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ABSTRACT 

Electric vehicles (EVs) have become a favourable choice due to the current environmental 

conditions and limited fuel resources. For efficient operation, EVs often use a lithium-ion 

battery as its main power source. Nevertheless, during acceleration, EVs require an instant 

high load demand, which is quite challenging to satisfy with the lithium-ion battery alone 

due to its slow discharging rate. This frequent fluctuation can damage the batteries’ State 

of Health (SoH), and to overcome this issue, a Hybrid Energy Storage System (HESS) is 

proposed. In the system, a Supercapacitor (SC) is used to support the immediate load 

demand from a vehicle. To ensure that the correct amount of power is extracted, a suitable 

controller needs to be integrated with a Bidirectional DC-DC Converter (BDC). As a model 

disturbance can influence both the load demand and system feedback response, a novel 

contribution of this work is to introduce the application of Model Reference Adaptive 

Control (MRAC) to overcome this issue.  A detailed derivation of this algorithm, along 

with the investigation of the tuning effect, is presented. To analyse the efficacy of this 

controller, several numerical simulations have been carried out using MATLAB/Simulink, 

where the MRAC performance is benchmarked against the Proportional Integral (PI) 

controller, based on several performance indexes such as Root Mean Square Error (RMSE) 

of current and voltage, power demand tracking, and controllers’ characteristics. For regular 

operation, the results show that MRAC outperforms the PI controller in tracking voltage 

demand by 67% (with constant voltage) and 85% (with variable voltage) with inverting 

BDC and current demands by 16% (with variable current) in non-inverting BDC. While in 

the presence of disturbance, MRAC shows its efficacy in current demand tracking by 

surpassing PI controller with 15% higher accuracy. In this case, MRAC requires some time 

due to adjust its mechanism to surpass the PI controller in tracking the load demand. To 

validate the MRAC design, an EV model, designed by MathWorks has been utilised upon 

the integration of the HESS with a Power Management System (PMS) that operated with 

four (4) different driving cycles, approved by the Environmental Protection Agency (EPA), 

such as US06, Urban Dynamometer Driving Schedule (UDDS), Highway Fuel Economy 

Test (HWEFT) and Federal Test Procedure (FTP). The comparison results show MRAC 

consistently demonstrates superior current tracking compared to PI controller under 

disturbance conditions, as evidenced by significantly lower RMSE values in HWFET (8.15 

vs. 39.74), UDDS (7.4 vs. 31.97), and FTP (6.34 vs. 24.89) drive cycles, respectively. 

Finally, the results of this study highlight the potential of adaptive control strategies in 

improving the efficiency, stability, and reliability of power management systems along with 

BDC for Hybrid Electric Vehicles (HEVs). 
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البحث   ملخص  

خيارًا مفضلًً في ظل الظروف البيئية الحالية وندرة   (EVs) الكهربائيةتشكل السيارات  

- موارد الوقود. لضمان التشغيل الفعاّل، تستخدم السيارات الكهربائية عادةً بطارية ليثيوم 

أيون كمصدر رئيسي للطاقة. ومع ذلك، تتطلب السيارات الكهربائية أثناء التسارع حملًً 

أيون وحدها بسبب -لبيته باستخدام بطارية الليثيومفورياً عالياً، وهو ما يمثل تحدياً كبيرًا لت

صحة  حالة  تدهور  إلى  المتكررة  التقلبات  هذه  تؤدي  أن  يمكن  البطيء.  تفريغها  معدل 

هجين .(SoH) البطاريات  طاقة  تخزين  نظام  اقتراح  تم  المشكلة،  هذه  على   وللتغلب 

(HESS)الفائق المكثف  استخدام  يتم  من  ل (SC) ، حيث  المطلوب  الفوري  الحمل  دعم 

السيارة. لضمان استخلًص الكمية الصحيحة من الطاقة، يجب دمج وحدة تحكم مناسبة مع  

نظرًا لأن اضطرابات النموذج يمكن أن تؤثر   .(BDC) محول تيار مستمر ثنائي الاتجاه

على كل من الحمل المطلوب واستجابة النظام، فإن الإسهام الجديد لهذا العمل يتمثل في  

للتغلب على هذه المشكلة. يتم تقديم  (MRAC) تطبيق التحكم التكيفي المرجعي النموذجي

هذه  فعالية  لتحليل  المعايير.  ضبط  تأثير  دراسة  مع  الخوارزمية،  لهذا  مفصل  اشتقاق 

برنامج باستخدام  العددية  المحاكاة  من  العديد  إجراء  تم   الخوارزمية، 

MATLAB/Simulinkأداء  ، حيث تمت مقارنة MRAC   مع وحدة التحكم التناسبي

للتيار  (RMSE) استناداً إلى عدة مؤشرات أداء مثل جذر متوسط المربع  (PI) التكاملي

النتائج، في ظروف   التحكم. تظهر  الطاقة، وخصائص وحدات  والجهد، وتتبع متطلبات 

في تتبع متطلبات الجهد بنسبة  PI يتفوق على وحدة التحكم MRAC التشغيل العادية، أن

٪ )مع جهد متغير( باستخدام محول تيار مستمر عاكس، وفي 85٪ )مع جهد ثابت( و67

٪ )مع تيار متغير( باستخدام محول تيار مستمر غير عاكس. 16تتبع متطلبات التيار بنسبة  

يثبت فعاليته في تتبع متطلبات التيار من خلًل  MRAC أما في وجود الاضطرابات، فإن

إلى   MRAC ٪. في هذه الحالة، يحتاج15بدقة أعلى بنسبة   PI تحكم تفوقه على وحدة ال
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في تتبع الحمل المطلوب.  PI بعض الوقت لتعديل آليته من أجل التفوق على وحدة التحكم

