the donated vehicle baseline model in Matlab/ 

Simulink environment. This model was used as modeling guideline. Most of the baseline 

model components were replaced or reconfigured to simulate the two-mode hybrid 

architecture. Most of the powertrain component models are based on manufacturer’s data 

under a non-disclosure agreement. Such proprietary information is not disclosed and 

replaced by ideal data. The diagram in Figure 6-3 shows the hierarchy of the two-mode 

hybrid model and sub-systems. At the highest level of the model there are 4 main levels: 
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level 1 is the driver model; level 2 model is hybrid control unit (HCU); level 3 models are 

plant models; and level 4 model is environmental conditions model.  

  

 

Figure 6-3: Top Level of Two-Mode Hybrid 

Driver model interfaces with control systems and provides inputs to the system 

such as key on, accelerator demand, braking demand. Environmental conditions are 

represented by the road and atmosphere components such as grade, ambient temperature, 
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pressure, humidity etc. Hybrid control unit (HCU) acts as a supervisory controller and 

manages the interaction between powertrain, electric and chassis controllers. Plant model 

incorporates the powertrain components such as engine, transmission, motor, battery, and 

chassis. For each component model there is controller, actuators, plant and sensor loop 

setup. 

A driver model follows any standard or custom driving cycle, sending a power 

demand to the HCU, which, in turn, sends a demand to the powertrain components 

(commonly referred to as "forward-looking" simulation). Component models react to the 

demand and feed their status to the HCU, and the process iterates on a sub-second basis 

to achieve the desired result (similar to the operation of a real vehicle controller).  

The powertrain controller, actuators, sensors, driver and vehicle plant models are   

kept as separate blocks to ease the transition to controller and component verification 

(HIL testing). Next section describes the plant models used for control development. 

6.4 Plant Models  

The plant models have to meet the requirement of ECU in order to achieve 

closed-loop simulation.  Figure 6-4 depicts a block diagram of level 3, the plant.  Plant 

includes multi-level subsystems including 1.6L ethanol engine, front wheel drive 

transmission which incorporates MGA and MGB with two planetary gears and  
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Figure 6-4: Top Level of Plant (Powertrain Components) 

Four wet-plate clutches, li-ion battery, driveline and chassis.  The engine, 

transmission, driveline and chassis blocks are connected via shaft speeds and shaft 

torques.  Power is transferred from the engine through the transmission to the vehicle. 

As shown in Figure 6-5  for each component model there is controller, actuators, 

plant and sensors loop setup. Controller is connected by bus systems and each controller 

interacts with its plant by means of sensors and actuators. Modeling the embedded 

controllers allow for simpler HIL chassis for development of hybrid supervisory 

controller.

 

Figure 6-5: Component Structure  
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6.4.1 1.6 L Family 1 Engine 

The Two-Mode Hybrid incorporates the 1.6 L Family 1 straight-4 piston engine 

donated from GM.  As the name implies, it has a total of four piston strokes, two up and 

two down, for every combustion event. As shown in Figure 6-6 the four stokes are as 

follows: 

 Intake: Air and fuel are brought into the cylinder during the first downward stroke of the 

piston. 

Compression: The air-fuel mixture is adiabatically compressed, which increases its 

temperature. 

Combustion: The air-fuel mixture ignites. This is the power stroke; as the fluid expands 

in the cylinder, it does work on the piston, which transmits the power through the 

connecting rod to the crankshaft and out to the load. 

Exhaust: The remains of the combustion are forced out of the cylinder through the 

exhaust valve. 

 

Figure 6-6: Four-stroke SI Combustion Engine 



Texas Tech University, Kunal Patil, May 2013 
 

 

103 
 

The 1.6 L gasoline engine performance ratings and specs are as follows:  1598 cc 

displacement, 75 kW power at 6000 rpm, 140 Nm of torque at 3200 rpm, and 9.4 

compression ratio.  Engine is modeled as mean value model. Figure 6-7 depicts a block 

diagram of Engine plant model.   

 

Figure 6-7: 1.6L Engine Plant  

To simplify the model GOTO and FROM format is used.  Figure 6-8  shows the 

engine plant sub model.  
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Figure 6-8: 1.6L Engine Modeling 

Plant model has three main blocks fueling, charging and cylinder. Engine start-

stop is modeled in supervisory controller. Fueling block calculates fuel into cylinders in 

kg/s. A Fuel map is implemented to calculate the fuel flow rate.  Fuel map of the engine 

is shown in Figure 6-9 , x axis is engine speed in rpm, y axis is engine torque in Nm. 
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Figure 6-9: Fuel Flow Rate 

Charging block calculates throttle mass air flow in kg/s, intake manifold pressure 

in Pa, in-cylinder flow rate in kg/s, air per cylinder in mg/cyl/cyc. Cylinder block 

calculates engine torque in Nm, output flow in kg/s, in-cylinder air/fuel ratio, CO 

Emission, HC emission, NOx emission. A torque request is received by the engine from 

the supervisory controller and modified by the engine controller which determines if the 

engine is in an idle state, if the engine should generate torque at the request of the driver, 

or if engine torque should be reduced to allow a transmission shift.  Wide open throttle 

curves based on engine speed and engine torque is shown in Figure 6-10. 
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Figure 6-10: Wide Open Throttle Curve 

6.4.2 Transmission Model 

Figure 6-11 depicts a top-level diagram of FWD two-mode hybrid transmission 

plant model.   

 

Figure 6-11: FWD Two-mode Hybrid Transmission Plant  
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The model contains two electric motors and dual mode with four fixed gear. The 

dual mode used in this model development consists of two planetary gear sets. 

