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Abstract 

In the strive to use electric energy as the sole source of traction force in the automotive 

industry, the electric storage unit poses serious challenges. Although Li-Ion batteries have 

shown promising features, there is still room to improve the shortcomings of the electric 

storage unit. The chemical process of energy extraction and storage in the batteries results 

in inherently limited power density and lifetime. The notion of pairing a Li-Ion battery cell 

with an ultracapacitor will invigorate power capability of the hybrid cell. Furthermore, 

enabling local processing capability in each hybrid cell makes it possible to run 

sophisticated control and power management algorithms that result in increased battery 

longevity. Also, hybridization at cell level provides greater access to each cell’s momentary 

states which results in more accurate analysis, improved safety, and a broad control 

possibility.  

In this research, a Li-Ion battery cell is combined with an ultracapacitor. An appropriate 

configuration is selected for this particular application after reviewing several 

hybridization schemes and converter structures. A comprehensive power management unit 

is designed and implemented that is able to execute several strategies to mitigate battery 

stresses while improving power capabilities. A current regulator is also designed and 

implemented to realize the proposed strategies by providing the power converter with 

proper duty cycle. Rather than simulation under a wide range of test loads, a prototype 

hybrid cell is built and tested in an experimental setup.   
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1. Introduction 

1.1. Research Motivation 

Fossil fuels still play a necessary role in the global energy market. Crude oil, gas, and coal 

are the primary energy resources for current demands. However, finite fossil fuel resources, 

environmental concerns, health problems, price fluctuations, and growing political tensions 

have led to the need for finding a sustainable alternative.  

The transportation sector accounts for a considerable portion of total fossil fuel 

consumption. Despite the tank to wheel efficiency of around 12 to 18%, internal 

combustion engines have been the source of choice for vehicle propulsion with exceptional 

range and performance [1]. The traditional process of the energy extraction inside the 

combustion engine is highly afflicted with significant losses. Replacing it with a more 

efficient electric motor not only improves total fuel economy but also provides the 

possibility of recapturing kinetic energy and storing it for future usage. The whole idea 

leads to an overall increase in fuel efficiency. 

The issue of fuel efficiency is also promoted by governments and legislatures officially. 

The direct result of stringent emission regulations has been that automakers have 

exceedingly begun to look into vehicles with alternative power sources. In hybrid electric 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

2 

 

vehicles, the smaller internal combustion engine that is operating in an efficient region, as 

well as recapturing the energy while braking contribute to considerably higher overall 

efficiency. Electric vehicles with zero emissions have ignited the interest of automakers 

with growing consumer expectations. As projected in a report from international energy 

agency, 20 million passenger electric vehicles will be on the road by 2020 [2].  

In Canada, the transportation sector accounted for 29.7 percent of energy use in 2008 while 

78.9% is consumed on the roads [3]. The greenhouse gas emissions in transportation sector 

equaled 179.2 megatons in 2012 that accounted for 47% of the direct end-use emissions. 

In fact, transportation by itself emits more greenhouse gas than any other end-use sector in 

Canada [4]. But, Canada has a clean power mix especially in Ontario where 83% of the 

electricity is generated from non-fossil fuel as shown in Figure 1.1 and Figure 1.2 [5].  

 

 

Figure 1.1. Energy generation in Canada [5] 
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Figure 1.2. Energy production in Ontario [5] 

 

1.2. Problem Statement 

As the most common electrical energy storage, batteries would be the technology of choice. 

But, despite all the advances in the battery technology the currently available batteries seem 

to be too premature to be implemented in commercial systems. In other words, the technical 

expectations exceed the capabilities of standard batteries.  

On the other hand, the current battery technology suffers seriously from lifetime issues. 

The battery cells are very sensitive to voltage and current ratings, temperature, and 

mechanical stresses which necessitates careful battery monitoring. Currently, their 

operating lifespan compromises their broad adoption in electrified vehicles in the 

automotive sector. 
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1.3. Research Objectives 

Ultracapacitors have emerged as an attractive option with higher power capabilities, and 

much longer cycle and shelf life than batteries. Consequently, durable energy storage with 

an acceptable energy density of batteries and power density of ultracapacitors could be 

achieved by the combination of these two technologies. This research proposes a hybrid 

cell called the smart cell which is composed of one Li-Ion battery and one ultracapacitor 

forming a singular cell. This hybrid cell is intended to improve the battery life and power 

capabilities while providing modularity and low-level access to individual cells. In this 

research, the following issues are addressed: 

 Investigation and selection of an appropriate hybridization scheme for the smart cell. 

 Design and implementation of a switched mode power converter for hybridization. 

 Design and implementation of the power management unit that is able to execute 

sophisticated control algorithms and has the capacity to initiate bidirectional links with 

the battery management unit and other cells. 

 Design and implementation of a digital current regulator to realize control schemes of 

the power management unit by providing the proper duty cycle for the power converter 

designed.  

 Design and development of a monitoring system to guarantee safety by keeping cells 

within safe operational limits while being able to respond to emergency cases.  

 Design and implementation of a prototype smart cell and a testbed capable of capturing 

and logging real-time data to test the smart cell experimentally. 



1.4. Thesis Outline 

This thesis is divided into five chapters. Chapter one covers the introduction, the motivation 

for this research, and the objectives of this study. Chapter two offers an overview of the 

transportation electrification. The necessity of the change is discussed in details followed 

by considering alternative advanced energy sources. Chapter three provides the technical 

definition of the smart cell as well as a detailed illustration of the design specifications. 

The proposed power management strategies and the current regulator are also discussed in 

details. Chapter four demonstrates the prototype development with technical details. The 

testing procedure and the test setup is illustrated and the measurement/logging system is 

explained. Finally, chapter five provides a conclusion to this dissertation. Future 

recommendations are also included. 

 



 

 

 

2. Transportation Electrification  

2.1. The necessity of change 

Our life is impacted by energy and energy has been extremely crucial for the continued 

development of humanity. The global demand for energy continues to increase with 

population growth, urbanization, and modernization. This increase in the global demand 

for energy is projected to rise sharply over the years to come. As such, the continuation of 

our current form of consumption will results in multiple challenges.  In the following 

section, some of these challenges are discussed. 

2.1.1. Sustainability 

Access to a bountiful supply of safe, flexible in use, reliable, and affordable energy is 

indispensable to modern life. The dilemma of predicting the time that current  

non-renewable energy will be depleted is a fundamental and critical question investigated 

thoroughly in [6]. Figure 2.1 shows limited availability of non-renewable energy resources. 

Sustainability dictates a transition to renewable sources of energy such as solar, wind, and 

geothermal as a remedy to the sustainability challenge. The worldwide projection of growth 

for this sector is expected to be in the range of 15% to 25% by 2020 [7]. 
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Figure 2.1. Non-renewable energy availability forecast [6] 

 

2.1.2. Environmental Concerns 

Present production and use of energy and consequent climate changes, particularly 

emissions of greenhouse gasses, poses severe threats to the global environment. Figure 2.2 

demonstrates the effect of modernization on the dramatic increase in CO2 emissions during 

the last 50 years. Half of the world oil is being consumed in the transportation sector. For 

example in the UK, road traffic in 1999 accounted for 77% of the petroleum consumed by 

that country [8]. Accordingly, a whole range of new policies are being examined to protect 

the environment while maintaining economic growth. Figure 2.3 shows CO2 emitted to the 

atmosphere per person for different nations [9]. 
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Figure 2.2. Co2 added to the atmosphere [6] 

 

 

Figure 2.3. CO2 emissions per person for different countries [6] 
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2.1.3. Health Issues 

There is a direct and close link between fossil fuel extraction, refinement, and consumption 

versus environmental degradation. The level of pollution produced in the processes 

involved in refineries and power generation cause death and cancer and threatens human 

health and quality of life. The side effects of climate change account for the death of as 

many as 160,000 people as reported by the World Health Organization. Side effects range 

from malaria to malnutrition and diarrhea that follow in the wake of floods, droughts, and 

warmer temperature. The number, surprisingly, has the potential to double by 2020 [10].  

2.1.4. Political Concerns 

Energy supply security impacts all countries, and particularly the developed countries. 

Security means sufficient amount that is available consistently in various forms and 

affordable prices. There are serious considerations regarding the security of oil. As shown 

in Figure 2.4. BP statistical review of world energy: world reserves for 2002 and 2020 [10], 

66% of current oil reserves in the world are distributed in Middle East [10]. Recent conflicts 

in that region show that the Middle East has a volatile geopolitical situation and therefore, 

production and supply channels are targets of radical elements. Millions of barrels of oil 

transported every day in tankers, pipelines and trucks are vulnerable. Current consensus 

indicates that the present situation is not sustainable and fails to guarantee secure supplies 

of energy. 
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Figure 2.4. BP statistical review of world energy: world reserves for 2002 and 2020 [10] 

 

2.2. Modern Energy Sources for Vehicular Applications 

The recent revolution in power electronics has brought electric drivetrains with extremely 

high performance to the realm of possibility. Higher reliability and better performance are 

now available thanks to improved motors. Unfortunately, the only weak link remaining in 

this chain is energy storage. 

Petroleum has high energy and power densities and comes at a reasonable price. But, an 

adequate replacement source that is capable of satisfying demands of modern vehicles is 

still unavailable. The most important characteristics of interest for electric energy storage 

in automotive applications are lifetime, specific energy, specific power, cost, and safety of 

the technology [11]–[14].  
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The onboard energy storage system is a challenge in the design of electrified vehicles. The 

electric energy may be stored electrochemically in a battery, chemically in hydrogen gas 

to be used by fuel cells, or electrostatically in a capacitor bank. In the following, different 

available alternatives for vehicular applications are discussed briefly. 

2.2.1. Batteries 

Batteries are the prevalent electric storage systems in the market presently. In an electric 

vehicle, batteries provide the traction force and store the energy recaptured while braking. 

Here are some basic definitions. 

Battery Capacity: Battery capacity refers to the total accessible amount of energy. In 

vehicular terminology, the greater the capacity, the further the vehicle can travel. The 

capacity is expressed in “Ampere Hours” (Ah) or “Watt Hours” (Wh).  

C-rate: It describes the current at which the battery is charged or discharged compared to 

its capacity. For instance, 1C is the current that can discharge a fully charged battery in 1 

hour. For a battery with the capacity of 10 Amp-hour, 1C equals 10 Amps of charge or 

discharge current. 

Energy Density: Refers to the energy a battery can store per unit volume or mass and is 

typically expressed in 𝑘𝑊ℎ 𝑘𝑔⁄ . In plug-in hybrid electric vehicles and battery electric 

vehicles, space is very limited. Therefore, a high energy density by volume will enable the 

vehicle to store more energy and have a greater “all electric” range.  
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Power Density: Refers to the power that a battery can deliver per unit volume or mass, and 

is typically expressed in 𝑘𝑊 𝑘𝑔⁄ . Higher power density enables a vehicle to achieve greater 

acceleration and dynamic performance. 

State of Charge or SOC: State of charge or SOC in short provides a measure of the amount 

of electric energy stored in a battery. It shows the remaining battery capacity like a fuel 

gauge on a conventional vehicle. The SOC is a dimensionless number between 0 and 1 

representing a percentage. It is noteworthy that a zero SOC does not mean that the battery 

is fully empty, only that the battery cannot be discharged anymore without causing some 

permanent damage to it. Figure 2.5 shows this concept. 