تصميم بواسطةMRAC لتأكيد  مصمم  الكهربائية  للسيارة  نموذج  استخدام  تم   ، 

MathWorks دمج الطاقة HESS بعد  إدارة  نظام  أربع   (PMS) مع  مع  يعمل  الذي 

، الجدول US06 ، مثل(EPA) دورات قيادة مختلفة، معتمدة من قبل وكالة حماية البيئة

الحضرية الديناميكية  للقيادة  الطرق  (UDDS) الزمني  على  الوقود  اقتصاد  اختبار   ،

 تظهر نتائج المقارنة أن  .(FTP) ، وإجراءات الاختبار الفيدرالية(HWFET) السريعة

MRAC يظهر باستمرار أداءً متفوقاً في تتبع التيار مقارنة بوحدة التحكم PI   في ظروف

قيم من خلًل  يتضح  ما  وهو  دورات  RMSE الاضطرابات،  في  ملحوظ  بشكل  الأقل 

FTP  (6.34(، و31.97مقابل    7.4) UDDS،  (39.74مقابل   8.15) HWFET القيادة

( على التوالي. أخيرًا، تبرز نتائج هذه الدراسة إمكانيات استراتيجيات التحكم 24.89مقابل  

التكيفية في تحسين كفاءة واستقرار وموثوقية أنظمة إدارة الطاقة، جنباً إلى جنب مع محول 

(HEVs). التيار المستمر ثنائي الاتجاه في السيارات الهجينة الكهربائية
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CHAPTER ONE 

INTRODUCTION 

1.1 INTRODUCTION 

Fossil fuel contributes to environmental pollution, and as its price is rising, electric-

powered equipment has achieved great interest among researchers as an alternative energy. 

Since electricity can be generated from various renewable sources and is environmentally 

friendly, automotive policymakers are highly interested in bringing changes in the sources 

of energy for the transportation sector. Higher fuel economy, lower emissions and better 

performance are the key factors that motivate researchers to pay more attention to the 

development of electric vehicles as an alternative to internal combustion engine (Amjadi 

& Williamson, 2009; Emadi et al., 2008; Ghorbani et al., 2010; Khan & Tolbert, 2009).  

The ongoing demand can be observed from Figure 1.1, where it shows the dramatically 

increasing nature of the EV sales forecast from 2000 to 2040. 

 

Figure 1.1 EV production from 2000 to 2010 (Mackenzie, 2020). 
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Figure 1.1 presents the evolution and growth of electric vehicle (EV) sales from 

2000 to 2040, broken down by the United States, Europe, China, the rest of the world, and 

also the emergence of autonomous electric vehicles. From 2000 to 2010, EV sales are 

minimal across all regions. However, between 2010 and 2020, the industry begins to see 

gradual growth, especially in China due to the advancements in battery efficiency and lower 

costs. Post-2020, EV sales experience exponential growth, with China (dark green) 

becoming the dominant market by 2025, reflecting its aggressive EV adoption strategies. 

By 2030, EVs transition from niche to mainstream across most regions. At the same time, 

autonomous electric vehicles (yellow) begin to make significant progress around 2030, 

benefiting from advancements in AI, connectivity, and sensor technology. Early adoption 

occurs in regions with supportive regulations and advanced technology infrastructure. By 

2040, it is projected that autonomous EVs represent a significant portion of the market, 

driven by the appeal of autonomous driving and electric propulsion. This data highlights 

the important in developing a technology specifically for EV.  

 

1.1.1 Working Principle of Electric Vehicle 

An electric vehicle consists of several important components, such as the battery, motor, 

and powertrain system, as shown in Figure 1.2. The batteries act as a storage system and 

provide Direct Current (DC) power, then the power converter will convert it into Alternate 

Current (AC) power to run the electric motors. The rotation speed from the motor is then 

transmitted through the transmission system to provide the required traction force 

according to the driver’s demand. This is the basic working principle behind pure Battery 
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Electric Vehicles (BEVs), where the batteries can be recharged from any power grid 

through a plug-in system. 

 

Figure 1.2 The drivetrain architecture of EV (Technology, 2020). 

 

  While Hybrid Electric Vehicle (HEV) and Plug-in Hybrid Electric Vehicle (PHEV) 

follow different working principles. For instance, HEVs primarily rely on internal 

combustion (IC) engines to generate traction force with conventional transmission systems 

while utilizing an electric motor as a secondary engine. In HEVs, batteries store the energy 

through a regenerative braking system from the IC engine power, especially when the 

vehicles are in braking mode. Figure 1.3 shows a HEV, Toyota Prius that receives 

popularity due to its fuel economy feature. 