As shown in Figure 6-12, the top-level diagram of transmission is composed of 

two main subsystems.  The gb_dual_mode_with_fixed_gear block models the kinematics 

of planetary gear based on which speed relationship can be determined. The gear mode, 

engine, MGA and MGB output torque and final drive input speed are the inputs for the 

block.  The model, developed in Simulink, outputs the parameters: engine speed, MGA 

speed, MGB speed, output speed and transmission output torque.  

 

 

Figure 6-12: Transmission Plant Sub-models 
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Figure 6-13 shows the model used for speed calculation based on different modes. 

EVT 1 block used speed equations to calculate engine speed, MGA speed and MGB 

speed. 

 

Figure 6-13: Simulink Model for Gear/Modes  

The Motors block models the two motors.   This is the general map-based motor 

model. It has two essential maps: maximum torque as a function of speed, and a four-

quadrant efficiency map as a function of speed and torque. For the continuous torque,   

steady state torque equations as derived in chapter 5 are used.  Figure 6-14  depicts map 

of maximum torque as a function of speed, x-axis is motor speed in rad/sec and y-axis is 
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motor torque in Nm. The motor model responds to the torque demand up to maximum 

limit based on this map.  

 

 

Figure 6-14: Maximum Torque as a Function of Speed 

The Simulink motor model expects the four quadrant data; one quadrant data gets 

converted to four quadrants using motor initialization file.  Figure 6-15 describes four-

quadrant efficiency map as a function of speed and torque.  The power loss map is 

computed from this efficiency map.  
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Figure 6-15: Four-quadrant Efficiency Map as a Function of Speed and Torque 

6.4.3 High Voltage Battery 

Figure 6-11 depicts a top-level diagram of battery plant model.  Texas Tech is 

using four modules of 25S2P lithium-ion battery. Total numbers of cells are 200. Also 

battery has total nominal voltage of 330 V. 

 

Figure 6-16: Battery Plant Model 
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6.4.4 Driveline 

Driveline takes into account the final drive ration. Final drive gears are 

incorporated in vehicle driving axles which can permit an additional and constant gear 

reduction in the transmission system. Final drive can also provide right-angled drive from 

either the propeller shaft, or the gearbox layshaft, to the driven wheels.  

 

 

Figure 6-17: Driveline Plant Model 

6.4.5 Chassis 

The chassis model calculates vehicle speed on the basis of the fed-forward 

upstream inertia of the drivetrain, the mass of the vehicle, and the drag and grade losses. 

This is a generic vehicle model and thus can be applied to a broad spectrum of vehicle 

classes. 

 

Figure 6-18: Chassis Plant Model 
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6.4.5.1 Driver  

The driver is used to model the accelerator and brake pedals. The desired vehicle 

speed is compared with the current speed, and a PI controller is used to request more or 

less torque to the vehicle. 

 

Figure 6-19: Driver Plant Model 

6.5 Control System Modeling 

The purpose of any hybrid powertrain control system is to optimize the efficiency 

of the vehicle. The control system modeling includes high level vehicle supervisory 

controller modeling. In addition to this controller is also developed for safety critical 

systems monitoring and fault mitigation.  

6.5.1 Supervisory Controller Modeling 

The main focus is developing and optimizing the control algorithm for the two-

mode hybrid architecture. The supervisory controller is responsible for making decisions 

like when to operate in EV drive, how to split the power between engine and two electric  

motors,   when to do regenerative braking,  when to operate in between electric variable 
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transmission modes and fixed gear,  when to do engine auto-stop, and how to operate 

engine at optimal operation. 

6.5.1.1 Optimization Technique  

Extensive literature review was performed to understand the controls of two-

mode hybrid architecture [53, 54, 66, and 67].  By using steady state equation of motion, 

the speed, torque and power of each component were expressed. For the initial 

investigation of two mode hybrid controls, analytical ways to evaluate transmission 

efficiency were found.  Transmission efficiency expressed as functions of input speed, 

input torque and speed ratio.  The objective was to find input speed, input torque and the 

operation mode for least fuel consumption when output speed and output torque are 

given.  Output speed and output torque are calculated from chassis model. With the use 

of transmission efficiency the best engine operation that leads to least fuel consumption 

is determined [68]. All the equations are incorporated in Matlab m-script. The candidate 

input torque, candidate input speed, candidate speed ratio, candidate gram per hour fuel 

consumption, candidate transmission efficiency, candidate MGA torque, MGB torque  

are generated for each mode. Candidate BSFC, candidate gram per hour fuel 

consumption and candidate efficiency at a point are computed by following equations  

candidate_BSFC(k) = interp2(eng speed, engine torque, 

engine_hot_BSFC_gperkWh',mode speed ratio* output speed ,candidate_trq(k)); 

candidate_gphr(k) =  candidate_BSFC(k)*candidate_trq(k)* speed ratio * output speed 

/1000; 



Texas Tech University, Kunal Patil, May 2013 
 

 

114 
 

 candidate_eff(k) =  (tout*omega_o)/(candidate_trq(k)* speed ratio * output speed 

+battery_power); 

 As shown in Figure 6-11  a candidate fuel consumption set is generated for EVT1, 

EVT2, FG1, FG2, FG3 and FG4. Each operating point represents the speed and torque 

that the engine should operate to obtain least fuel consumption.  

 

 

Figure 6-20: Candidate Fuel Consumption Set for Different Modes 

Candidate fuel consumption sets for two EVT modes and the set for fixed gear 

modes are put together and system optimal operating points are determined. Figure 12 
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depicts the best gram per hour fuel consumption with respect to output speed as x-axis 

and output torque as y-axis.  