 

 

Figure 2.5. Illustration of the battery state of charge [15] 
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The Battery SOC provides the driver with an insight about how much energy is left in the 

battery. It is so critical for the driver especially if the battery is the only source of energy. 

The main challenge with SOC is that it cannot be measured hence requiring state and 

parameter estimation strategies [15]–[19]. 

Cycle Life: Refers to the number of charge and discharge times before the battery degrades 

past the point of usefulness. Assuming that a vehicle battery is drained and recharged once 

each day, the battery must have a cycle life of over 3600 cycles to meet a 10-year service 

life. 

Calendar Life: Refers to the elapsed time before a battery degrades past the point of 

usefulness. A vehicle battery is idle most of the time, so degradation due to age must also 

be taken into account. 

Li-Ion batteries are relatively new and are currently undergoing growth and development. 

They have already become the dominant choice for applications requiring high energy 

densities and light weight, such as the vehicular applications of today. In 2009, 

rechargeable Li-Ion batteries accounted for 11% of the $16.4 billion total battery demand 

in the United States. Also, Li-Ion batteries are expected to be the fastest growing battery 

type in the coming years. The 2008 European lithium rechargeable market was similarly 

sized at $1.62 billion [20].  
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Li-Ion batteries offer advantages over other battery types in several areas. They have higher 

operating voltage than other kinds, depending on their particular chemistry. This feature 

allows for an equivalent power operation at a lower current draw, and the battery will last 

longer on a single charge. They have a high energy density, are lightweight and compact. 

Unlike NiCad and older NiMH batteries, Li-ion batteries do not exhibit any memory effect. 

Also, Li-Ion batteries have long shelf lives. Additionally, they are capable of high 

discharge rates with high reversibility and good charge retention [21]. [22] provides a 

performance comparison between the NiMH battery by Primearth EV Energy Co. and the 

Li-ion battery by Hitachi Vehicle Energy Ltd. Also, [23] offers a concise review of 

batteries used in ground vehicles.  

Common to all Li-ion battery types are the electrodes that are made of lithium intercalation 

compounds. Lithium ions travel between the two as the battery cycles. As with any 

galvanic cell, the two electrodes are separated from each other by an ionically conductive 

but electrically insulating medium. In a fully charged Li-Ion battery, the lithium ions are 

all intercalated into the anode and move through the electrolyte to the cathode during 

discharge. The discharge mechanism is shown in Figure 2.6.  

The Li-ion battery has a complex aging process. It is not trivial to find an exact and 

universal relationship between the health of the battery and the precise factors that 

influence the health of the battery. There are, however, some different factors that in 

general affect the lifetime. 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

15 

 

 

Figure 2.6. The discharge mechanism for a sample Li-Ion battery cell [20] 

Either too high or too low SOC causes severe damages to the battery cell and the expected 

lifetime is shortened. Rather than over-charge, depth of discharge is an important parameter 

as well. For each charge-discharge cycle, depth of discharge should be kept as low as 

possible to optimize the life. For instance, it is better to have a depth of discharge of 20% 

rather than of 80%. This issue is a factor to consider mostly in hybrid vehicle applications. 

In electric vehicles, deep discharge is inevitable requiring a consideration of safety and 

preventing the over-discharge hazard [24]. 

Another important parameter in the aging process is temperature. One reason for increasing 

operating temperature is high current in combination with the battery’s internal impedance. 

Power dissipates as heat and raises the temperature of the battery cell. A cooling system 

can manage this. High currents by itself also accelerates the battery’s decay [21]. The Li-

Ion battery  is also damaged by excessively low temperatures, especially during charging, 

and should not be frozen [25]. 
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As discussed earlier, accurate management, monitoring and control strategies are required 

to improve the performance, efficiency, safety, reliability and longevity of battery packs. 

Especially, in the case of vehicular applications, battery management systems play a 

significant role as the battery operating conditions are subjected to fast transients and 

frequent charging and discharging cycles due to sudden acceleration or regenerative 

braking. The battery management systems must also be able to provide an accurate real-

time estimate of the state of charge, state of health, and remaining useful life [12], [26], 

[27]. 

The most basic battery management system implements under-voltage protection, over-

voltage protection, maximum current limit, and thermal protection. Figure 2.7 

demonstrates a basic battery management system in a simple form. 

 

 

Figure 2.7. Block diagram of a generic BMS [1] 

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

17 

 

2.2.2. Ultracapacitors 

Conventional capacitors store energy by physically separating unlike charges on two 

separate electrodes with a dielectric in between. This charge separation causes a potential 

between two electrodes. However, ultracapacitors do not use the electrolyte in the same 

way. The technology called electric double layer provides them a massive charge 

separation that results in very large capacitance. They are formed by two metal electrode 

foils coated with activated carbon, immersed in an electrolyte and separated by a paper 

separator as seen in Figure 2.8 [28].  

Electrons accumulate in the electrode connected to the negative terminal and attract 

positive ions of the electrolyte. On the other electrode, positive charges accumulate 

attracting the negative electrolyte ions while current flows through the external load. The 

separator avoids current from flowing directly between both electrodes and causes the 

effect of having two charge layers, which is why ultracapacitors are also called electric 

double layer capacitors.  

Since the electrodes are made of a porous material, the charge can be stored in the micro-

pores at the interface between the electrode and the electrolyte. Moreover, the electrode 

surface significantly larger than a normal capacitor reaching 2000 𝑚2 𝑔𝑟⁄  [29]. This 

combination of large surface and small separation between electrodes enables capacitances 

to reach thousands of farads. This structure has major implications on the properties such 

as cycle life, efficiency, energy and power density, and voltage as a function of SOC. 
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Figure 2.8. An ultracapacitor's physical structure [30] 

Being able to release a significant amount of physically stored electric charge makes them 

extremely high power sources. Although power density is exceptional, energy density is 

low since the electrons are not bound by chemical reactions. This lack of chemical bonding 

also implies that the ultracapacitor can be completely discharged. Consequently, 

ultracapacitors will experience larger voltage swings as a function of the state of charge. 

Figure 2.9 depicts the linear dependency of ultracapacitor voltage to its state of charge. 
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Figure 2.9. Normalized open circuit voltage for various battery chemistries and a typical 

ultracapacitor [1] 

 

In addition to high power density, ultracapacitors present a long cycle life due to the fact 

that ideally there are no chemical changes on the electrodes in normal operation. They 

endure deep cycles at high rates often in numbers of more than hundreds of thousands 

without severely affecting their characteristics [31]. Moreover, ultracapacitors can be 

stored for long periods of time and remain near to their original conditions. Since the 

electric series resistance is very low in ultracapacitors, their efficiency is superior as a 

function of the ohmic resistance.  
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The aging process in an ultracapacitor is due to the increased reactivity of the electrolyte, 

which increases with impurities from reduction or oxidation. The aging leads to increasing 

internal resistance and self-discharge along with lower capacitance. The reduction process 

is accelerated by higher voltages. If the capacitor is subjected to high voltages or 

temperatures, its longevity is drastically shortened [32]. The lifetime is halved for each 

100 𝑚𝑉 or 10°𝐶 above the rated voltage or temperature [33]. Therefore, it is important to 

keep both the voltage and the current at reasonable levels, as high currents lead to 𝑅𝐼2 

losses that generate higher temperatures. 

2.2.3. Fuel Cell 

Although recent literature portrays fuel cells as a newly emerging energy source, the 

technology was invented in the 19th century in 1839. In 1960, fuel cells were selected for 

the space program. They provided power for Gemini and Apollo missions, and at present, 

provide water and electricity for the International Space Station [34].  

Fuel cells can generate power with high efficiency, low operating noise, and no emissions 

[28]. The input is hydrogen and air while by-products are exhausted gasses, water, and 

waste heat. Some types of fuel cells such as polymer electrolyte membrane or proton 

exchange membrane utilize a solid polymer electrolyte membrane. These fuel cells operate 

at lower temperatures and are considered to be  suitable for vehicular applications [35]. 

Figure 2.10 illustrates the structure of an individual fuel cell.  
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Figure 2.10. An individual fuel cell’s structure and operation [28] 

The constraints to operate a fuel cell can be summarized as follows [36], [37]. 

 The fuel cell power and current must be kept unidirectional and within an interval. 

 The fuel cell current slope must be limited to the maximum absolute value to prevent 

the fuel cell stack from the fuel starvation phenomenon.  

 The fuel cell’s current ripple must meet specific conditions to ensure minor impact on 

the fuel cell conditions. 

Marketable development of fuel cells is still facing problems. High manufacturing costs, 

fuel generation and distribution, and system complexity are some of the issues that have 

adversely affected its wider adoption [35]. The high manufacturing cost comes from costly 

raw materials used as catalyst or membrane such as platinum content of the electro catalyst, 

and the bipolar plates, and expensive fabrication process for collector plates [1]. 
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2.2.4. Energy vs. Power  

Conceptually, energy density describes how much energy is available while the power 

density shows how quickly that energy can be delivered. In the Ragone plot, energy density 

is plotted versus power density. The logarithmic axis allows comparing the performance 

of extremely high and extremely low densities.  

 

Figure 2.11. Ragone plot [38] 

Figure 2.11 shows the superiority of Li-Ion batteries over other electric energy resources 

thanks to their high specific energy. Ultracapacitors have the highest power density among 

electric resources but with a poor energy density. Fuel cells possess the highest energy 

density, but they suffer from unacceptable power capability that limits their applications in 

the automotive industry. Unfortunately, none of the electric alternatives can beat energy 

and power of the fossil fuels yet as shown in the plot above. 
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2.3. Electric Vehicles  

In a broad definition, electric vehicles are the ones augmented with the electric propulsion 

capability. Electric vehicles include hybrid and plug-in hybrid electric vehicles, fuel cell 

vehicles, and battery electric vehicles [11], [14], [39]. Except for hybrid and plug-in hybrid 

vehicles, fuel cell and battery electric vehicles do not have an engine on board and 

electricity is the sole energy form that is propelling the vehicle. 

2.3.1. Hybrid Electric Vehicles  

In a conventional vehicle, around 15% of the energy in gasoline is converted to traction at 

most [40]. Surprisingly, the efficiency is even lower at idle states. In hybrid electric 

vehicles, the power from the engine is combined with the power of an electric motor. A 

broad range of resources such as batteries, fuel cells, or ultracapacitors can supply the 

electric motor. Also, the efficiency can be doubled by using hybridization strategies [41].  

Having an electric storage unit on board enables several energy-conserving features. First, 

a process called regenerative braking can recover the kinetic energy of the vehicle that was 

supposed to be wasted being converted to heat while braking. Also, the internal combustion 

engine can operate more frequently within its high-efficiency region which will reduce its 

fuel consumption significantly. Finally, the internal combustion engine can be downsized 

by augmenting the powertrain with an electric motor. The smaller engine will reduce the 

weight as well.  
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Different hybrid electric architectures are possible depending on the configuration of the 

internal combustion engine, the generator, the electric motors, and the battery pack. 

I. Series Hybrid Configuration  

In the series hybrid electric vehicles, the internal combustion engine provides mechanical 

energy to the generator, which produces electricity to charge the battery. The battery in 

turn drives an electric motor to propel the vehicle [42]. The two energy sources are thus in 

series. This configuration is illustrated in Figure 2.12. 