The PHEVs also have both an IC engine and an electric motor to run the car. Here, 

these vehicles are run by the electric motor at first, and after the depletion of the battery 

storage, they can switch to a powered engine system. Unlike HEVs, PHEVs have the 

features to recharge the batteries through a regenerative braking system or from any power 

grid. Hence, PHEVs are more similar to BEVs since the energy storage system of both 

vehicles can be recharged.  
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Figure 1.3 Toyota Prius (Maric, 2019) 

 

1.1.2 Energy Storage Systems 

Energy storage systems (ESSs) are one of the important components in EVs that have a 

similar function as a fuel tank. Its total capacity and fast energy release capability are two 

different factors that are widely considered in the design process (Lukic et al., 2008). Other 

characteristics also need to be considered, such as power density, energy density, cost, 

lifetime, and maintenance (Khaligh & Li, 2010). Based on these characteristics, the energy 

storage system can be categorized into chemical batteries, Supercapacitors (SCs), fuel cells, 

flywheels and engine generators (Khaligh & Li, 2010; Van Mierlo et al., 2004). It also can 

be categorized based on the method of storage such as chemical ESSs, electrical ESSs and 

thermal ESSs (Bindra & Revankar, 2018). In general, electromechanical batteries include 

lithium-ion, Nickel-Metal Hydride (Ni-MH), Nickel-Cadmium (Ni-Cd), Nickel-Zinc (Ni-

Zn), Zinc-Air (Zn-Air), Sodium-Sulfur (Na-S), ZEBRA, and lead-acid can be considered 

as good candidates for storage devices (Azidin et al., 2013; Lukic et al., 2008; Tie & Tan, 

2013). These batteries can be rechargeable and offer high power density, high specific 

energy, flat discharge profile and a wide thermal performance (Lukic et al., 2006).  
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Surprisingly, there is no such ESS that can satisfy all the requirements of HEVs, 

PHEVs and EVs. Hence, hybridization of ESS with a supercapacitor has been found in 

literature as a solution to enhance the performance of ESS and fulfil all possible 

requirements of EVs (Lukic et al., 2006; Ortúzar et al., 2007; Thounthong et al., 2009). SCs 

are mainly popular for their power densities, fast charging and discharging capacity and 

long life cycle with efficiency (Khaligh & Li, 2010). Thus, it can act as a secondary or 

backup power supply to the EV to fulfil the shortage of voltage. Nevertheless, a good 

Battery management System (BMS) is often needed. 

 

1.1.3 Battery Management System (BMS) 

BMS is responsible for managing the operation of a battery to ensure efficient, reliable, 

safe and durable operation (Xing et al., 2011). It helps to monitor the battery states such as 

SOC, SOH, state of available power (SOP) and state of battery life (SOL) (Ali et al., 2019). 

BMS is able to sense the battery current, voltage, charge, and temperature, which helps to 

avoid any sort of overcharge and over-discharge, over-voltage and overheating (M. A. 

Hannan et al., 2017; Lu et al., 2013). One of the responsibilities of BMS is to supply a 

suitable voltage to the motor to satisfy the load demand. Thus, BMS needs to rely on DC-

DC converters to increase or decrease the voltage or current, maintaining the power 

according to the requirement. One of the common applications of DC-DC converters in a 

car is to convert high voltage to low voltage to meet the electrical equipment’s demands, 

such as air conditioning, radio, lamp, etc. Section 1.1.4 will elaborate more about its 

necessity and working principles.  

 



6 
 

1.1.4 DC-DC Converter 

DC-DC converter is a commonly used device in power electronics that adjusts the DC 

voltage or current according to the power demand of a system. In other words, a DC-DC 

converter is used to shift the DC input voltage and current to a required DC voltage or 

current. Figure 1.4 represents a block diagram of a DC-DC converter. 

 

Figure 1.4 A block diagram of a DC-DC converter (Hedlund, 2010) 

 

In practice, voltage, or current shifts through switch on and off with significantly 

high speed. During operation, when the output voltage (Uo) is greater than the input voltage 

(Ui), the converter works in buck mode. On the contrary, the converter works in the boost 

mode when the output voltage (Uo) is smaller than the input voltage (Ui). In automobiles, 

normally, the battery offers 250-360V, and SC provides 150-400V of voltage which are far 

from the DC-Bus demand of 400-750V of an EV. Hence, the step-up DC-DC converter is 

required for EV to meet the demand, and a step-down DC-DC converter is required to 

charge up the battery (Forouzesh et al., 2017). 

A Bidirectional DC-DC converter (BDC) is a type of power electronics device that 

can convert direct current (DC) electrical power from one voltage level to another in two 

directions. Thus, it offers the feature of stepping up (boost) or stepping down (buck) the 

voltage and can transfer power in both directions between two DC sources. In the 

automobile industry, BDCs are inevitable components in many modern electrical systems, 
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particularly in EVs. As a DC-DC converter type, BDCs incorporate two types of circuit 

models: a boost circuit and a buck circuit. Importantly, the boost circuit increases the 

voltage from a lower level to a higher level, while the buck circuit decreases the voltage 

from a higher level to a lower level. Thus, the BDCs are able to direct and redirect power 

flow in both directions (Rashid, 2018).  

A BDC extracts power from the main battery to supply auxiliary systems or 

recharge a secondary battery. In the reverse direction, it draws power from the regenerative 

braking or auxiliary sources to recharge the main battery or SC (Khaligh & Li, 2010). 

Importantly, a control system manages the direction and amount of power transfer to 

optimize the overall system performance. Therefore, researchers introduce several control 

algorithms for BDC, such as PI, PID (Ramya & Jegathesan, 2016), Model Predictive 

Control (MPC) (Pirooz & Noroozian, 2016), Sliding Mode Control (Ciccarelli & Lauria, 

2010), H-infinity (Bai et al., 2019) and Backstepping (Khan et al., 2019) based on the 

suitability. 