 

Figure 6-21: Best Candidate Fuel Consumption Set 

One of the major challenges of the two-mode control strategy is to select the 

proper operating mode. The optimal operating mode is determined for various output 

load conditions.  Figure 6-22 shows mode selection for engine only operation, x-axis is 

transmission output speed and y-axis is output torque in Nm. As Figure shows, it is 

important to note that, while in a particular mode, only a few options are available. For 

example, when operating in EVT 1 mode, only the first gear can be selected. When 

vehicle speed increases then, the second gear or EVT 2 mode can be used.  Fixed gear 

one can supplement EVT 1 and can be used for maximum acceleration.  Fixed gear 2 is 

inherent mode between the two EVT modes and enables the synchronous shift. Fixed 
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gear 3 and fixed gear 4 supplements EVT 2. Both can be used during high speed. Below 

mode shift map is for engine only operation.   

 

Figure 6-22: Mode Selection Strategy for Two-mode Hybrid 

Figure 6-23 shows mode shift strategy during the battery load. Figure 6-23 shows 

change in optimal mode selections when battery powers are -30 kW, -20 kW, -10 kW, 

10kW, 20 kW and 30 kW. In this way using optimization approach, diverse analysis was 

performed to understand two-mode hybrid mode operations. For the optimization 

approach significant amount of computational work is required to obtain the solution. For 

power management strategies in power split hybrid rule based control algorithm is 

suitable tool [69,70,71]. Rule based control is developed on the basis of data from 

optimization approach. For controller implementation based on optimization approach 

look up tables are created, rule-based mode determination logic is used. Rule based 
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control determines the power split ratio between electric and mechanical power according 

to a look-up table based maps.   

 

Figure 6-23: Battery Power Level 

6.5.1.2 Simulink Model of Supervisory Controller  

Figure 6-24 shows top level diagram of supervisory controller. The control model, 

developed in Simulink, outputs the parameters: engine on/off, engine torque, engine 
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speed demand, MGA torque, MGB torque, and power split mode (input-split: EVT 1, 

compound-split: EVT 2, fixed gears). 

 

Figure 6-24: Top Level Diagram of Supervisory Controller 

 

Figure 6-25 shows sub models of supervisory controller. For signal routing 

purpose Goto and From blocks are used. The Goto block passes its input to its 

corresponding From blocks. 
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Figure 6-25: Sub-systems of Supervisory Controller 

Eng on/off block calculates engine desired state based on battery SOC, gear/mode 

and output torque demand. Engine will be on when output torque demand is higher than 

certain threshold; the SOC is below certain threshold. Engine will be off when vehicle is 

operating in EVT mode 1 and SOC is above certain threshold. Figure 6-26 shows the 

logic used for engine on off control. Engine power demand takes into account vehicle 

power load demand which is based on output torque request and battery power demand.  
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Figure 6-26: Engine On/off Logic  

Engine Torque and speed block calculates engine desired signals such as optimum 

input torque (engine torque) and desired input speed. Engine torque and desired engine 

speed  is calculated from lever analysis with  taking into account motor torque constrains 

like MGA and MGB maximum and minimum torque, and MGA and MGB torque 

command. This block also takes into account engine on demand, mode, engine speed and 

MGA and MGB speed. Kinematic equations of motion are derived for each operating 

state. 

 Mode selection block gives output as a gear number  (EVT 1 mode: 1, EVT 2 

mode: 2, FG1mode:3, F G 2 mode: 4, FG 3mode: 5, FG 4 mode: 6)  based on input 

parameters such as engine on demand, vehicle speed, speed ratio, mechanical points, 

engine speed and output torque. Based on optimization plot for mode selection, rule 

based logic is developed.  Figure 6-27 shows the Stateflow logic used for gear/mode 

selection.  
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Figure 6-27: Gear/Mode Select Logic  

MGA controller and MGB controller block calculates MGA and MGB desired 

torques.  Desired torque is calculated using lever analysis.  Engine torque demand, engine 

speed demand, speed ratio, mode, motor torque constrains like MGA and MGB 

maximum and minimum torque are considered during calculations. Stateflow model 

calculates final values of engine torque demand, MGA and MGB torque demand.  

Regenerative block gives regenerative braking strategy for the controller. When output 

torque demand goes negative this strategy block is activated. 
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6.6 Software in the loop Results  

For the real time simulations fixed-step solver with balancing accuracy and 

simulation speed must be used [72]. For the current system, model is using fixed step 

solver with ODE1 method and time step of 1 millisecond.   Entire simulation takes place 

within the development computer and all communication is I/O based. Different drive 

cycles such as UDDS, US06, and Combined are used for simulations [73]. The Urban 

Dynamometer Driving Schedule (UDDS) is also known as U.S. FTP-72 (Federal Test 

Procedure) cycle. The cycle simulates a urban route of 12.07 km with frequent stops. The 

maximum speed is 91.2 km/h and the average speed is 31.5 km/h. The cycle consists of 

two phases. The first phase duration is 505 sec and the total distance travelled is 5.78 km 

at 41.2 km/hr average speed. The second phase duration is 864 sec and the distance 

travelled is 6.29 km.  Figure 6-28 shows the simulation result of vehicle speed following 

the UDDS drive cycle. The continuous blue line is cycle speed desired while the dashed 

red line is vehicle speed achieved. From figures it’s seen that simulated vehicle speed is 

exactly following desired speed.  

 

Figure 6-28: Vehicle Speed on UDDS Cycle 



Texas Tech University, Kunal Patil, May 2013 
 

 

123 
 

Figure 6-29 shows vehicle speed difference between desired and actual speed.   

There were barely noticeable differences between the two. 

 

Figure 6-29: Vehicle Speed difference on UDDS Cycle 

Figure 6-30 show that two-mode simulated vehicle incorporates some very unique 

features such as the ability to shut off the combustion engine. Engine is ON during 60 % 

of the time. Engine has been started 25 times in this cycle. 