 

Figure 2.12. Series hybrid structure [20] 

The main advantage of the series architecture is that the engine is mechanically decoupled 

from the road load. Therefore, it can be controlled always to operate in its narrow, efficient 

operating region. Although the internal combustion engine is maximally efficient in a series 

hybrid electric configuration, a penalty incurs in the rest of the powertrain due to the high 

number of energy conversions required and consequent losses [43].  
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II. Parallel Hybrid Configuration 

In the parallel configuration shown in Figure 2.13, the mechanical power coming from both 

the motor and engine are transmitted directly to the drivetrain using a torque coupler. The 

connection between the engine and the torque coupler is typically clutched. 

 

Figure 2.13. Energy flow in the parallel hybrid configuration [44] 

Compared to the series hybrid electric vehicles, the parallel configuration requires a smaller 

engine. Parallel hybrid electric vehicles also have fewer powertrain losses than series since 

there are fewer energy conversion steps. The main disadvantage of the parallel architecture 

is that the engine cannot always operate within its efficient region. The engine speed 

depends on the vehicle speed since the engine is coupled to the road mechanically. 

Although in this configuration the all-electric operation is feasible, the parallel 

hybridization architecture is not well suited as it would require upsizing the motor and the 

electric storage unit [20]. Three other operating modes are also achievable. First, the 

internal combustion engine can propel the vehicle only by itself. Second, the two energy 

sources can simultaneously provide power to the transmission. In the third mode, the 

engine produces power in excess of the road load to charge the storage unit.  
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III. Parallel-Through-The-Road Hybrid Configuration 

In a variant of the parallel architecture, the torque coupling unit between the engine and 

the motor is removed, and the engine and the motor drive different axles of the vehicle. 

This configuration is called parallel-through-the-road. Figure 2.14 shows the energy flow 

in this structure. This hybridization scheme reduces weight, cost, and the complexity of the 

parallel architecture. The power is transferred from one axle to the other through the road 

to charge the battery if needed. Though this architecture is simple and inexpensive, the 

efficiency is too low due to the significant losses of transferring energy through the road.  

 

Figure 2.14. Energy flow in the parallel-through-the-road configuration [20] 

IV. Series/Parallel Configuration 

Series/Parallel architecture illustrated in Figure 2.15 is a combination of the series and 

parallel architectures. Similar to the series, the engine may operate in its highly efficient 

region while the providing torque to the wheels via mechanical linkages. This structure 

does not convert the energy to electricity such as in a parallel structure. The series/parallel 

architecture’s ability to have both maximally efficient engine operation along with a 

mechanical energy pathway from the engine to the road is due to a torque splitting device. 
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Figure 2.15. Energy flow in the series/parallel configuration [44] 

There are several approaches to split the torque for series-parallel applications. One method 

utilizes a planetary gear set, as shown in Figure 2.16. The direct mechanical coupling of 

the ring gear to the first electric motor and the transmission shaft makes the vehicle speed 

a function of the ring gear speed. Also, the second electric motor is connected to the sun 

gear. The carrier holds the planet gears altogether connected to the internal combustion 

engine. Therefore, the carrier speed is a weighted average of the speeds of both motors.  

 

Figure 2.16. Planetary gears in series-parallel configuration [42] 

Here is how the overall system works: the vehicle speed fixes the speed of the electric 

motor. By varying the second motor’s speed, the speed of the carrier and the engine are 

controlled. Thus, the internal combustion engine can operate efficiently always.  
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All electric operation is also possible by controlling both electric motors such that the 

carrier speed is zero. Either regenerative braking or transferring power from the internal 

combustion engine through the sun gear to the second motor can charge the electric storage 

system [45]. Parallel and series/parallel hybrid electric vehicles can further be categorized 

by their level of hybridization [13]. Equation (2.1) defines the hybridization factor as 

follows. 𝑃𝐸𝑀 is the peak power of the electric motor and 𝑃𝐼𝐶𝐸 is the peak power of the 

internal combustion engine.  

𝐻𝐹 =
𝑃𝐸𝑀

𝑃𝐸𝑀 + 𝑃𝐼𝐶𝐸
 (2.1) 

2.3.2. Plug-In Hybrid Electric Vehicles 

In plug-in hybrid electric vehicles, the electric storage unit can be charged from the power 

grid. Two operating modes of charge depleting and charge sustaining are possible for this 

type of hybrid vehicles [46]. The charge depleting mode is for the cases that the electric 

storage unit is almost full. If the electric storage unit and motors have sufficient sizing, the 

vehicle can operate in all-electric mode [47].  

Once the state of charge of the electric storage unit drops below a certain level, the internal 

combustion engine engages while working within its efficient operating range and the 

vehicle enters its charge sustaining mode. In this mode, the net energy in or out of the 

electric storage unit is zero and the vehicle operates like a hybrid electric vehicle [20]. The 

transition between charge depleting and charge sustaining regimes is shown in Figure 2.17. 
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Figure 2.17. Transition from charge depleting mode to charge sustaining mode [46] 

Homes and workplaces along with public areas are potential locations considered for 

charging stations. Regarding the energy transfer, connection interface and communication 

for vehicle charging, various standards have been developed [25], [48]. Table 1 and Figure 

2.18 summarize some of the standards. These standards may be either updated with new 

revisions or replaced by new standards in the future. 

Table 1. Some standards related to electric vehicle charging 

Standard Name Standard Title or Description 

IEEE 1547.3 Interconnecting distributed resources with electric power systems 

SAE J1772 Electric vehicle conductive charge coupler 

SAE J1773 Electric vehicle inductively coupled charging 

SAE J2293 Energy transfer system for electric vehicles 

SAE J2836 Communication between plug-in vehicles and utility grid 

IEC 62196 Plugs, socket outlets, vehicle couplers and vehicle inlets.  

NEC (Article 625) Electric Vehicle Charging System 
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Figure 2.18. Standards for vehicle charging systems [22] 

2.3.3. Fuel Cell Vehicles 

Fuel cell vehicles use onboard fuel cells to generate electricity from hydrogen and air. The 

electricity is either used to drive the vehicle or stored in an energy-storage device, such as 

a battery pack or ultracapacitors. They emit only water vapor and have the potential to be 

highly efficient. Fuel cell vehicles can be considered as a type of series hybrid vehicle, in 

which the fuel cell acts as an electrical generator that uses hydrogen [49].  

Fuel cell vehicles could be a long-term solution. There has been continuous progress in the 

fuel cell vehicle development. Although prototypes have already been proposed by 

manufacturers, the potential of fuel cell vehicles has yet to be proven. Price, hydrogen 

energy density, and refueling issues are major hurdles preventing commercial introduction 

of a mature design [50].  
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Despite high specific energy, one crucial weak point of the fuel cells is their slow dynamics. 

As a result, fast load demands in the case of the high power loads will result in severe 

voltage drops. This is recognized as starvation phenomenon [36]. This condition is 

evidently hazardous for the fuel cell stack [37]. Therefore, fuel cell applications in the 

vehicular context must include an auxiliary electric source which is able to improve system 

performance during high energy request during short time intervals. Figure 2.19 illustrates 

a sample commercial fuel cell vehicle. The electric storage unit is composed of high power 

density ultracapacitors that can provide demand surge while the high energy fuel cells 

provide a steady level of energy during driving course.  

 

 

Figure 2.19. Honda FCX Clarity fuel cell car [30] 
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I. Fuel Cell/Battery Hybrid 

In a fuel cell/battery hybrid, the battery stores regenerative braking energy, boosts power 

during accelerations, and propels the vehicle at low speeds to avoid low power operation 

of the fuel cell where its efficiency is low [51]. Connecting the battery to the DC bus 

improves the efficiency and decreases the cost by elimination of one power converter. As 

a result, the system will have unregulated bus voltage. Also, mechanical braking will be 

used if the battery is full [52]–[54]. A boost converter in the current control mode draws a 

certain amount of current from the fuel cell based on load condition. [35] provides a 

detailed overview of control strategies. Figure 2.20 shows fuel cell/battery hybrid.  

 

Figure 2.20. A fuel cell/battery hybrid configuration [35] 

II. Fuel Cell/Ultracapacitor Hybrid 

Fuel cell/ultracapacitor hybrid shown in Figure 2.21 consists of high energy fuel cells and 

high power ultracapacitors that absorbs sudden incoming power of regenerative braking 

and provides extra power during high demand acceleration [51]. Honda’s FCX-V3 and V4 

are commercialized vehicles of this type [30].  
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There is generally insufficient energy in the ultracapacitor pack to propel the vehicle at low 

speeds and the control strategy must ensure that the available energy capacity is utilized in 

the best way. Reference [55] compares three strategies and shows that keeping the sum of 

the kinetic energy of the vehicle and the energy stored in the ultracapacitor constant gives 

the best fuel economy. It is also noteworthy that the fuel cell can only provide electric 

energy and therefore, the possible interface converter should be unidirectional. 

 

Figure 2.21. A fuel cell/ultracapacitor hybrid configuration [35] 

III. Fuel Cell/Battery/Ultracapacitor Hybrid 

The fuel cell vehicle can also be equipped with both batteries and ultracapacitors [59]–

[63]. The onboard fuel cell produces electricity either for propulsion or to charge the battery 

or supercapacitor bank. The control strategy is to use the ultracapacitors to handle the bulk 

of the transient power demands. This strategy ensures that the battery lifetime is extended 

as a result of not being subjected to stresses while providing enough room to regeneration.  

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

34 

 

2.4. Battery Electric Vehicles 

In a battery electric vehicle, the primary energy source is a battery pack that is being 

charged from the grid. Since battery electric vehicles do not have the traditional internal 

combustion engine, fossil fuel consumption is zero. To propel the vehicle, the energy from 

the battery is converted to the mechanical form using an electric motor. Also, the 

regenerative braking is a critical feature that impacts overall efficiency [38]. 

Compared to fossil fuels as the propulsion energy source, batteries have limited energy 

density and cycle life regardless of their technology. Excessive battery cycling in high 

power applications such as the transportation can accelerate the battery aging and reduce 

its lifetime as the primary energy source of this application. The combination of batteries 

with high power auxiliary electric storage can reduce the battery aging by eliminating harsh 

stresses in vehicular application. One favorable choice for hybridization of the battery 

technology is hybridization with ultracapacitors. Unlike batteries, ultracapacitors have high 

power density and cycle life. But they suffer from low energy density. Combining batteries 

with ultracapacitors in the form of a hybrid energy storage system can potentially overcome 

their individual drawbacks. Incorporation of ultracapacitors, also mitigates stresses over 

the battery in the vehicular applications resulting in longer battery life. 

Most of the research in this area are focused on combining battery and ultracapacitor packs 

directly or through power electronics [24], [31], [60]–[84]. Each pack is formed from the 

combination of individual cells. Each battery cell ages differently due to the slight 

differences in the cell manufacturing and their different operating conditions. Also, in order 
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to be able to have a more accurate estimate of the total remaining energy of the electric 

storage unit, we have to gain access to individual cells and communicate directly with each 

one. Hybridization at the cell level not only provides a more accurate insight of the 

condition of individual cells, but also solves the balancing, monitoring, safety, state of 

health, and state of charge estimation problems. Table 2 summarizes important features of 

modern electric vehicles.  