 

1.1.5 Working Principle of a BDC in EVs 

While charging the ESSs (e.g., battery packs), the buck mode of a converter switches on, 

while during discharging or supplying the charge to the motors, the boost mode switches 

on. Figure 1.5 describes how power moves from battery and charger to motor and other 

electrical equipment. The battery is connected to a bidirectional DC-DC converter (BDC) 

to amplify the voltage, and the converter again sends it to a bidirectional DC-AC converter 

(BAC) to convert DC current into 3-phase AC current as the electric motor requires 3-phase 

current. In the meantime, the BDC also sends current to a unidirectional DC-DC converter 
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to step down the voltage and charge the small battery that is responsible for the car’s 

internal usage. It is noted that during charging, the AC current is converted into DC current, 

and that’s why a unidirectional AC-DC converter is used to transfer the current from the 

charger to the BDC that is directly connected to the battery to charge up the battery. 

 

Figure 1.5 Schematic diagram of EV drivetrain architecture  (Technology, 2020). 

 

1.2 PROBLEM STATEMENT AND ITS SIGNIFICANCE 

In this work, both the lithium-ion battery and supercapacitor have been considered as the 

sources of energy in electric vehicles where the battery is the primary source, and the 

supercapacitor is a secondary source. In general, an electric vehicle moves in three different 

modes such as i) acceleration mode, ii) normal (steady-state) mode and iii) regenerative 

braking mode (Pany et al., 2011).  

In acceleration mode, the battery requires more power than in the normal mode, 

especially when climbing a hill. This demand may jeopardize the battery's health if extreme 

power is extracted frequently from the battery. Since the power density of the battery is 
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quite poor in general, it cannot supply sufficient power to the motor during sudden power 

demands. Besides, as discussed before, a BDC needs to regulate the demand for power 

either by boosting or releasing. For optimal performance, the voltage of BDC needs to be 

regulated by using a suitable controller to maintain a smooth step up or step down according 

to the demand. It is also required to track the continuous load demand, ensuring fast energy 

dissipation from the designated ESSs and tackling model uncertainty which may arise due 

to the variable switching frequency and power demands from the motor.  

Ensuring a good State of Charge (SOC) and State of Health (SOH) of an ESS is 

also important for BMS, and thus, it must have a controller that will be able to deal with 

the nonlinearity of the BDC. The nonlinearity issues of BDCs have been discussed in the 

literature (Ebad & Song, 2012; Stramosk & Pagano, 2013; Xu et al., 2020). As a result, a 

suitable control algorithm should be introduced. Nonlinear controllers such as Sliding 

Mode Control often produce a chattering problem. As for MPC, the algorithm may require 

more computational time, while the Backstepping controller suffers from over-

parameterization, making the design more complex. Considering these facts, this work 

proposes a Model Reference Adaptive Control (MRAC) algorithm that has been identified 

as a suitable candidate to tackle the problem that has not been applied before for EV 

applications. Since this is the first time DMRAC is used in BDC, a proper design, 

performance analysis, and tuning procedure may become a worthy contribution to this 

work. 
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1.3 RESEARCH OBJECTIVES 

1. To design an adaptive controller for a simple BDC supplying a constant and variable 

battery pack voltage for satisfying the three driving modes in EV namely 

acceleration, cruising, and braking.  

2. To evaluate the controller performance based on the standard index such as control 

effort and tracking error. 

3. To analyze the performance of an adaptive controller with the BDC for a Hybrid 

Energy Storage System where the current supply is switched between battery pack 

and supercapacitor.  

4. To validate the adaptive controller performance by analyzing its power and current 

tracking accuracy according to the demand from an electric vehicle longitudinal 

dynamic model based on different drive cycles.  

 

1.4 RESEARCH HYPOTHESIS 

In general, Battery Management System (BMS) fulfils the load demands that come from 

the motor by regulating a certain amount of supplied voltage. Li-ion battery supplies power 

with constant current (Zhang, 2018) maintaining a constant C-rate. The C-rate is a measure 

of the rate at which a battery is charged or discharged relative to its maximum capacity. In 

acceleration mode, the motor demands more power from the battery, and to fulfil the 

demand, the battery needs to change the C-rate immediately. Ironically, it is not possible 

for a Li-ion battery to jump from a lower to a higher C-rate in order to fulfil the demand 

and in general, it takes more than 6 min to discharge with 120 A (Burke & Miller, 2011).  
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To solve the problem, a secondary power source is required that has higher power 

density and fast charge-discharge capacity to fulfill the demand. In this study, hybrid ESS 

has been considered where Li-ion battery is the primary source that can maintain a constant 

C-rate, and SC plays the role of the secondary source that can offer the additional power 

demand after Li-ion battery. It is worth mentioning that SC has the ability to discharge by 

0.3-30 seconds with nearly 95% efficiency based on the requirements (Douglas & Pillay, 

2005). In this work, a Li-ion battery and an SC are connected with two separate BDCs in 

series to extract current or voltage. This extracted current or voltage is regulated according 

to the demand from the motor, and thus, two separate controllers have been considered to 

regulate the current or voltage separately. The DC link will deliver the regulated power 

from SC and battery to a DC-AC converter (also known as inverter) that supplies the AC 

current to the motor.   