 

Figure 6-30: Engine ON-OFF during UDDS 
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Figure 6-31 depicts the battery state of charge (SOC) throughout the UDDS drive 

cycle. The initial battery SOC was 0.7. The operation range was between 0.6 and 0.7. The 

downward trend of the curve shows the discharging nature during the short simulation 

period. The fluctuation of SOC was caused by charging power from regenerative braking. 

 

Figure 6-31: Battery SOC during UDDS Cycle 

Figure 6-32 shows different operating modes such as   EVT 1 mode: 1, EVT 2 

mode: 2, Fixed Gear1Mode:3, Fixed Gear 2 mode: 4, Fixed Gear 3 mode: 5, Fixed Gear 

4: mode: 6during UDDS cycle. From this figure it can be concluded that most of UDDS 

the  two-Mode Hybrid tries to operate between EVT mode 1 and EVT mode 2 which 

results in significantly improved fuel economy. 

 

Figure 6-32: Different Operating Modes during UDDS Cycle 
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 Figure 6-33 shows close look of operating modes. From this figure it’s clear that 

FG2 mode appears in the transition area between EVT1 and EVT 2 modes. This mode is 

an inherent mode needed for the synchronous shift between the two modes. 

Figure 6-33: FG2 Transition Mode between EVT 1 and EVT 2 

Figure 6-34 shows plot of MGA, MGB and engine speed in rad/sec with blue, red 

and green line respectively over UDDS cycle. Speed in negative shows that motor is 

acting as a generator and charging the battery. 

 

Figure 6-34: MGA, MGB and Engine Speed during UDDS Cycle 
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It is seen that two-mode controller follows all hybrid functions such as supervise engine 

operation to ensure proper operating ranges in order to get maximum efficiency. This 

includes turning the engine off/on and deciding when to operate at constant speed. 

Maintain state of charge of battery pack. This includes regenerative braking schemes. 

Control operation of two mode transmission like EVT mode 1, EVT mode 2 and FG 1 to 

FG 4. This includes motor torque requests. It can be concluded from the simulation 

results that the two mode hybrid architecture confirms closely to the design requirements 

of the vehicle. 
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CHAPTER 7 

HARDWARE-IN-THE-LOOP TESTING OF TWO-MODE HYBRID 

7.1 Hardware-in-the-loop Setup 

Figure 7-1 shows HIL testing setup. For HIL testing unique combination of 

dSPACE   MABX as a supervisory controller and NI PXI chassis as a plant is used [74]. 

Vehicle performance is observed with hardware-in-loop simulation using the MABX and 

the PXI.  

 

Figure 7-1: Hardware-in-loop Testing Setup 

MABX has the advantages of being a rapid control prototype (RCP) system as                       

well as operation without user interaction like the ECU. Owing to its ease of use and 

portability, it is well suited for the in vehicle use.  On the PC standard dSPACE software 

is installed. DS815 card is inserted into the PCMCIA slot and using Control Desk 

software user can control real time hardware. MABX has 4 CAN interfaces, ADC, DAC, 

Digital IO and Flash memory.  The 156- pin Zero Insertion Force (ZIF) connector 

provides access to all the inputs and outputs of MABX. 
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NI PXI is the open, PC-based platform for test, measurement, and control. NI 

Veristand software is a software framework that provides system-level, real-time test 

configuration. Veristand provides access to your National Instruments CAN and DAQ.  

NI Veristand we can import CAN database files (.dbc or .ncd), create and edit CAN 

channels, monitor CAN bus, and run test panels for CAN channels. 

MABX and PXI communicate with each other through CAN (Controller Area 

Network).CAN provides an inexpensive, durable network that allows the devices to 

communicate through the Electronic Control Unit (ECU).  This allows the ECU to have 

one single CAN interface rather than analog inputs to every device in the system.  

 Initially with the Vector CAN Database Editor (CANdb Editor) all signals are 

created in the form of CANdb network files with the filename extension  DBC. Figure 7-2 

shows graphical user interface(GUI) of CAN db++ editor for CAN set-up. 

 

Figure 7-2: CAN db++ editor 
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As shown in Figure 7-3 in simulation model, plant model and controller model 

separated. Software interface between controller and plant model (i.e. the interface that 

generates control input and read sensor values) is created. 

 

Figure 7-3: Hardware-in-loop Testing 

As shown in Figure 7-4, Veristand in and out blocks are provided in Simulink 

when NI software is available. In plant model Veristand in and out block are used to 

generate input and output to controller. 

 

Figure 7-4: Veristand in and out Blocks 
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NI VeriStand is a software environment for configuring real-time testing 

applications. When configuring the model in The MathWorks, Inc. Simulink®, we can 

decide which parameters to see once the model is imported into NI Veristand Software:  

these parameters will appear as Calibration Variables. Figure 7-5 shows GUI of Veristand 

software setting up the CAN messages. VeriStand helps to configure PXI to execute tasks 

such as real-time stimulus generation, data acquisition for high-speed and conditioned 

measurements, and calculated channels and custom channel scaling. 