Table 2. Characteristics of battery electric, hybrid electric, and fuel cell electric vehicles [42] 

 Battery Electric Vehicle Hybrid Electric Vehicle Fuel Cell Vehicle 

Propulsion  Electric motor drives  Electric motor drives 

 Internal Combustion engine 

 Electric motor drives 

Energy Storage System  Battery 

 Ultracapacitor 

 Battery 

 Ultracapacitor 

 Fossil or alternative fuels 

 Hydrogen tank 

 Battery/Ultracapacitor needed to 

enhance power density 

Energy Infrastructure  Grid charging facilities  Gasoline stations 

 Grid charging facilities for plug-in 

 Hydrogen 

 Hydrogen provision infrastructure 

Characteristics  Zero local emissions 

 High energy efficiency 

 Independent of fossil fuels 

 Relatively short range 

 High initial cost 

 Commercially available 

 Low local emissions  

 High fuel economy 

 Long driving range 

 Dependence on fossil fuel 

 Higher cost than traditional 

vehicle 

 Commercially available 

 Zero local emission 

 High energy efficiency 

 Independent of fossil fuel (if not using 

gas to produce hydrogen) 

 High cost 

 Under development 

Major Issues  Battery sizing and management 

 Charging facilities 

 Cost 

 Battery lifetime 

 Battery sizing and management 

 Control, optimization, and 

management of multiple energy 

sources 

 Fuel cell cost, life cycle, and 

reliability 

 Hydrogen production and distribution 

infrastructure 

 Cost 



 

 

 

3. Smart Cell Design and Control Strategies 

3.1. The Smart Cell Concept 

The smart cell is a cell-level hybridization of the battery cell with an ultracapacitor. It is 

composed of a Li-Ion battery cell, associated electronic circuitry, and an ultracapacitor. 

The objective is to have a hybrid cell with excellent energy and power capabilities and 

improved battery life. Figure 3.1 illustrates a simplified smart cell with the most relevant 

components. 

 

Figure 3.1. Smart cell configuration 
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Having the ultracapacitor included in the hybrid cell increases power density of the smart 

cell significantly compared to a battery cell alone. The improvement in the battery’s life is 

achieved by using the ultracapacitor as a power source to handle highly dynamic loads 

including peak power demands and regenerative surges. Incorporation of sophisticated 

algorithms guarantees demand satisfaction while mitigating stresses over the battery.  

The smart cell has local process and control capabilities. Each cell can communicate with 

other cells in the module, local supervisory unit, or the pack management system. As a 

result, the management system has a meticulous insight of all individual cells inside the 

pack such as temperature, terminal voltage, and load current. 

3.2. Selection of the Hybridization Structure 

There are four possible hybridization structures shown in Figure 3.2. 

BAT

UC

DC/DC

UC

BAT

DC/DC BAT

UC

DC/DC

DC/DC

UC

BAT

(c) (d)

(a) (b)

 

Figure 3.2. Different possibilities to connect the battery and ultracapacitor cells 
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3.2.1. Passive Combination 

As shown in Figure 3.2-A, the battery and the supercapacitor are linked to the DC bus 

directly to deliver power. The advantage of the passive topology is its ease of 

implementation. Also, no complicated control is necessary. The first problem with this 

structure is the different voltage ratings for the battery cell and the ultracapacitor. For 

instance in this research, the Li-Ion battery’s operation range is 2.8V to 4.2V while the 

ultracapacitor cell can tolerate up to 2.7V.  

The other limitation of the passive structure lies in managing the power flow. As discussed 

in section 2.2.2, the ultracapacitor needs a wide voltage range variation to discharge or 

charge significant amounts of power. This large voltage range is in complete opposition to 

the smaller voltage change of batteries. Thus, the battery will prevent the ultracapacitor 

from being discharged, and the ultracapacitor will fail to maintain power efficiently [64], 

[86].  

The bottom line is that the advantages of the battery and the supercapacitor are not 

effectively utilized in the passive combination. Therefore, the passive structure is not 

applicable when flexible and efficient power management is needed. To conclude for the 

smart cell application, option A in Figure 3.2 does not fit the design requirements. It is, 

more usual to find the battery and ultracapacitor interfaced with DC/DC converters to 

provide voltage flexibility while keeping the power flow under control. The converter can 

be single, on only one storage system, or on both. 
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3.2.2. Active Combination 

Compared to the passive combination, active structures require a more sophisticated power 

electronics and control. To fully utilize the capabilities of the supercapacitor and the battery 

cell, we can employ two DC/DC converters as Figure 3.2-D suggests [64], [71], [86]. This 

structure exhibits the advantage in being able to impose a comprehensive control scheme. 

Besides, it increases the flexibility enabling the system functioning in various modes [87]. 

However, the cost, electric losses, and the volume and mass of realizing such a topology 

are significantly higher compared to the other alternative topologies. For our application 

where hundreds of smart cells must be used in a pack, the mass and the volume are serious 

concerns. Therefore, this combination is disregarded for the smart cell design. 

In Figure 3.2-B and Figure 3.2-C where only one DC/DC converter is used, the power flow 

to the battery could be maintained while the supercapacitor is acting as a buffer [69]. 

Considering the fact that each battery cell ages differently due to slight differences in cell 

manufacturing and its position in the pack, configuration B in Figure 3.2 provides an active 

balance in pack design [88]–[90]. On the other hand, it is important for us to benefit from 

the buffering capability of the ultracapacitor in an efficient way. If the ultracapacitor is tied 

to the DC bus, its voltage will be fixed to the bus voltage. Therefore, the Li-Ion cell will 

be connected to the bus, and the ultracapacitor cell will be interfaced with the DC/DC 

converter as structure C in Figure 3.2. This structure enables the supercapacitor to function 

in a broad range of voltage independent of the battery [91]. Therefore, the structure C is 

selected to connect the ultracapacitor to the battery cell in a smart cell. 
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3.3. The DC/DC Converter  

As discussed earlier, a DC/DC converter will interface the ultracapacitor. The modern 

converters have the ability to transform the voltage quickly. The plan here is to install a 

converter to control the power flow to and from the ultracapacitor depending on outer 

circumstances. These control strategies are designed to give a better system performance 

while mitigating the battery stresses. These strategies will be discussed in details. 

3.3.1. Converter Topology Selection 

There are a number of different power converter topologies that adjust the voltage level 

and control the power flow consequently. For this application, a non-isolated bi-directional 

operation seems necessary as the volume and mass are critical. In Figure 3.3, Cascade 

buck-boost, Half-bridge, Cúk, and SEPIC/Luo converters are shown respectively. This 

category of converters have a bi-directional power flow and the ability to raise the voltage 

level in one direction and lower it in the other [62], [80], [87], [92]–[102].  

 

 

Figure 3.3. (a) Cascade buck-boost, (b) Half-bridge, (c) Cúk, (d) SEPIC/Luo converters [80] 
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For the proposed smart cell scheme, Cúk and SEPIC/Luo converters are not appropriate as 

they have two inductors that contribute to a higher price, volume, and weight. The buck-

boost converter also has four switches in the structure making the circuit more expensive 

and less efficient because of the switching losses. Therefore, half-bridge DC/DC converter 

is selected for the smart cell application.  

The half-bridge converter has the advantage that the number of components that is 

subjected to high currents is reduced. Also, one side always has to have a lower voltage 

than the other, which yields that the voltage over the supercapacitor can never exceed the 

battery voltage. This limitation is also consistent with the nominal voltage values of the 

battery and ultracapacitor in this research. 

Since smart cell is a low voltage application, it is important to avoid diode forward voltage 

drop. Therefore, the switches will be triggered pairwise meaning that the lower switch is 

turned off when the upper switch is in on and vice versa. As a result of this pairwise gating 

strategy, freewheeling switch diodes can be eliminated resulting in less electronic parts per 

smart cell. One problem happens here as a result of physical characteristics of the electronic 

switches. It takes a while for an electronic switch to be fully turned off after receiving low 

trigger signal in the gate. Consequently, both switches may be conducting for a short time. 

This dangerous situation results in high amounts of shoot through current and can destroy 

components. The solution is to introduce a dead-time that gives a delay in the turn-on of 

each channel to give enough time for the other switch to be completely off. The dead-time 

will be implemented in the microcontroller which will provide the gating. 
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3.3.2. Principals of Operation 

The functionality of the converter can be described as a buck, or boost converter depending 

on the direction of the average current through the inductor. The point of operation for the 

half-bridge converter depends on the voltages on both sides of the converter and the 

switching duty cycle. If the average inductor current is positive in the nomenclature of 

Figure 3.4. Half-bridge converter topology, the half-bridge functions as a step-down 

converter or buck. If the average inductor current is instead negative, the half-bridge is 

operating as a boost converter.  

 

 

Figure 3.4. Half-bridge converter topology 

 

It is worthwhile to mention that the half bridge converter selected for this application never 

reaches discontinuous mode [103]. The fact is that the power converter is bi-directional 

and has load and source on both sides. Instead, there is boundary when the inductor current 

reaches zero when the operation mode switches from boost to buck and vice versa.  
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I. The Boost Mode 

For the boost mode operation, the gating signal of Q1 is a PWM signal with duty cycle 

𝐷𝑏𝑜𝑜𝑠𝑡 and switching frequency 𝑓𝑠𝑤 where 𝑓𝑠𝑤 =
1

𝑇𝑠𝑤
. During Ton where the gating signal is 

high, Q1 closes and creates a short circuit in the first mesh as shown in Figure 3.5. The 

battery charges the inductance and the output capacitor supplies the load. During Toff as 

Figure 3.6 illustrates, the gating signal of both switches change their state. Thus, the energy 

stored in the inductor during the short circuit is being released on the other side and both 

the capacitor and load are supplied.  
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Figure 3.5. Boost operation in the half-bridge converter during 𝑻𝒐𝒏 
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Figure 3.6. Boost operation in the half-bridge converter during 𝑻𝒐𝒇𝒇 
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For the boost mode, the following equation holds: 

𝑉𝑜𝑢𝑡 =
1

1 − 𝐷𝑏𝑜𝑜𝑠𝑡
. 𝑉𝑖𝑛 (3.1) 

𝐷𝑏𝑜𝑜𝑠𝑡 is the duty cycle ranging between 0 and 1. Then, 
1

1−𝐷𝑏𝑜𝑜𝑠𝑡
 is a value larger than 1 

and the output voltage will be boosted.  

It is also important to calculate the inductance for the power converter. The inductance 

limits the current ripple. Therefore, the acceptable ripple value for the application will 

determine the inductance value. The inductor’s voltage is related to its current as follows. 

𝑣𝐿(𝑡) = 𝐿
𝑑𝑖𝐿(𝑡)

𝑑𝑡
→ 𝑑𝑖𝐿(𝑡) =

𝑣𝐿(𝑡) ∙ 𝑑𝑡

𝐿
 (3.2) 

During Ton we have 𝑣𝐿 = 𝑉𝑖𝑛 as a result of the short circuit. The following equations hold. 