Figure 1.5 demonstrates the proposed drivetrain configuration that explains how the 

battery and SC are connected with the DC link in parallel and supply power to the inverter.  

 

Figure 1.6 A block diagram of the proposed drivetrain configuration. 
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In the meantime, there is a possibility of a fluctuation of voltage or current demand 

during the fulfilment of the demand of the motor and the transfer of power because of 

sudden energy dissipation. The fluctuation and delay of voltage may destroy or prompt 

dysfunction of any electrical equipment in an EV, and that’s why MRAC is proposed to 

ensure the smooth flow and delay-free voltage to the load through online tuning. In 

addition, since nonlinearity can disturb the system and the BDC needs to meet the demand 

of the motor, it is expected that the MRAC model can also handle these issues. Here, the 

MRAC model works with the supercapacitor loop since the battery power is delimited by 

the Battery Management System (BMS). To ensure the safety of the battery health, an 

additional PI controller has been considered with the BDC that is responsible for battery 

output, while the power extracted from the supercapacitor is controlled by a nonlinear 

MRAC controller since the motor demand is always fluctuating.  

 

1.5 CONTRIBUTION 

The contribution from this study as follows: 

1. Design and implementation of a Model Reference Adaptive Control (MRAC) for 

Bidirectional DC-DC Converters (BDC), capable of regulating voltage under 

varying EV driving conditions (acceleration, cruising, braking). 

2. Improvement in the stability and adaptability of the BDC system compared to 

traditional control methods such as PI controllers. 

3. Development of a power management system (PMS) for switching between battery 

and supercapacitor, ensuring a smooth power supply during acceleration, cruising, 

and regenerative braking.   
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4. Evaluation of the adaptive control strategy in a simulated EV environment using 

multiple drive cycles (i.e., HWFET, FTP, UDDS, US06) to demonstrate the 

controller's effectiveness under different real-world driving conditions. 

 

1.6 SCOPE AND LIMITATIONS OF THE STUDY 

This study significantly focuses on adaptive controllers for the BDC of EVs. The controller 

is required to deal with the voltage or current demand that fluctuates with respect to driving 

modes. The novelty of this work is the consideration of adaptive controller and, more 

specifically, MRAC for BDC in EV. It would be challenging to know the characteristics of 

an adaptive controller on BDC and its performance at different voltage or current demands 

based on some benchmarks since previous works on the adaptive controllers for BDC 

specifically on this application, are not available (Brando et al., 2018; Nazir et al., 2020; 

Yanarates & Zhou, 2022).  

The work proposes model-based adaptive controllers with two different sources for 

a BDC that will deal with model infidelity, model uncertainty, ripple reduction and varying 

gain. However, this work will not involve BMS features and will focus only on the output 

performance that will be linked to BDC through controllers. Apart from that, this work 

considers a system that is offered by MATLAB (Mathworks, 2022) as a benchmark model 

since this system goes through experimental work. Hence, the performance of MRAC is 

compared with the existing controller in the model. 
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1.7 THESIS OUTLINE 

This study will proceed according to its objectives, which are detailed across this chapters. 

The Introduction outlines the future growth of electric vehicles, their working principles, 

and the significance of BDCs and their controllers in the automotive industry. It also 

includes the motivation and problem statement, objectives, methodology, research scope, 

and limitations. The Literature Review offers a comprehensive study of available ESSs, 

BDCs, and their controllers, comparing different ESSs and controllers to demonstrate the 

strength of the proposed controller. The Methodology chapter explains how the work will 

progress step-by-step towards the objectives, detailing the BDC topology and model, HESS 

configuration, and controller design. It also introduces a validation model with detailed 

parameters to verify the research. The Results and Validation chapter presents the outcomes 

from the designed models, focusing on the performance and evaluations of the controllers 

with different models. It also discusses the validation results obtained from simulations 

performed in the MATLAB/Simulink environment. The Conclusion chapter summarizes 

the research, highlighting achievements and contributions. It recommends steps for future 

improvements and suggests related future work. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 INTRODUCTION 

Due to the surge in the demand for EVs, the development and improvement of ESSs have 

become pivotal as they store and supply the energy needed for propulsion. This 

improvement includes regenerative braking, which captures energy during deceleration to 

extend the driving range, and energy management within the vehicle, which can ensure 

optimal performance and efficiency. As the core component of an EV’s powertrain, ESS 

directly impacts vehicle range, performance, and sustainability, making them essential for 

the advancement and adoption of electric transportation. Besides, another important 

component in the EV drivetrain, such as BDC, is crucial for managing energy flow between 

the battery and other components, such as the motor and the ESS. They enable efficient 

energy transfer and support regenerative braking, allowing energy to be recaptured and 

stored during braking. These converters also help stabilize voltage levels, ensuring optimal 

performance and efficiency of the vehicle. Additionally, they facilitate vehicle-to-grid 

(V2G) capabilities, allowing EVs to supply power back to the grid, thereby enhancing 

energy flexibility and contributing to grid stability. This versatility makes bidirectional DC-

DC converters essential for modern EVs. 