 

Figure 7-5: NI VeriStand CAN Setup 

Figure 7-6 shows the system mapping performed between source and destination 

for the outports.   
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Figure 7-6: System Mapping 

 As shown in Figure 7-7 for dSPACE RTI CAN contains the blocks to define 

communication over the CAN bus. RTICAN receive (RX) blocks are used to receive and 

decode a CAN message with particular identifier. RTICAN transmit (TX) blocks are used 

to encode and transmit a CAN message with particular identifier. The message signals are 

delivered to the blocks via the signal inports. With the use of ds1401 compiler controller 

model’s C code is generated in .sdf file format. The control strategy compiled code is 

uploaded to the MABX using control desk software. Similarly with the use of NI 

Veristand compiler plant model’s C code is generated in .dll file format and the 

corresponding plant model is transferred to the NI PXI using NI Veristand software. 
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Figure 7-7: dSPACE RTI CAN 

PXI acts as a virtual vehicle. The communication via CAN between the MABX 

and the PXI has been established. The 120Ω terminating resistor is needed to complete 

the electrical circuit.  It is placed at the ends of the network to minimize transmission line 

effects. The terminations resistances of 120 ohms at both ends of CAN cable are 

installed. Messages transmitted from the MABX are received as incoming signals by the 

PXI and outgoing messages from PXI are the received signals for MABX. 

7.2 HIL Results 

 With the use of stimulus profile of NI Veristand all CAN signals are logged and 

data has been analyzed, different test plans were created and run to check response of the 
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system. All simulations were run on UDDS drive cycle. The Design Failure Mode Effects 

Analysis’s (DFMEA) were created.  DFMEA is used to identify potential failure modes, 

to identify need for fault detection. DFMEA has really made team to go through control 

code again and again to make sure that everything programmed is working exactly the 

way it should work. The DFMEA has also helped team realize the importance of 

installing components in the vehicle. For example, some of items in the DFMEA involve 

loss of signals with controller. So we had to make sure our controller can act 

appropriately assuming this happens. With the use of NI Veristand fault insertion tool we 

actually forced some channel values to monitor system performance which helped us to 

develop robust control strategy.  For examples if engine is forcibly shut down then we 

can operate vehicle in EVT1 or if signal stops receiving CAN messages then wheel 

torque demand will go to zero and vehicle will stop.  Figure 7-8 shows the HIL result of 

vehicle speed following the UDDS drive cycle. The green line is cycle speed desired 

while the red line is vehicle speed achieved. From figure it is seen that the simulated 

vehicle speed is exactly following desired speed UDDS. 

 

Figure 7-8:  CAN Mapping of Vehicle Speed over UDDS Cycle 
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Figure 7-9 shows CAN mapping of gear/mode such as   EVT 1 mode: 1, EVT 2 

mode: 2, Fixed Gear1Mode:3, Fixed Gear 2 mode: 4, Fixed Gear 3 mode: 5, Fixed Gear 

4: mode: 6 during UDDS cycle. 

 

Figure 7-9: CAN Mapping of Gear/Modes over UDDS Cycle 

Figure 7-10 shows engine torque demand which is coming from MABX as an 

incoming signal to PXI.  Engine torque demand is varying from 0 to 120 Nm. 

 

Figure 7-10: CAN Mapping of Engine Torque Demand 
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 Figure 7-11 shows MGA, MGB and engine speed in rad/sec with white, red and 

green line respectively. Comparison of Figure 7-10 and Figure 7-11 shows that results 

from SIL testing are closely matching with that of HIL testing. 

 

 

Figure 7-11: MGA, MGB and Engine Speed during UDDS Cycle 

The user interface of the NI Veristand and dSpace ControlDesk is shown in 

Figure 7-12 and Figure 7-13 which shows layout with engine speed, MGA and  MGB 

speed, engine on/off, battery SOC, gear and graph of actual vehicle speed vs desired 

vehicle speed. 
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Figure 7-12: NI Veristand User-Interface 

dSPACE ControlDesk software is used during test development and measurement. 

 

Figure 7-13: Control-Desk User-Interface 

Based on HIL test results, it is seen that two-mode controller follows all hybrid 

functions such as supervise engine operation to ensure proper operating ranges in order to 

get maximum efficiency. Control operation of two mode transmission like EVT1, EVT 2 
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and FG1 to FG4. This includes motor torque requests. It can be concluded from the HIL 

test results that the two mode hybrid architecture confirms closely to the design 

requirements of the vehicle. Next step is to transfer controller in the actual vehicle and 

verify vehicle response and compared it with HIL test results. Calibration of control 

strategy of two-mode hybrid vehicles is a crucial area of potential improvement. 
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CHAPTER 8 

 IN-VEHICLE CONTROLLER TESTING 

8.1 Vehicle Components  

The proposed hybrid electric powertrain includes a GM 1.6Lfamily one 4 cylinder 

flex-fuel engine, a General Motors front-wheel-drive transaxle 2MT20 and a high voltage 

battery   pack with A123 Systems four 25S2P battery   modules. 

8.1.1 1.6 L Family 1 Engine 

The Two-Mode Hybrid will incorporate the 1.6 L Family 1 straight-4 piston 

engine donated from GM. As shown in Figure 8-1, the 1.6 L gasoline engine performance 

ratings and specs are as follows:  1598 cc displacement, 75 kW power at 6000 rpm, 140 

Nm of torque at 3200 rpm, 9.4 compression ratio.  

 

Figure 8-1: 1.6 L Family One Engine  

http://en.wikipedia.org/wiki/Straight-4
http://en.wikipedia.org/wiki/Piston_engine
http://en.wikipedia.org/wiki/Piston_engine
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8.1.2 FWD Two-mode Transmission 

Figure 8-2 shows in-vehicle installation of engine and transmission.  