∆𝑖𝐿 =
𝑣𝐿 ∙ ∆𝑡

𝐿
=
𝑣𝐿 ∙ 𝑇𝑜𝑛
𝐿

=
𝑉𝑖𝑛. (𝐷𝑏𝑜𝑜𝑠𝑡𝑇𝑠𝑤)

𝐿
=

𝑉𝑖𝑛
𝑉𝑜𝑢𝑡
⁄ 𝐷𝑏𝑜𝑜𝑠𝑡𝑇𝑠𝑤

𝐿
𝑉𝑜𝑢𝑡

=
(1 − 𝐷𝑏𝑜𝑜𝑠𝑡)𝐷𝑏𝑜𝑜𝑠𝑡𝑇𝑠𝑤

𝐿
𝑉𝑜𝑢𝑡 =

(1 − 𝐷𝑏𝑜𝑜𝑠𝑡)𝐷𝑏𝑜𝑜𝑠𝑡
𝐿. 𝑓𝑠𝑤

𝑉𝑜𝑢𝑡 

(3.3) 

The next step is to relate the ripple to the inductance. The ripple is defined as follows. 

𝑅𝑖𝑝𝑝𝑙𝑒 =
∆𝑖𝐿
𝑖𝐿𝑎𝑣𝑔

 (3.4) 

We need to calculate the average current flowing through the inductance. To obtain the 

average current, power balance is calculated knowing that the power stored in the battery 

should be then delivered. 

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 ⇒ 𝑉𝑖𝑛𝑖𝐿𝑎𝑣𝑔 = 𝑉𝑜𝑢𝑡𝐼𝑜𝑢𝑡 (3.5) 
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𝑖𝐿𝑎𝑣𝑔 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

𝐼𝑜𝑢𝑡 =
1

1 − 𝐷𝑏𝑜𝑜𝑠𝑡
𝐼𝑜𝑢𝑡 (3.6) 

Substituting in the ripple equation: 

𝑅𝑖𝑝𝑝𝑙𝑒 =
∆𝑖𝐿
𝑖𝐿𝑎𝑣𝑔

=

(1 − 𝐷𝑏𝑜𝑜𝑠𝑡)𝐷𝑏𝑜𝑜𝑠𝑡𝑉𝑜𝑢𝑡
𝐿. 𝑓𝑠𝑤
1

1 − 𝐷𝑏𝑜𝑜𝑠𝑡
𝐼𝑜𝑢𝑡

=
𝐷𝑏𝑜𝑜𝑠𝑡(1 − 𝐷𝑏𝑜𝑜𝑠𝑡)

2

𝐿. 𝑓𝑠𝑤. 𝐼𝑜𝑢𝑡
𝑉𝑜𝑢𝑡 (3.7) 

The inductance as a function of the acceptable current ripple will then be: 

𝐿𝑏𝑜𝑜𝑠𝑡 =
𝐷𝑏𝑜𝑜𝑠𝑡(1 − 𝐷𝑏𝑜𝑜𝑠𝑡)

2

𝑅𝑖𝑝𝑝𝑙𝑒. 𝑓𝑠𝑤. 𝐼𝑜𝑢𝑡
𝑉𝑜𝑢𝑡 (3.8) 

 

II. The Buck Mode 

Similar to the boost mode, two states can be defined for this mode. In the high state Ton, 

Q2 closes as a result of corresponding gating signal. Consequently, the load charges the 

output capacitor, the inductance and the input voltage source as Figure 3.7 shows.  

During Toff or the low state, Q2 is open while Q1 is closed to provide a path for inductor’s 

current. This scenario allows the inductance to charge the input source while the load 

supplies only the output capacitor as Figure 3.8 shows.  



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

46 

 

+

Vin

-

L

Q2

+

Vout

-

C
+

Load

Buck

+-

IL

VL

 

Figure 3.7. Buck operation in the half-bridge converter during 𝑻𝒐𝒏 

+

Vin

-

L

Q2

+

Vout

-

C
+

Load

Buck

+- VL

IL

 

Figure 3.8. Buck operation in the half-bridge converter during 𝑻𝒐𝒇𝒇 

 

For the buck mode, equation (3.9) holds. As the duty cycle is a value always less than 1, 

the buck mode operation is guaranteed. 

𝑉𝑖𝑛 = 𝐷𝑏𝑢𝑐𝑘 . 𝑉𝑜𝑢𝑡   →   𝐷𝑏𝑢𝑐𝑘 =
𝑉𝑖𝑛
𝑉𝑜𝑢𝑡

 (3.9) 

The inductor voltage in this mode will be: 

𝑣𝐿(𝑡) = 𝐿
𝑑𝑖(𝑡)

𝑑𝑡
 (3.10) 

During Ton we have 𝑣𝐿 = 𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛 as shown in Figure 3.7. The following equations hold. 
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∆𝑖𝐿 =
𝑣𝐿 ∙ ∆𝑡

𝐿
=
(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛) . 𝑇𝑜𝑛

𝐿
=  
(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛)(𝐷𝑏𝑢𝑐𝑘𝑇𝑠𝑤)

𝐿

=
(𝑉𝑜𝑢𝑡 − 𝐷𝑏𝑢𝑐𝑘𝑉𝑜𝑢𝑡)(𝐷𝑏𝑢𝑐𝑘)

𝐿𝑓𝑠𝑤
=
(1 − 𝐷𝑏𝑢𝑐𝑘)𝐷𝑏𝑢𝑐𝑘

𝐿𝑓𝑠𝑤
𝑉𝑜𝑢𝑡 

(3.11) 

𝑅𝑖𝑝𝑝𝑙𝑒 =  
∆𝑖𝐿
𝑖𝐿𝑎𝑣𝑔

 (3.12) 

We then need to calculate the average current flowing through the inductance. Similar 

approach is taken for the buck mode as well. 

𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 ⇒ 𝑉𝑖𝑛𝑖𝐿𝑎𝑣𝑔 = 𝑉𝑜𝑢𝑡𝐼𝑜𝑢𝑡 (3.13) 

𝑖𝐿𝑎𝑣𝑔 =
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

𝐼𝑜𝑢𝑡 =
𝐼𝑜𝑢𝑡
𝐷𝑏𝑢𝑐𝑘

 (3.14) 

Substituting in the ripple equation: 

𝑅𝑖𝑝𝑝𝑙𝑒 =
∆𝑖𝐿
𝑖𝐿𝑎𝑣𝑔

=

(1 − 𝐷𝑏𝑢𝑐𝑘)𝐷𝑏𝑢𝑐𝑘
𝐿𝑓𝑠𝑤

𝑉𝑜𝑢𝑡

𝐼𝑜𝑢𝑡
𝐷𝑏𝑢𝑐𝑘

=
𝐷𝑏𝑢𝑐𝑘

2(1 − 𝐷𝑏𝑢𝑐𝑘)

𝐿. 𝑓𝑠𝑤 . 𝐼𝑜𝑢𝑡
𝑉𝑜𝑢𝑡 (3.15) 

The inductance will then be: 

𝐿𝑏𝑢𝑐𝑘 =
𝐷𝑏𝑢𝑐𝑘

2(1 − 𝐷𝑏𝑢𝑐𝑘)

𝑅𝑖𝑝𝑝𝑙𝑒. 𝑓𝑠𝑤 . 𝐼𝑜𝑢𝑡
𝑉𝑜𝑢𝑡 (3.16) 

It is noteworthy that the inductor selected for the smart cell application will be the greatest 

of the values obtained from equations (3.8) for the boost mode and (3.16) for the buck 

mode. The equations will be used in the prototype design later in this thesis. 

 

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

48 

 

3.4. Control Strategies 

With the devolvement of semiconductor-based power electronics, advanced power control 

has been available recently using switching circuits. Using the DC/DC power converter, it 

is possible to control current flow, voltage level, or power in other words. In this research, 

the power converter will be used to realize control algorithms with the target of improving 

battery’s working conditions.  

It is worth noting that the load on the terminals of a smart cell can be both positive and 

negative. Throughout the thesis, the negative load is defined as the power flowing into the 

smart cell’s terminal as a result of the regenerative braking which corresponds to current 

flow into the circuit. The positive load is a demand over the smart cell’s terminal while the 

current is flowing out.  

3.4.1. The Filtering Strategy 

As stated in section 2.2.1, the battery gets a longer life if exposed to less frequent charges 

and discharges, and with a reasonable load. The desirable condition is that the battery is 

isolated from peak current situations. Also, the high-frequency part of the load should be 

forwarded to the supercapacitor so that the battery cell is exposed to the low-frequency 

cycles. This strategy is implemented initially to catch up all transients that are detrimental 

to battery health. Figure 3.9 shows the power-sharing inside each smart cell which will be 

controlled and realized incorporating the DC/DC converter. 
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Figure 3.9. Power sharing inside the smart cell 

A first-order high-pass filter described as (3.17) is designed to be implemented inside the 

microcontroller.  

𝐻𝐻𝑃(𝑠) =
𝑠

𝜔𝑐 + 𝑠
 (3.17) 

𝜔𝑐 = 2𝜋𝑓𝑐 where 𝑓𝑐 is the cut-off frequency of the filter. The bilinear transformation is 

used with the sample time of 𝑇𝑠 to discretize the filter.  

𝑠 =
2

𝑇𝑠

−1

𝑧 + 1
 (3.18) 

The discrete high-pass filter is formulated as follows: 

𝐻𝐻𝑃(𝑧) =
Y(z)

𝑈(𝑧)
=
1 − 𝑧−1

𝑎 + 𝑏𝑧−1
 (3.19) 

The filter coefficients are =
𝜔𝑐𝑇𝑠

2
+ 1 , and 𝑏 =

𝜔𝑐𝑇𝑠

2
− 1. To determine filter parameters, 

the step response of the filter and the corresponding time constant is considered. The 

realization of the filter then will be in the form of the equation below: 
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𝑦𝑛 =
1

𝑎
𝑢𝑛 −

1

𝑎
𝑢𝑛−1 −

𝑏

𝑎
𝑦𝑛−1 (3.20) 

This filter has a number of characteristics that are not acceptable for this application. The 

focus here is to charge the ultracapacitor only by regeneration as long as we can. Thus, the 

filtering should not force the battery to charge the ultracapacitor. This happens for instance 

when the load signal is positive and the filtered signal is negative. In such a condition, the 

battery should provide both the ultracapacitor and the load. The similar analysis is valid 

for negative terminal power as well.  

In a completely different case where the filtered signal’s amplitude exceeds the load as a 

result of the filtering, the ultracapacitor will actually be charging the battery. As discussed 

earlier, this is not favorable either because the effectiveness of the idea depends on the 

ability of the ultracapacitor to provide for sudden peak demands and absorb momentary 

regenerations. In other words, the filtering strategy should not force the ultracapacitor to 

discharge on the battery. 

To make this clear, an arbitrary signal is filtered with the time constant of 5s, and the results 

are demonstrated in Figure 3.10. Then, the adaptation algorithm shown in Figure 3.12 is 

applied in addition to the filtering. The improved behaviour for the same arbitrary signal is 

shown in Figure 3.11. 
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Figure 3.10. High pass filtering of an arbitrary signal 

 

 

Figure 3.11. The effect of the adaptation algorithm on the filtering strategy of the smart cell 
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Figure 3.12. Filter adaptation algorithm 

 

3.4.2. Ultracapacitor state of charge control 

The ultracapacitor in the smart cell must always maintain a certain level of charge to be 

able to provide for sudden demands or power peaks to protect the battery. It should also 

keep enough empty room for sudden regenerations coming as a result of momentary 

braking. A dedicated controller is designed to try to maintain these conditions through the 

driving cycles to keep the smart cell effective. This SOC controller will be slower than the 

current regulator and therefore will not interfere with regulator’s fast dynamics. 