In addition, integrating a control system with a BDC in an EV is important for 

optimizing energy management and enhancing performance. This integration enables 

precise regulation of power flow between the ESS and the electric motor, ensuring efficient 

energy use during driving and charging especially. It also allows for seamless transitions 
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between charging and discharging modes, maintaining battery health and extending its 

lifespan. Additionally, the control system ensures voltage stability, protects against 

overvoltage and under-voltage conditions, and improves the overall reliability and safety 

of the EV's powertrain system. However, each controller has its own advantages and 

disadvantages during their operations. Hence, this chapter is dedicated to outlining the 

available ESSs, and BDCs that are commonly used for EV drivetrain. In addition, 

commonly considered controllers in this application, including their pros and cons, have 

also been reviewed in this chapter. 

 

2.2 ENERGY STORAGE SYSTEMS (ESSS) FOR EV 

Studying literature review specifically on ESSs for EV can guide to choose a suitable ESS 

for this research work. In general, there are several types of ESSs for EV such as primary, 

auxiliary and hybrid ESS. The primary ESSs describes the type of ESSs that play the role 

as a main source of power in an EV, while auxiliary ESSs only assist the main source to 

boost up the power in EV. Interestingly, it is noted that primary ESSs do not always require 

auxiliary ESSs. However, to improve the performance of ESSs, hybrid ESSs have been 

introduced to accommodate both the primary and auxiliary ESSs. It is utilized not only to 

improve the performance of ESSs but also to enhance their lives. Figure 2.1. describes the 

classification and types of ESSs according to their usage.  
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Figure 2.1 Classification of ESSs for electric vehicle. 

 

2.2.1 Chemical ESSs 

Chemical ESSs cover a wide range of batteries that includes chemical, electromechanical, 

flow batteries and fuel cells (Bindra & Revankar, 2018). This section will cover almost all 

these areas in brief. 

 

2.2.1.1 Lead-acid battery 

Lead-acid batteries are mostly popular among IC engine-powered vehicles because of their 

high availability in the market, are comparatively quite cost-effective and do not generate 

heat (Khaligh & Li, 2010). In general, these batteries last with a 2000-4500 cycle life of 6-

15 years. The power density varies from 200 to 400 W/kg, efficiency is between 70-90% 

and operational temperature ranges between -20⁰C to 60⁰C of the batteries. For HEVs, 

VRLA (valva-regulated lead acid) batteries are highly used because of their fast charging 
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ability, low initial cost, high specific power and very insignificant maintenance cost (Hoque 

et al., 2017). 

 

2.2.1.2 Nickel-based battery 

Nickel-based batteries include Ni-Cd and Ni-MH, which have created significant demand 

for EVs. They offer high energy density that ranges from 50-80 Wh/kg and have 2000-

3000 discharge life cycle without any damage (Z. Zhou et al., 2013). In addition, the 

efficiency of Ni-MH and Ni-Cd batteries ranges from 75-85%. The operational temperature 

of Ni-MH is -40⁰ to 50⁰C. Ni-MH has insignificant memory and environmental effects, 

while Ni-Cd offers high memory and environmental effects (Chau et al., 1999; David & 

Thomas, 2001; Khaligh & Li, 2010; Rashid, 2017). Notably, Ni-Cd is quite expensive, Ni-

Zn offers a poor life cycle, and Ni-MH offers complexity in control and generates heat 

during operation (Hoque et al., 2017; Khaligh & Li, 2010). On the other hand, Ni-H2 has 

become popular for aerial vehicle applications because of its remarkable lifecycle, 

withstanding ability during overcharging and over-discharging and higher capacity rate. 

However, it is expensive, has low energy density and offers a self-discharge problem 

(David & Thomas, 2001; Hoque et al., 2017).  

2.2.1.3 High-temperature Battery 

Sodium-Nickel Chloride (NaNiCl), also known as ZEBRA, is one of the suitable choices 

for EVs (Chan & Wong, 2004). It is economically effective and can tolerate more than 

1000 cycles with insignificant degradation (Dixon et al., 2009). The specific energy is 

350 Wh/kg (G. Li et al., 2016), which is significantly higher than high-capacity batteries 

like Li-ion. However, it is not recommended for specific power as it offers 400 W/kg, which 

is almost one-third of a Li-ion battery (Dixon et al., 2009). In addition, its operational 
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temperature is between 190⁰C and 280⁰C to achieve its most efficient performance. 

However, the operational temperature is the main hindrance that stops it from being 

demandable in the market (G. Li et al., 2016). 

The second type of high-temperature battery for application in the EV industry is  

Sodium-Sulfur (Na-S), which was introduced in the late 1960s in China (Wen et al., 2013). 

The operational voltage of this battery is 2V (Chung et al., 2004) with more than 2500 life 

cycles, which is approximately 15 years of life (Kamibayashi & Tanaka, 2001). It has a 

high energy density of 355 Wh/L and a specific energy of 170 Wh/kg at a C-5 rate (Linden 

& Reddy, 2002). Its specific power is 250 W/kg, and takes 5 to 6 hours to be recharged 

(Linden & Reddy, 2002). However, its operational temperature ranges is from 300⁰C to 

360⁰C (Chung et al., 2004) that is higher than the NaNiCl battery’s operational temperature. 

Similar to Na-S, other Na-metal halide batteries are constructed in the way of the tubular 

beta-alumina membrane. As a result, their operational temperature is nearly 300⁰C and offer 

a slightly higher voltage that is around 2.5V (Bindra & Revankar, 2018).    