 

Figure 8-2: In-Vehicle Installation of Engine and Transmission  

8.1.3 A123 25S2P Pack 

Team opted for 4 modules of A123 25S2P battery pack with 12 KWh of energy as 

shown in Figure 8-3.  This Lithium Ion battery delivers high power and energy density, 

long life, excellent safety performance and largely used in automotive applications.  The 

battery control system monitors multiple temperature sensors within each module. The 

system uses these temperatures to determine cell capability in the form of charge and 

discharge limits as well as basic cell performance properties.  For this reason module 

cooling is very important. During year-2 of the competition team used liquid cooling 

system. Because of the leakage issue, the battery module enclosure was switched from 
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liquid cooling to an air cooled system. This system also greatly reduced the weight and 

complexity of the battery enclosure and maintains an adequate level of cooling.   Manual 

service disconnects (MSD) and a high voltage (HV) fuse is also used in the vehicle 

battery pack for safety. Team also implemented ground fault detection (GFD). 

 

Figure 8-3: In-Vehicle Installation of Battery Pack 

Separate levels were created to separate high and low voltage components to 

increase serviceability. Figure 8-4 shows the new battery controller layout with high 

voltage components on the lower shelf and low voltage components on the top shelf. 

 

Figure 8-4: Battery Controller and Distribution Storage Enclosure Schematic 
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8.1.4 Traction Power Inverter Module (TPIM) 

  The high voltage battery is connected to the TPIM via high voltage cables. The 

TPIM also includes the high voltage-to-12-volt power converter (APM) and connects 

high voltage direct current (DC) to the air conditioning compressor, and high voltage 

alternating current (AC) to the transmission. TPIM controls two electric machines which 

are installed in GM patented 2-Mode Transmission. It also controls charge and discharge 

to 330 V A123 battery. HVIL (High voltage interlock loop)  is incorporated to assure 

safety in case of crash. 

8.1.5    MicroAutoBox (MABX) 

MABX has the advantages of being a rapid control prototype (RCP) system as 

well as operation without user interaction like the ECU. Owing to its ease of use and 

portability, it is well suited for the in vehicle use.  On the PC , standard dSPACE software 

is installed. DS815 card is inserted into the PCMCIA slot and using Control Desk 

software user can control real time hardware. MABX has 4 CAN interfaces, ADC, DAC, 

Digital I/O and Flash memory. The 156- pin Zero Insertion Force (ZIF) connector 

provides access to all the inputs and outputs of MABX. Figure 8-5 shows in-vehicle 

MicroAutoBox Installation 
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Figure 8-5: In-Vehicle MicroAutoBox Installation 

8.2 Control System Requirement 

Figure 8-6 shows control system requirement for two-mode hybrid controller 

implementation. The two-mode hybrid powertrain control ideology involves strategic 

control, tactical   control and hand-to-hand   execution.  Strategic selection involves the 

transmission shift logic and engine auto- stop control. Tactical selection involves control 

of   the optimal engine torque and speed. Far left request coming in as output speed of 

transmission, input speed of transmission,  gear or mode, actual engine torque, engine 

on/off status.  Request passes through strategic and tactical control which gives desired 

input transmission speed, desired gear or mode, desired engine state, desired engine 

torque. Desired parameters go through execution part where parameters checked with all 

the required constraints. All valid parameters go as commands to the transmission control 

module (TCM), The Engine Control Module (ECM) and TPIM. 

 On a high level driver sends desired output torque request. Torque request is 

based on accelerator pedal and vehicle speed. Torque request goes to strategic and 
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tactical control. Based on torque request strategic control determines vehicle range state 

in gear or mode, transmission input speed and engine on/off. The request goes to the shift 

execution and engine start stop, then gear/mode command with clutch operation and 

engine on/off command.  

The TCM performs the shifting command.  The Engine Control Module ECM  

executes engine on/off, and responds to the optimal engine speed and torque requests. 

The TPIM commands both the torque and speed of the electric motors. 

 

 

Figure 8-6: Control System Requirement [75] 
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8.3 In-Vehicle Control System 

The vehicle systems of GM donated vehicle are controlled by individual GM 

control modules. All these modules will communicate with each other using two high 

speed CAN busses GMLAN and powertrain expansion (PTEx) [75]. The team replaced 

the stock engine with 1.6 family 1 engine.  One new CAN bus was added which will 

communicate with new engine and MABX.  A123 battery controller was added on the 

same high speed CAN as of stock battery controller. Supervisory controller manages 

coordination with new controllers. Accelerator pedal input was sent to MABX using 

analog to digital conversion (ADC) I/O.  As shown in Figure 8-7, MABX interfaces with 

engine controller, A123 battery controller and traction power inverter module (TPIM). 

MABX is gateway between engine and TPIM, Engine and battery controller, TPIM and 

battery controller.  

 

Figure 8-7: In-Vehicle Control System 

The primary function of theA123 battery is to provide power (nominal 330 volts) 

to the EVT via the TPIM and to store captured energy produced during regenerative 



Texas Tech University, Kunal Patil, May 2013 
 

 

145 
 

braking. MABX will be gateway between battery controller and TPIM and also between 

engine controller and TPIM. In addition MABX will also send commands to TPIM like 

gear mode select, engine torque demand, input speed for mode 1, mode 2 and neutral, and 

engine on-off state.  

8.3.1 A123 Battery High Voltage Integration 

Figure 8-8 shows integration of high voltage A123 battery pack. High voltage 

battery was located in the rare cargo area of the vehicle. Separate levels were created in 

order to separate high and low voltage components to increase serviceability. The four 

battery modules were cooled by air -cooled method. Battery modules were connected to 

TPIM using high voltage wiring. The battery control module (BCM) which controls 

battery charging and discharging process, was connected to vehicle ECU’s with low 

voltage circuit.  BCM is also wired to high voltage interlock loop (HVIL) which is used 

to monitor the high voltage system enclosure status.  
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Figure 8-8: In-vehicle High Voltage Diagram 

8.3.2 Accelerator Pedal Position Sensor  

With the use of ADC and DAC I/O,  accelerator position is transmitted to 

MABX   which further sends this signal to many powertrain and platform modules 

including the transmission control module (TCM), battery control module (BCM) and 

ECM.   Accelerator pedal position sensor interpreted after scaling, noise filtering and 

failsofting.  As shown in Figure 8-9, pedal position sensor and vehicle current speed are 

used to calculate driver request for torque or acceleration via the driver depressing the 

accelerator pedal. Driver torque request is the torque required at the wheels. Pedal 

position is also used by ECM for engine torque arbitration.   
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Figure 8-9: Axle Torque Demand Based on Pedal Position and Vehicle Speed 

Figure 8-10, shows hybrid commanded engine torque based on pedal position 

and engine speed.  