Due to practical considerations, the voltage of the ultracapacitor should not go below half 

of its maximum value. Since energy relates to voltage according to (3.21), the energy will 

swing between 25% and 100% of the maximum available amount. 

𝑆𝑂𝐶 =
𝐸

𝐸𝑚𝑎𝑥
=

(𝑉)2

(𝑉𝑚𝑎𝑥)2
 (3.21) 

A PI voltage controller will be designed to keep ultracapacitor’s SOC at 
25+100

2
= 62.5% 

considering equation (3.21) that relates SOC to its voltage. 
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3.4.3. The Equalization Strategy 

If the ultracapacitor is full, it should be engaged more in providing the demand. Likewise 

if it is empty, more power should be absorbed by the ultracapacitor. Both cases mitigate 

battery stresses further while helping the ultracapacitor SOC controller to maintain the 

predefined charge explained in 3.4.2. This strategy will add an extra portion to the 

ultracapacitor’s share as a function of its state of charge illustrated in Figure 3.13. 

 

Figure 3.13. Fast equalization for a fully charged and discharged ultracapacitor cells  

 

3.4.4. Extra Mitigation Strategy 

If the ultracapacitor has the target charge level defined in 3.4.2, it is helpful to force the 

ultracapacitor to add an extra portion to its power share. As shown in Figure 3.14, the added 

share will be a function of ultracapacitor’s state of charge. It will be maximum when the 

state of charge of the ultracapacitor is at the predefined value of 62.5% and will diminish 

as the ultracapacitor moves away from the set point charge. 
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Figure 3.14. Extra compensation gain as a function of state of charge 

 

3.4.5. Supervisory and Protection Strategy 

To have a smooth protection of the ultracapacitor, soft and hard current limits are 

introduced. In the buck mode, the charging process is stopped if the ultracapacitor is full. 

But the charging is possible with a limited rate if the cell is near full. In the boost mode, 

discharge is possible with a limited rate if the cell gets near empty. But a hard lower limit 

is imposed if the cell is below a certain threshold. Equations (3.22) and (3.23) show the 

implementation of this protection. 𝐼𝑟𝑒𝑓 is the reference ultracapacitor current that is limited 

by a factor of 𝑀. The regulator will try to track this reference signal. 

𝑀 =

{
 
 

 
 

0 𝐼𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 < 0 𝑎𝑛𝑑 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 ≥ 100%

−20. 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 + 20 𝐼𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 < 0 𝑎𝑛𝑑 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 > 95%

1
20. 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 − 5

0

30% < 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 < 95%

𝐼𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 > 0 𝑎𝑛𝑑 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 < 30%

𝐼𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙 > 0 𝑎𝑛𝑑 𝑆𝑂𝐶𝑈𝑙𝑡𝑟𝑎𝐶𝑎𝑝 ≤ 25%

 (3.22) 

𝐼𝑟𝑒𝑓 = 𝑀. 𝐼𝑐 (3.23) 
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3.4.6. Summary of control and supervisory unit 

Figure 3.15 summarises proposed control strategies. 𝐼𝑐 is the reference ultracapacitor 

current to mitigate stresses and relieve the battery while maintaining ultracapacitor’s state 

of charge. 𝐼𝑐 will be limited as a function of the state of charge of the ultracapacitor later. 

Finally, 𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 will be fed to the current regulator.  

 

 

Figure 3.15. Smart Cell Control and Supervisory Unit 

 

3.5. The Current Regulator 

3.5.1. Proportional Integral Controller 

A PI controller is implemented that is providing the duty cycle to control the converter. 

Thus, the output of the controller is bounded between zero and one. The regulator is 

parameterized according to the equation below, where 𝑦𝑟𝑒𝑓 denotes the reference signal. 

𝑒(𝑡) = 𝑦𝑟𝑒𝑓(𝑡) − 𝑦(𝑡) ⇒ 𝑦(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 𝑒(𝜏)𝑑𝜏
𝑡

0

 (3.24) 
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A simplified model of the converter is illustrated in Figure 3.16 . 

 

Figure 3.16. A simplified model of the converter 

The current is related to the voltage across the inductor. For the current dynamics, the 

voltage across the supercapacitor 𝑉𝑠𝑐 is considered as a load disturbance to achieve a first 

order system. Since the time constant of the supercapacitor voltage is higher than that of 

the inductor current, this assumption seems to be reasonable. The simplified transfer 

function will be obtained as follows: 

𝐺(𝑠) =
𝐼𝑠𝑐(𝑠)

𝐷𝑉𝑏𝑎𝑡𝑡(𝑠) − 𝑉𝑠𝑐
=

1

𝑠𝐿 + 𝑅
 (3.25) 

A block representation is shown in Figure 3.17. As the duty cycle D is a dimensionless 

parameter, the output of the controller will be divided by nonzero 𝑉𝑏𝑎𝑡𝑡. 

 

Figure 3.17. Control loop of the current regulator 

A design method called “loop shaping” suggests that the desired first order closed loop 

system is specified as below where 𝛼 is the bandwidth of the closed loop system [104].  
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𝑇(𝑠) =
𝐹(𝑠)𝐺(𝑠)

1 + 𝐹(𝑠)𝐺(𝑠)
=

𝛼

𝑠 + 𝛼
 (3.26) 

To satisfy the equation above, we will have: 

𝐹(𝑠)𝐺(𝑠) =
𝛼

𝑠
⇒ 𝐹(𝑠) =

𝛼

𝑠
𝐺(𝑠)−1 =

𝛼

𝑠
(𝑠𝐿 + 𝑅) = 𝛼𝐿 +

𝛼𝑅

𝑠
 (3.27) 

𝐹(𝑠) = 𝐾𝑝 +
𝐾𝑖
𝑠

 (3.28) 

𝐹(𝑠) and 𝐺(𝑠) are the controller and the plant respectively in a unit feedback system. The 

equations above directly gives the regulator parameters that will set the bandwidth of the 

closed loop system. Practically, the values will be fine-tuned to achieve the best results. 

𝐾𝑝 = 𝛼𝐿,𝐾𝑖 = 𝛼𝑅 (3.29) 

3.5.2. Disturbance Rejection 

The method called “active damping” introduced in [104] compensates for the first order 

transfer function approximation. This is illustrated in Figure 3.18 

 

Figure 3.18. Implementation of active damping for disturbance rejection 

The new transfer function will be as follows. 

𝐺̂(𝑠) =
𝐺(𝑠)

1 + 𝑅𝑎𝐺(𝑠)
=

1

𝑠𝐿 + 𝑅 + 𝑅𝑎
 (3.30) 
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Then we will have: 

𝐹(𝑠)𝐺̂(𝑠) =
𝛼

𝑠
⇒ 𝐹(𝑠) =

𝛼

𝑠
𝐺̂(𝑠)−1 =

𝛼

𝑠
(𝑠𝐿 + 𝑅 + 𝑅𝑎) = 𝛼𝐿 +

𝛼(𝑅 + 𝑅𝑎)

𝑠
 (3.31) 

𝑅𝑎 is chosen to be 𝛼𝐿 − 𝑅 which also gives new controller parameters as below: 

𝐾𝑝 = 𝛼𝐿,𝐾𝑖 = 𝛼2𝐿 (3.32) 

3.5.3. Anti-Windup  

The output of the controller is the duty cycle that ranges between 0 and 1. In cases that the 

regulator output is limited, the integrating part keeps building up. The result will be a large 

value for the integrator when the reference value is met finally at the end. To prevent this, 

anti-windup strategy is added. The entire control system is shown in Figure 3.19. 

 

Figure 3.19. Complete control loop of the smart cell 

3.5.4. Digital Implementation in the Microcontroller 

A microcontroller will be used to implement the whole control strategies and current 

regulation process. Therefore, the regulator must be discretized. The bandwidth of the 

closed loop system should be much narrower than that of the sampling to ensure that the 

numerical approximations are accurate. This bandwidth can be controlled by adjusting the 
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regulator parameters via 𝛼 described before. “Backward Euler” algorithm is used to 

approximate the integrator with 𝑇𝑠 as the sampling period.  

∫ 𝑒(𝜏)𝑑𝜏
𝑡

𝑡0

= 𝑇𝑠[𝑒(𝑡) + 𝑒(𝑡 − 𝑇𝑠) + ⋯+ 𝑒(𝑡 − 𝑛𝑇𝑠)] (3.33) 

𝐾𝑖∫ 𝑒(𝜏)𝑑𝜏
𝑡

𝑡0

= 𝑇𝑠𝐾𝑖[𝑒(𝑡) + 𝑒(𝑡 − 𝑇𝑠) + ⋯+ 𝑒(𝑡 − 𝑛𝑇𝑠)] = 𝑇𝑠𝐾𝑖∑𝑒𝑘

𝑛

𝑘=0

 (3.34) 

This leads to the following relationship: 

𝐴𝑛 = 𝑇𝑠𝐾𝑖∑𝑒𝑘 = 𝑇𝑠𝐾𝑖𝑒𝑛 + 𝐴𝑛−1

𝑛

𝑘=0

 (3.35) 

The expression for the discrete PI regulator with active damping then becomes: 

𝐷𝑛
∗ = 𝐾𝑝𝑒𝑛 + 𝑇𝑠𝐾𝑖∑𝑒𝑘

𝑛

𝑘=0

− 𝑅𝑎𝑖𝑛 = 𝐾𝑝𝑒𝑛 + 𝐴𝑛 − 𝑅𝑎𝑖𝑛 (3.36) 

To limit the duty cycle value between 0 and 1, the following constraint will be applied to 

the resultant value of D at each iteration. 

𝐷𝑛 = {

1 𝐷𝑛
∗ > 1

𝐷𝑛
∗ 0 < 𝐷𝑛

∗ < 1
0 𝐷𝑛

∗ < 0
 (3.37) 

To add the anti-windup strategy to the discrete controller, the error input to the integrator 

is adapted as follows: 

𝐵𝑛 = 𝑇𝑠𝐾𝑖∑𝑒𝑘
′ = 𝑇𝑠𝐾𝑖[𝑒𝑛 + 𝐾𝑎𝑤𝑢(𝐷𝑛 − 𝐷𝑛

∗)] + 𝐵𝑛−1

𝑛

𝑘=0

 (3.38) 

The duty cycle that includes anti-windup will be obtained as follows:  
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𝐷𝑛 = 𝐾𝑝𝑒𝑛 + 𝐵𝑛 − 𝑅𝑎𝑖𝑛 (3.39) 

The current value will be sensed at each iteration and will be compared to the reference 

current value. The three iterative equations of (3.37), (3.38), and (3.39) are implemented 

numerically in the microcontroller to calculate the duty cycle based on the error at each 

time step to realize reference signal tracking. As a result, the ultracapacitor’s current will 

track the reference signal generated by the main power control unit. 

 



 

 

 

4. The Prototype and Results 

4.1. Test Load profile 

In order to investigate the effectiveness of hybridization, both the smart cell and the battery 

cell will be tested under the same load profiles and then the battery’s condition will be 

compared. The load profiles are obtained by simulating a fictional electric car under certain 

drive cycles in Autonomie. More detailed is addressed in Appendix 1. HWFET, US06, 

UDDS, and LA92 cycles are selected to cover a complete range of conditions from normal 

urban to aggressive highway driving conditions.  