 

2.2.1.4 Redox Flow Battery 

The heavy study on Zinc Bromine Flow Battery (ZBFB) started at the beginning of the 

1970s, though the attention on this battery is not as significant as it was (Putt, 1979). Several 

reasons can be addressed for the declination of attention on this battery, such as electrical 

shortening because of dendrite formation on the electrode and corrosion of the electrode 

and battery casing (Rajarathnam & Vassallo, 2016). Apart from that, it has a relatively short 

battery life cycle and has the potential to be discharged if it is stored for a prolonged period 

(Weber et al., 2011). Its operational temperature is 20⁰C to 50⁰C (Linden & Reddy, 2002), 



20 
 

specific energy is 60 to 85 Wh/kg (Rajarathnam & Vassallo, 2016), energy efficiency is 

71% (Lex & Matthews, 1992), and power density is 90 to 100 W/kg (Malachesky et al., 

1982). However, it has some advantages for example, it is cost-effective, operational at 

room temperature (Lex & Matthews, 1992) and flexible to design and manufacture because 

of the availability of materials (David & Thomas, 2001). Moreover, researchers show that 

its life cycle can be improved up to 3000 cycles if specific modification can be performed 

in the electrode (Richards et al., 1990). 

Fuel cell is another type of Redox Flow Battery and has become one of the emerging 

power sources for EVs to proceed with the target of decarbonized transportation. For the 

first time, it was introduced by Toyota, Hyundai and Daimler in 2013-14, using polymer 

electrolyte membrane (PEM) fuel cells. The main advantage of this fuel is that it can offer 

long driving ranges (more than 500km) and fast refuelling (3-5 minutes to refuel) (Cano et 

al., 2018). Despite providing such facilities, the popularity of fuel cells is a fraction of the 

popularity of battery (Carsalesbase, 2018) because of some challenges, such as significantly 

higher prices of fuel, higher payload, etc. (Khaligh & Li, 2010). However, some works on 

the hybridization of fuel cells with battery are available in order to enhance the efficiency, 

and it is also expected that plugin hybrid fuel cell power through power shifting between a 

battery and fuel cell can achieve greater reliability (Mercedes-Benz, 2016). 

 

2.2.1.5 Lithium Battery 

Lithium batteries have achieved great popularity among consumers and are promisingly 

advancing in the EV market. It has a high specific power density of 500-2000 W/kg and an 

energy density of 90-190 Wh/kg (Hadjipaschalis et al., 2009). Moreover, it includes some 
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other advantages like low discharge rate, low memory effect, higher efficiency and 

recyclable (Khaligh & Li, 2010; Z. Zhou et al., 2013) and these result to consider it as a 

suitable ESS candidate for upcoming EVs (Khaligh & Li, 2010).  Lithium-ion and lithium 

polymer require -20⁰ to 60⁰C. Notwithstanding, this battery is expensive and requires a 

battery management system in order to ensure safe operation and enhance cell life (Khaligh 

& Li, 2010). 

Besides, there are some other types of batteries available in the market that are also 

applicable for EVs, such as Zinc-Halogen, Metal-air (i.e. Fe, Al, Li and Zn as anodes with 

inexhaustible air as cathode) (David & Thomas, 2001; Li et al., 2013), Sodium-Sulphur 

(Chau et al., 1999; Yang et al., 2011), Sodium-Metal Chloride (Chau et al., 1999; Yang et 

al., 2011) etc. Significantly, lithium batteries are quite popular for EVs compared to other 

batteries because of their promising performance in terms of high power density, specific 

energy density, operational temperature, life cycle, efficiency and durability, though they 

require a proper battery management system for proper operation (Umair Ali et al., 2018).  

Table 2.1 provides a comprehensive comparison of several battery types used in 

ESS, evaluating them on key parameters such as energy density, power density, nominal 

voltage, life cycle, depth of discharge, round trip efficiency, and estimated cost. This 

analysis highlights the strengths and weaknesses of each battery type, aiding in 

understanding their suitability for different applications, particularly in EVs. Importantly, 

each battery type has its unique advantages and limitations, making them suitable for 

different applications. Lead-acid batteries are cost-effective which is between USD 105-

475 per kWh, but their heavy weight, lower energy density, and shorter lifespan make them 

less ideal for modern EV applications. On the other hand, NaNiCl and NaS batteries offer 
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higher energy densities and longer lifespans at higher costs compared to lead-acid batteries. 

NiCd batteries are robust but environmentally challenging, and flow batteries like ZBFB 

and VRFB are ideal for large-scale storage despite lower efficiency and higher costs. 

Lithium-ion batteries emerge as the most suitable for EVs due to their superior performance 

metrics such as energy density, power density, nominal voltage and round-trip efficiency 

despite their higher price point. 

Table 2.1 Properties of several ESS (Ali et al., 2019; Ralon et al., 2017) 

Battery 

Type 

Energy 

Density 

(Wh/L) 

Power 

Density 

(W/L) 

Nominal 

Voltage 

(V) 

Life 

Cycle 

 

Depth of 

Discharge 

(%) 

Round 

Trip 

(%) 

Estimated 

cost 

(USD/kWh) 

Lead-

Acid 
50-80 10-400 2.0 1500 50 82 105-475 

NaNiCl 
160-

275 
150-270 - 3000 100 84 315-488 

NaS 
140-

300 
`140-180 2.08 5000 100 80 263-735 

NiCd 60-150 80-600 1.3 2500 85 83 - 

ZBFB 55-65 1-25 1.8 10000 100 70 525-1680 

VRFB 25-33 1-2 1.4 13000 100 70 315-1050 

Li-ion 
200-

400 

1500-

10000 
4.3 10000 95 96 200-1260 

 

2.2.2 Auxiliary Electrical ESSs 

2.2.2.1 Supercapacitors 

SC is a suitable candidate as an assistive ESS that can be charged faster and discharge also 

faster to generate acceleration. It is estimated that 75000000 F can be generated from the 

accumulated work of 30000 SCs, that is significantly very high (Khaligh & Li, 2010). 