 

Figure 8-10: Hybrid Commanded Engine Torque based on Pedal Position and 

Engine Speed 
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8.3.3 Avoiding Unintended Acceleration 

Figure 8-11 shows the algorithm to avoid unintended acceleration. Measurement 

of two individual sensor signals on the accelerator pedal is performed. Sensor 1 pedal 

position output ranges from 0-5 V and Sensor 2 pedal position output voltage is from 0.5 

to 2.5 V. Both sensors checked for redundancy. Upon detection of a sensor failure, axel 

torque goes to zero. To prevent vehicle unintended acceleration, pedal position sensor is 

checked for short to ground, short to voltage supply or open circuit such as  broken wire.   

 

Figure 8-11: Avoiding Unintended Acceleration 

8.3.4 On –board Diagnostics 

Extra on-board computer/display for vehicle monitoring is installed which allows 

connectivity for off-board monitoring. Extensive data log system developed on Vector 

CANcaseXL logger, provided the data needed for through comparison of the model 

results and the on-road test results. Figure 8-12 shows the GUI of CANoe software for 

data logging.  
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Figure 8-12: GUI of CANoe software 

The infotainment system which is GM production part is installed in the car. 

Figure 8-13 shows the radio unit with hybrid display.  

 

Figure 8-13: GM Infotainment System 

CarDAQ Plus (V2 software) is installed to log engine and TPIM data.  CarDAQ 

Plus is designed to comply with OBDII protocols.  Figure 8-14shows the toolbar of V2 

software. 
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Figure 8-14: Toolbar for CarDAQ Plus V2 software  

8.4 Validation of Two-mode Hybrid Electric Vehicle 

Once the  hybrid  powertrain  components  are verified , they  are  integrated  into  the  

vehicle and tested using developed control algorithm. Figure 8-15 shows Texas Tech two-

mode hybrid vehicle during year 3 competition.  

 

 

Figure 8-15: Texas Tech Two-mode Hybrid Electric Vehicle 

Based on high voltage battery SOC, Texas Tech two-mode hybrid has distinctive modes 

of operation available such as Charge depleting mode, charge sustaining mode. 
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Charge Depleting Mode   

The transmission assembly contains two 300 V drive motor generator assemblies. 

These powerful 55 kW motor/ generators are capable of propelling the vehicle while the 

engine is off. The vehicle can drive upto 25 miles at city and highway speed before 

turning on the engine for extended range driving. All electric operation over considerable 

distance is possible with large capacity and powerful battery. Using EVT 1 the vehicle 

will be able to reach speed of about 25 mph before engine turn on. This ability for low 

speed EV only mode is a big advantage of the 2 Mode. 

Charge Sustaining Mode   

When vehicle operates above 25 mph or battery SOC is less than certain 

predetermined threshold (20%), engine starts and the vehicle enters charge sustaining 

mode to continue driving. During charge sustaining mode engine will always on. Two 

mode hybrid does not use a 12 V starter motor to crank the engine. A 300 V 

motor/generator located within the transmission is utilized to crank the engine. Figure 

8-16 shows Schedule C of EcoCAR Year 3 Final competition. Y-axis shows vehicle 

speed in KPH.  Schedule C is specified drive schedule similar to a combination of 

repeated Urban Dynamometer Driving Schedule (UDDS) and Highway Fuel Economy 

Test (HWFET) cycles. 
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Figure 8-16: Vehicle Speed during Schedule C of EcoCAR year-3 Competition 

The distance traveled is broken up into repetitive laps over the same course, 

which required varying speeds, accelerations, and starts/stops. Figure 8-17, shows charge 

sustaining operation during Schedule C. It describes that at the starting of cycle, SOC was 

36% and over 100 miles range SOC was around 54%. The team used battery SOC 

threshold of minimum 20% and maximum 80%.  

 

Figure 8-17: Battery SOC during Schedule C 

Within charge sustaining mode, several operational modes can be used.  Figure 

8-18, shows mode/gear operation during Schedule C of EcoCAR Year 3 Final 
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competition. Team used rule-based approach for the mode transition. Parameters used to 

define transition are torque demand at the wheels, engine speed, vehicle speed, engine 

status which shows engine on-off, mechanical points.  Mechanical point is one of the 

characteristic of two-mode hybrid, at mechanical point electro-mechanical power ration 

becomes zero.  Transition is performed only if logic is true for specific duration to avoid 

oscillations.  Fixed gears as described in SIL and HIL are not implemented in vehicle 

because of complexity and accuracy of engine torque/speed control in fixed gears. Only 

fixed gear 2 which is transition gear between EVT modes is used during operation.  

 

Figure 8-18: Different Operating Modes during Schedule C 

Regenerative Braking 

When the vehicle is coasting or braking, motor /generators can be operated for an 

electrical generation mode. Operating as electrical generators, the motor/generators exert 

a driveline load that helps to slow the vehicle. The electrical energy that the drive motor 

generators create is transferred by TPIM to A123 battery.  Figure 8-19 shows regenerative 

braking during EcoCAR autocross event.  When brake pedal is pressed axle torque 

demand goes negative which results in positive battery current which shows charging of 
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the battery.  Team used 1-D look-up table to calculate negative axle torque request based 

on brake pedal position. 