Table 3 summarizes selected cycles and their characteristics. The corresponding load for 

all four drive cycles are shown in Figure 4.1 to Figure 4.4. To have a better understanding 

of acceleration and braking, the vehicle speed is also included in the diagrams. Negative 

current is assumed to be coming into the storage unit. 

 

Table 3. Selected drive cycles for the test pupose in this study 

Drive Cycle Name Highway Urban Normal Harsh 

HWFET ●  ●  

US06 ●   ● 

UDDS  ● ●  

LA92  ●  ● 
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Figure 4.1. Pack current demanded under normal highway drive cycle, WHEFT 

 

Figure 4.2. Pack current demanded under harsh highway drive cycles, US06 

 

Figure 4.3. Pack current demanded under normal urban drive cycle, UDDS 
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Figure 4.4. Pack current demanded under harsh urban drive cycles, LA92 

 

The load profiles are scaled down by a factor of 20 to fit the safe operation range of the 

battery cell used experimentally. Figure 4.5 to Figure 4.8 show the current profiles that will 

be used for comparison both in simulation and experimentally. Note that the profiles after 

downscaling does not necessary represent a relationship with the mentioned drive cycles. 

Consequently, they will be referred to as load profiles 1 to 4. 

 

 

Figure 4.5. Cell level current demanded under normal highway drive cycle (Load 1) 
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Figure 4.6. Cell level current demanded under harsh highway drive cycles (Load 2) 

 

Figure 4.7. Cell level current demanded under normal urban drive cycle (Load 3) 

 

Figure 4.8. Cell level current demanded under harsh urban drive cycles (Load 4) 
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4.2. The Smart Cell Prototype: Design and Simulations 

The prototype consists of a Batterist Li-Ion polymer battery cell (PF9744128VScLP), a 

Maxwell ultracapacitor (BCAPP0650P270K04), and a DC/DC converter that interfaces 

them. Technical details of the battery cell and the ultracapacitor are elaborated below in 

Table 4 and Table 5 respectively.  

Table 4. Li-Ion battery cell characteristic 

Nominal capacity (0.5 C) 5.4 Ah 

Nominal Voltage 3.7 V 

Impedance at 1 kHz Max 3.5 mΩ 

Charging 

(continuous) 

Voltage 4.2 V 

Current 

Nominal 2.7 A 

Standard 5.4 A 

Maximum 16.2 A 

Discharging 

(continuous) 

Voltage 2.8 V 

Current 

Nominal 2.7 A 

Standard 5.4 A 

Maximum 97.2 A 

Cycle life (DoD 80% 0.5C/0.5C) 500 cycles 

Shelf life (23 °C)  

Operating temperature (charge) 0 to 45 °C 

Operating temperature (discharge) -20to 60°C 

Storage temperature -20to 45°C 

Weight 115 g 

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

66 

 

 

Table 5. Maxwell ultarcapacitors 

 
Cap. 

(F) 

Vmax 

(V) 

ESR 

(mΩ) 

I burst 

(A) 

I max 

(A) 

Weight 

(g) 

Energy 

(Wh) 

Dimensions 

(mm) 

 

350 2.7 3.2 220 21-34 60 0.35 61.5x33.3 

 
650 2.7 0.8 600 54-88 160 0.66 51.5x60.4 

 

The power converter is designed to be able to handle up to 300W as Table 6 shows. The 

battery on the DC bus determines the bus voltage. It is expected to have a voltage and 

current ripple of 0.1 at a switching frequency of 20 KHz. 

   

Table 6. DC/DC converter characteristics 

 

 

 

Considering both buck and boost mode operations, the converter’s inductance must be at 

least 6.6 mH based on equations (3.8) and (3.16). A 2.5 mF capacitor is used as the output 

capacitor of the power converter for the boost mode. The operation of the converter in buck 

and boost mode are simulated in PLECS as shown in Figure 4.9 to Figure 4.12. Note that 

the current for bi-directional convertors is always continuous.  

Max DC bus power 300 W 

Max DC bus voltage 4.2 V 

Current ripple 0.1 

Switching frequency 20 kHz 
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Figure 4.9. Simulation of the converter in PLECS in the boost mode 

 

 

Figure 4.10. Simulation of the converter in PLECS in the buck mode 
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Figure 4.11. The power converter’s operation in boost mode (Simulated in PLECS) 
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Figure 4.12. The power converter’s operation in buck mode (Simulated in PLECS) 
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The smart cell is simulated in SIMULINK as shown in Figure 4.13. The “Electrical Power 

System” represents the battery, the ultracapacitor, and the converter that interfaces them. 

The output is fed back for the corresponding duty cycle. The “Power Management Unit” 

is discussed in 3.4. It generates a reference current signal that the ultracapacitor is supposed 

to follow. The “Current Regulator” is discussed in 3.5. It is a controller that provides the 

converter with appropriate duty cycle so that the ultracapacitor tracks the reference current. 

More detailed information is provided in Appendix 2.  

 

Figure 4.13. Simulation of the smart cell in SIMULINK 

To investigate the effectiveness of the hybridization, the battery’s load share is compared 

for two cases. The first case is when the battery cell is exposed to the test load directly, 

while in the second case the smart cell provides for exactly the same test load. The 

simulation results are illustrated in Figure 4.14. 
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Figure 4.14. The battery’s current simulated under 4 load profiles 

The red lines represent the test load and the blue lines is the load share that the battery cell 

is exposed to in the smart cell. To quantify the difference between the two cases for each 

drive cycle, root mean square of the current is incorporated. The root mean square of the 

battery current defined in (4.1) is a measure of the heat created in the battery cell as well.  

𝐼𝑟𝑚𝑠 = √
1

𝑇
∫ 𝐼𝑏𝑎𝑡𝑡

2
𝑇

0

 (4.1) 

𝐸 =
1

2
. 𝑅. 𝐼𝑟𝑚𝑠

2 . 𝑡 (4.2) 

In Figure 4.15 and Figure 4.16, the RMS of the battery cell is compared for three cases. 

The filtering reduces the RMS current while the adapted filtering shows further 

effectiveness. This is reasonable as the adaptation is designed to limit battery involvement. 
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The results can even be investigated intuitively by comparing the amplitude of the battery 

current in the smart cell with the test load in Figure 4.14.  

 

   

Figure 4.15. RMS of the battry current is decreasing as a result of hybridization (Simulation) 

 

 

Figure 4.16. Percentage of the battery RMS current decrease for the smart cell (Simulation) 
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To further investigate the effectiveness of the power management strategies, the cycling of 

the battery cell is considered. State of charge stress factor is a measure defines in equation 

(4.3). By acquiring the power spectrum of the battery’s SOC, we can determine how 

frequent and how deep the battery cell has been charged and discharged.  

𝑆𝑂𝐶𝑠𝑡𝑟𝑒𝑠𝑠 =∑(|𝑆𝑂𝐶(𝜔)|2. 𝜔) (4.3) 

To do so, the Fourier transform is applied to the state of charge of the battery to obtain the 

frequency components of the changes. The higher the frequency of charge and discharge, 

the more the battery cell is cycled. The square of the amplitude of the frequency 

components resembles the strength of the change in SOC at each frequency showing how 

deep the cycling has been.  

Similar to the root mean square of the battery current, the stress factor is calculated and the 

improvement is illustrated in Figure 4.17 and Figure 4.18. It is noteworthy that the filtering 

strategy alone is pretty inefficient as the stress factor has remained unchanged or even got 

worst in some cases. After implementing the adaptation algorithm in the smart cell which 

eliminates mutual battery and ultracapacitor charge and discharge as a result of filtering, a 

significant improvement is achieved.  
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Figure 4.17. The SOC stress factor is decreasing as a result of hybridization (Simulation) 

 

 

Figure 4.18. Percentage of the SOC stress factor decrease in the smart cell (Simulation) 

 

4.3. Experimental Set Up and Test Results 

The smart cell and the battery cell alone are exposed to the test loads generated by 

LabVIEW. The acquisition system is used to register signals for further analysis. The tests 

are performed in the lab setup shown in Figure 4.19. The control panel includes an 

oscilloscope to provide online state monitoring besides the acquisition system which is 

shown in more details in Figure 4.20 and Figure 4.21. The prototype is also illustrated in 

more details in Figure 4.22. 
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Figure 4.19. Experimental set up to evaluate smart cell’s performance 

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

76 

 

 

 

Figure 4.20. The control panel including generation, acquisition, and monitoring aparatus 

 

 

Figure 4.21. The data acquisition module that captures and logs the signals for further analysis 
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Figure 4.22. The prototype circuit 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

78 

 

Figure 4.23 and Figure 4.24 compare a screenshot of the real time signals in the 

oscilloscope with the simulation results at the same time frame inside the red box. The 

amber signals in both charts are the load current requested from the smart cell. The blue 

signal is the current that the battery has provided. As expected, the battery is experiencing 

a smoother current where the pick is provided by the ultracapacitor. Also, the majority of 

the regenerative current is absorbed by the ultracapacitor to mitigate stresses. 

 

Figure 4.23. Load sharing in a snapshot of the oscilloscope compared to the simulation 

 

Figure 4.24. Load sharing in a snapshot of the oscilloscope compared to the simulation 

 



Master of Applied Science McMaster University 

Mohammad Zeiaee Department of Mechanical Engineering 

 

79 

 

Experimental load current sharing in shown for selected cycles in Figure 4.25 to Figure 

4.28. The current provided by the ultracapacitor is illustrated separately while the battery’s 

share is compared to the case that all the load is being supplied by the battery alone. 

 

 

 

Figure 4.25. Experimental results under Load 1 / Demand, battery and ultracapacitor currents 
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Figure 4.26. Experimental results under Load 2 / Demand, battery and ultracapacitor currents 
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Figure 4.27. Experimental results under Load 3 / Demand, battery and ultracapacitor currents 
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Figure 4.28. Experimental results under Load 4 / Demand, battery and ultracapacitor currents 
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To make the battery the only energy source of the hybrid cell, the initial state of charge of 

the ultracapacitor is selected to be the final value that the controller discussed in 3.4.2 tries 

to maintain. As a result, the net energy extracted and stored in the ultracapacitor during the 

course of the drive cycles will be zero for the sake of a fair comparison. Ultracapacitor’s 

state of charge is shown for all selected drive cycles in Figure 4.29. 

 

Figure 4.29. Ultracapacitor’s SOC throughout the experimental tests 

 

The battery’s experimental cell voltage and its state of charge during the selected loads are 

illustrated in Figure 4.30 to Figure 4.33. As discussed earlier, the state of charge will be 

used to calculate the SOC stress factor which quantifies the cycling that the cell is 

experienced during the test.  
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Figure 4.30. Experimental battery cell voltage and SOC / Load 1  

 

Figure 4.31. Experimental battery cell voltage and SOC / Load 2 
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Figure 4.32. Experimental battery cell voltage and SOC / Load 3 

 

Figure 4.33. Experimental battery cell voltage and SOC / Load 4 
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Similar to simulations, the battery’s RMS current and the stress factor are used to quantify 

the effectiveness of the hybridization strategy. The RMS current is compared for the single 

battery cell and the same cell inside the smart cell in Figure 4.34. Figure 4.35 illustrates 

the percentage that the RMS current is decreased.  