 

 

Figure 8-19: Regenerative braking during EcoCAR Autocross event 

Figure 8-20 shows engine torque achieved during schedule C of EcoCAR 

competition. In conventional vehicles, the engine is operated at highest fuel economy 

based on brake specific fuel consumption (BSFC) curve. The curve has points that have 

lowest fuel consumption on constant power curve. Due to electrical power transmission 

path, two-mode hybrid has more complicated power mechanism.  Engine torque demand 

is calculated with motor torque constrains like MGA and MGB maximum and minimum 

torque, and MGA, MGB torque commands. Desired engine speed and torque is 

calculated based on lever analysis. Kinematic equations of motion are derived for each 

operating state.   
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Figure 8-20: Engine Torque in Nm during Schedule C 

Figure 8-21, shows MGA, MGB and engine speed in rpm with blue, red and green 

line respectively. 

 

Figure 8-21: MGA, MGB and Engine Speed during Schedule C of EcoCAR competition 

For in-vehicle testing the entire graphical user interface is implemented with 

dSPACE ControlDesk.   It provides all the functions to control, monitor and automate 

experiments and makes the development of controllers more effective. User can easily 

interact with system and manage the real-time experiments   using ControlDesk GUI as 

shown in Figure 8-22 below. 
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Figure 8-22: ControlDesk Graphical User Interface 

Table 8-1 is the vehicle technical specifications (VTS) for two-mode hybrid during 

year 3 competition. Second column gives the completion requirement, third column give 

the team prediction before the competition and fourth column give the actual VTS.  

Table 8-1:  Vehicle Technical Specifications 

Specifications 

Competition  

Requirement 

Texas Tech Two-

Mode Design goal 

Texas Tech Two-

Mode Design 

Acceleration0-60 

mph ≤14 s 8.6 s 16s 

Acceleration 50-70 

mph ≤10 s 4  s 9.2 s 

Towing Capacity 

≥680 kg @ 

3.5%, 20 min 

@ 72 kph  680 kg (1500lb) 680kg (1500lb) 
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Cargo Capacity 

Height:457mm 

Depth:686mm 

Width: 762 mm  .8 m3 .8 m3 

Passenger Capacity ≥4 5 5 

Braking 60 – 0 mph 

< 51.8 m (170 

ft) 39.62 m (130 ft) 48 m (157 ft) 

Mass 

≤2268kg(5000 

lb) 2050Kg (4520 lb) 1943Kg (4284 lb) 

Starting Time ≤ 15 s ≤ 8 s ≤ 2 s 

Ground Clearance ≥178 mm (7 in) 178 mm (7 in) 178 mm (7 in) 

Fuel Economy, 

CAFE Unadjusted, 

Combined   

7.4 l/100 

(32 mpgge) 

6.41  l/100 km 

(36.67  mpgge) 

9.45  l/100 km 

(25  mpgge) 

Petroleum Use  .65 kWh/km 0.53 kWh/km 0.53 kWh/km 

Emissions Tier II Bin 5 Tier II Bin 5 Tier II Bin 5 

WTW GHG 

Emissions  224 g/km 224 g/km 224 g/km 

Range  

≥ 320 km (200 

miles) > 740 km (460  miles) 

> 740 km (460  

miles) 

 

From Schedule C data of EcoCAR year 3 competition,  it is seen that two-mode 

controller follows all hybrid functions such as supervise engine operation, control 

operation of two mode transmission like EVT mode 1,  EVT mode2,  regenerative 

braking. 
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CHAPTER 9 

CONCLUSION  

The primary objective of this research was the conception, development and 

implementation of a 2-mode hybrid powertrain to sustain petroleum energy and reduce 

the GHGs emission. In accordance with this objective, the first contribution of this 

research is math-based real-time modeling and the formulation of a two mode hybrid 

vehicle model using model based design that captures the dynamic behavior of the hybrid 

powertrain and of the vehicle. A second contribution is to develop the rule-based hybrid 

control algorithm to optimizing the hybrid control system. The proposed control design is 

capable of EV drive, regenerative braking, two electric variable transmission modes, 

engine auto-stop, and engine optimal operation. A third contribution is validation of 

model in a real time using HIL testing on different drive cycles. At final stage the 2-mode 

hybrid electric vehicle is built by integrating the proposed two mode transmission into a 

GM donated vehicle. 

Industry standard vehicle development process is explained in detail. Architecture 

selection process with the use of PSAT software is explained. Based on the results 

obtained from PSAT simulations, the simulation of the two-mode hybrid shows more 

desirable results compared to that of the fuel cell and the BAS+ architecture. Two-mode 

architecture and components are explained in detail. Steady state equations for torque and 

speed are derived for rear-wheel drive transmission with three planetary gear subsets and 

front-wheel drive transmission with two planetary gears.  It is seen that two-mode hybrid 

shows marked improvement in fuel economy even when there are varying loading 
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conditions of the vehicle  making it more economical to drive in the city with regular  

stop-and-go traffic and on highways. Developed supervisory control algorithm was 

successfully implemented in the actual vehicle.  The most valuable part of the two-mode 

hybrid architecture is that, the vehicle can run either by the two motors incorporated 

within the transmission, by engine or by using the transmission and motors together to 

get more energy when required by the vehicle. From Schedule C data of EcoCAR year 3 

competition, it is seen that two-mode controller follows all hybrid functions such as 

supervise engine operation, control operation of two mode transmission like EVT1, 

EVT2 and regenerative braking. 
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