 

 

Figure 4.34. RMS of the battry’s current is decreasing as a result of hybridization (Experimental) 

 

 

Figure 4.35. Percentage of the battery’s RMS current decrease for the smart cell (Experimental) 

Similarly, the SOC stress factor is compared for the same cases as the RMS current in 

Figure 4.36. The percentage of improvement is also shown in Figure 4.37. 
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Figure 4.36. The SOC stress factor is decreasing as a result of hybridization (Experimental) 

 

 

Figure 4.37. Percentage of the SOC stress factor decrease in the smart cell (Experimental) 

 

The experimental results agree with the results obtained from the simulations. In both 

cases, the filtering strategy has eliminated the high frequency portion of the load and 

consequently, the battery is exposed to more smooth cycling. This agrees with smaller 

stress factor that refers to less charge and discharges and shallower cycling. Also, the 

filtering and load sharing strategy has reduced the load over the battery which is quantified 

in RMS of the current. 
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5. Conclusion 

The electric energy storage is one major challenge in modern vehicular applications. 

Although Li-Ion batteries have demonstrated promising characteristics, their limited life 

cycle is a serious problem especially in inherently demanding and harsh applications. In an 

electric vehicle, the electric energy storage unit must be able to provide momentary current 

surges for sudden accelerations. Rather than limited power density, sudden demands are 

detrimental to battery health resulting in shorter battery life. This gets even more 

complicated considering the fact that the battery pack is supposed to recapture the 

regenerated energy during the course of braking.  

In this research, a Li-Ion battery cell is hybridized actively with an ultracapacitor. The 

ultracapacitor is a high power electric storage element with a long life cycle that can handle 

both peak power provision and storage. Consequently, the stresses over the battery are 

mitigated with the expectation of longer battery life. An appropriate configuration is 

selected for this particular application after reviewing several hybridization schemes and 

available power converter structures. 
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A comprehensive power management unit is designed and implemented that is able to 

execute several strategies to mitigate battery stresses while improving power capabilities. 

The prevalent strategy is the filtering strategy that eliminates highly dynamic portion of 

load that is detrimental to battery health. Other strategies such as extra mitigation and 

equalization are intended to add an adaptive nature to the hybrid cell to relieve battery even 

more in case it is possible as a result of load conditions.  

 A current regulator is also designed and implemented to realize the proposed strategies by 

providing the power converter with proper duty cycle. The power management strategy 

creates a reference load profile for the ultracapacitor. The control loop forces the 

ultracapacitor to track this reference. This is done by generation of appropriate duty cycle 

that determines the output current of the converter.  

Rather than simulation under a wide range of test loads, a prototype hybrid cell is built and 

tested in an experimental setup. Two performance factors are considered to quantify the 

effectiveness of the hybridization policy. The root mean square of the current passing 

through the battery gives a sense of how the battery is exposed. It also resembles the heat 

created as the result of battery’s internal resistance. A factor called state of charge stress 

factor quantifies how the battery cell is cycled and how deep the cycling has been. Exposure 

to heat and high load, consecutive charges and discharges, and deep discharges are 

detrimental factors whose elimination contributes to battery life extension.     
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The experimental results agree with the simulations. As a result of load sharing with an 

auxiliary storage unit (the ultracapacitor), the overall load over the battery is decreased 

about 25% in both simulation and experimental. Also filtering the load over the battery has 

resulted in a smoother operating condition reflected by about 33% improvement in SOC 

stress factor. The more the filter’s time constant, the more the battery load is getting 

smoother. In other words, the battery load changes slower by adopting a more aggressive 

filtering regime which results in longer battery life. In this case, the ultracapacitor must be 

large enough to be able to handle the load at the terminal.  

The main target of this research has been to focus on increasing the battery life. Though, 

the optimization of the design is considered beyond the scope of this study. To optimize 

the design, we face contradicting target functions. For instance, the filtering strategy shifts 

the energy provision and recapturing towards the ultracapacitor. To cope with this, a larger 

ultracapacitor must be used. In other words, smoother battery operation comes with the 

expense of bigger and heavier ultracapacitor. A multiobjective optimization is necessary 

to find the optimal hybridization scheme.  

The efficiency has not been studied either. In this research, the hybridization is achieved 

using a power converter which adds to the power losses. The losses come from the 

switching elements, inductor, ultracapacitor, and the electronics used for drive and control. 

Although soft switching technics are available to improve the efficiency of the power 

converter, the general judgment on the effectiveness of this hybridization strategy needs a 

thorough efficiency study. Study of multi-input converters in this regard looks necessary. 
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Finally, designing the whole pack using smart cells instead of the battery cells seems 

impossible without solving the multiobjective optimization that will determine the number 

of series and parallel smart cells inside the pack. This study has been the very first step to 

proving the concept experimentally and to build a prototype that would pave the way for 

further research. The design looks also very promising to be implemented on other 

applications especially with high capacity and large battery cells.  
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Appendix 1: Autonomie Simulations 

The default electric vehicle profile in Autonomie 1210 released on 08/12/2010 is used with 

a 280 KW electric motor and total mass of 2217.676 Kg. The remaining parameters are all 

set to the default values in the commercial software. The simulation scheme is shown in 

Figure A.1. Effects of environment, grading, and the driver are considered in the simulation 

as well.  

 

 

Figure A.1. The simulation set up in Autonomie  
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Figure A.2 shows the power transmission scheme. The main path starts with the electric 

storage unit followed by the electric motor. Then the gearbox transmits the power through 

the final drive to the wheels. The second path at the bottom represents the power 

consumption of electronics in the vehicle. 

 

Figure A.2. Power transmission scheme in Autonomie, the simulation software. 
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Appendix 2: SIMULINK Simulations  

The smart cell is simulated in SIMULINK. The main simulation scheme shown in Figure 

4.13 is composed of three main blocks. 

1. Electrical Power System: The block is shown in Figure A. 3. The battery and the 

ultracapacitor are interfaced with the power convertor that is controlled with the duty 

cycle. The duty cycle is the input signal that comes from the current regulator block.  

 

Figure A. 3. Simulation of the smart cell in SIMULINK / Electric Power System 

 

2. Current Regulator: The current regulator shown in Figure A. 4 is a digital PI controller 

that is designed and implemented as discussed in 3.5. The block receives ultracapacitor’s 

reference current as an input from the control and management unit and produces an 

appropriate duty cycle that will be fed to the electric power system.  
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Figure A. 4. Simulation of the smart cell in SIMULINK / Current Regulator 

 

3. Power Management Unit: This block determines the reference signal that the 

ultracapacitor’s current will track as shown in Figure 3.15. All of the control strategies 

discussed in section 3.4 are implemented in this block that is illustrated in Figure 5.5. 

 

Figure 5.5. Simulation of the smart cell in SIMULINK / Power Management Unit 
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The “Power Management Unit” is composed of four major blocks. The “Extra Mitigation” 

and the “Equalization” units that are discussed in details in sections 3.4.4 and 3.4.3 are 

shown in Figure A.6. 

 

 

Figure A.6. Simulation of the smart cell in SIMULINK / Extra mitigation (left), Equlizaer (right) 

 

Also, A PI controller is designed to control the state of charge of the ultracapacitor as 

discussed in 3.4.2. Figure A.7 shows the corresponding block used in the simulations. The 

controller tries to maintain a certain level of SOC given as an input to the block. 

 

Figure A.7. Simulation of the smart cell in SIMULINK / Ultracapacitor’s SOC controller 
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The adaptation algorithm and its necessity is discussed in details in 3.4.1. Figure 5.8 shows 

SIMULINK realization of the adaptation algorithm.  

 

Figure 5.8. Simulation of the smart cell in SIMULINK / The Adaptation Algorithm 

 

The piece of code to calculate SOC stress factor defined in (4.3) is shown in Figure A.9. 

 

Figure A.9. Calculation of SOC stress factor in MATLAB 
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Appendix 3: Lab Equipment  

The comparison and testing procedure is performed under simulated load cycles. 

LabVIEW is used to both create the waveforms and also capture the data for further 

analysis. Different modules are mounted over the data acquisition chassis for each specific 

application. The chassis NI cDAQ-9188 is shown in Figure A.10. More technical 

information is provided in [105]. 

 

Figure A.10. The data acquisition chassis NI cDAQ-9188 [105]. 

 

NI 9264 shown in Figure A.11 is a 16 channel ±10V analog Output module. This module 

creates an analogue voltage signal that represents the load cycle. The power supply KEPCO 

BOP-MG 1KW has the ability to generate up to ±150A proportional to the analogue voltage 

fed to its analogue input which is connected to module NI9264. The load signal will be created 

by the LabVIEW and then fed to the power supply. More technical details about the analogue 

output module and the power supply are provided in [106] and [107] respectively. 
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Figure A.11. NI 9264 analogue output module [106]. 

NI 9239 and NI 9205 shown in Figure 5.12 are analogue input modules that can capture an 

analogue signal with 24 bit and 16 bit resolution respectively. They are used to capture 

signals for further analysis and calculations. Technical details are available at [108] and 

[109] respectively. 

  

Figure 5.12. Analogue input modeules used to capture signals for further analysis 
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Appendix 4: The Prototype Circuit 

The circuit is built on a fast prototyping PC Board with each element soldered on it. The 

board was strengthened with a solid line of lead to reinforce it for higher currents. 

OptiMOS-T2 switches were selected for this application that are ultra-low 𝑅𝑑𝑠(𝑜𝑛) and 

automotive electronics council qualified. The technical details are available in [110]. To 

drive the switches and deal with the technical difficulties of a half bridge circuit, the high-

low side driver IR2110 is used that is able to provide up to 2A and 20V. Technical details 

are available in [111]. The switching circuit with its driver is shown in Figure A.13. 

 

Figure A.13. Half bridge drive circuit 

The microcontroller used is PIC18F45K20 with up to 64MHz crystal modes, 13 external 

channels of 10 bit ADC, up to 35 high current sink/source I/O, enhanced CCP with 

programmable dead time to drive power electronic bridges. The pinout is shown in Figure 

A.14. The chip can be programmed directly on the prototype circuit built. The oscillator 

circuit for the microcontroller is also shown in Figure A.15. 
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Figure A.14. Pinout for PIC18F45K20 

 

Figure A.15. Oscillator connection of the microcontroller 

 

P1A, and P1B pins are used as the outputs of the enhanced PWM mode. They are connected 

to PWM-H and PWM-L pins in Figure A.13 to drive the switching circuit. The analogue 

input mode in AN5 to AN8 is selected as the input for the ADC to get feedback from the 

power circuit. More details about the microcontroller is provided in [112]. The overall 

connection of the parts is discussed in Figure 4.22 earlier. 
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Appendix 5: The Microcontroller Coding 

The initiation of the chip determines the operation mode, frequency, port associations and 

settings required for safe operation. The main routine is shown in Figure A.16 (a). The 

Interrupt Service Routine or ISR is the routine that goes on as long as there is an error 

between the set point and the measured signal. This routine is illustrated in Figure A.16 (b) 

and coloured with the same dark blue as the flowchart is illustrated. The blocks in the 

flowcharts are highlighted inside the code in the form of comments.  

 

 

(a) (b) 

Figure A.16. Flowcharts of (a) the chip initialization (b) the intrupt routine 

 