2.2.2.2 Superconducting magnetic energy storage (SMES) 

SMES is a technology that stores energy in DC electricity form and generates a DC 

magnetic field (Buckles & Hassenzahl, 2000). It is not as popular as other ESSs because 



23 
 

the superconductive material and cooling system are highly expensive (J. Li et al., 2016; 

Salama & Vokony, 2020). Despite the expense, it is able to overcome some shortcomings 

of conventional batteries such as short life-cycle, low power density and sensitivity to high 

discharge current (Ise et al., 2005; Li et al., 2015) and generate instantaneous power (J. Li 

et al., 2016).  

Toyota introduced the Toyota Prius hybrid car that uses both IC engine and SMES 

together in order to improve the efficiency of the vehicle (Morandi et al., 2011). Recent 

works depict that SMES has a long life span of nearly 30 years with 97% efficiency (Salama 

& Vokony, 2020) and its response time is only a few milliseconds (Faisal et al., 2018; Gong 

et al., 2016). Therefore, in future, with the advancement of technology, SMES has high 

potential to create a significant demand in ESS market (Expresswire, 2019). 

 

2.2.3 Auxiliary Mechanical ESSs 

2.2.3.1 Compressed Air 

Compresses Air ESS has been practiced since the 19th century and introduced for the first 

time in 1840 (Nayak et al., 2013). It was used for trams and locomotives in the cities 

(Wasbari et al., 2017). In these vehicles, air is highly compressed by an on-board stationary 

compressor and stored in a storage tank. This stored air is then released slowly to run a 

pneumatic motor (Papson et al., 2010).   

Several researchers study the performance of compressed air ESSs as an alternative 

option for IC engine vehicles and compare them with gasoline and electric vehicle 

(Creutzig et al., 2009) from economic, environmental and driving efficiency perspectives 
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(Papson et al., 2010). As a result, it is found that it is suitable for low-speed and ranged 

vehicles that are nearly 47 km (Papson et al., 2010). In addition, their performance is worse 

than gasoline and electric vehicles from the perspective of fuel cost (Creutzig et al., 2009; 

Wasbari et al., 2017), carbon footprint (Creutzig et al., 2009; Wasbari et al., 2017) and 

driving range (Papson et al., 2010). Noted that the specific energy and energy density of 

compressed air at 300 bar is 500J/kg and 200J/kg, respectively (Wasbari et al., 2017). In 

order to overcome the shortcomings, researchers are paying attention on the hybridization 

of compressed air with other ESSs, though it is not very progressing because of 

environmental factors (Wasbari et al., 2017). 

2.2.3.2 Flywheel 

Flywheels can be considered as one of the suitable secondary power storage for EVs 

because of advancements in material engineering and power electronics (Liu & Jiang, 

2007). It has a comparatively higher efficiency of 90-95%, a higher amount of power 

generation of 0-50MW (M. Hannan et al., 2017), shorter recharge time, deeper depth of 

discharge and long life with unlimited charge-discharge cycle (Long & Zhiping, 2008). 

Therefore, it is mainly hybridized with any primary source (i.e. battery) of a vehicle in order 

to overcome the shortcomings of the existing power source, such as lower peak current, 

lower power capacity and life cycle (Dhand & Pullen, 2015). However, the flywheel cannot 

beat the battery in self-discharge (M. Hannan et al., 2017; Hedlund et al., 2015), energy 

density, steady output voltage and cost per kWh (Hedlund et al., 2015). Table 2.2 offers a 

comparison between flywheels, electric double-layered capacitors (EDLC) and Li-ion 

batteries in terms of their specifications based on the same rated power, 120kW.  
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Table 2.2 A comparison between flywheels, electric double-layered capacitor (EDLC) 

and Li-ion battery (Hedlund et al., 2015) 

Type Flywheel system Li-ion battery EDLC system 

Manufacturer  GKN A123Systems Maxwell Bootcamp 

Energy capacity 456 Wh 26,400 Wh 647 Wh 

Specific energy 8.3 Wh/kg 110 Wh/kg 1.75 Wh/kg 

Specific power 2200 W/kg 500 W/kg 320 W/kg 

Cycle lifetime >106 ~103 ~106 

System weight 55 kg 240 kg 370 kg 

 

Table 2.2 shows the Li-ion battery stands out for its high energy capacity and 

specific energy, making it suitable for EVs and portable devices. The flywheel system is 

optimal for high-power applications and durability, with its exceptional specific power 

(2200 W/kg) and cycle lifetime (more than 106), and thus, it beats SC (also known as 

EDLC) since SC shows lower energy and power density with higher weight. 

 

2.2.4 Auxiliary Thermal ESSs 

Thermal energy storage technology is practised in several applications where solar energy 

is stored in the form of heat and used as a source of electricity. Researchers are looking for 

the potentiality of thermal ESSs for electric vehicles, especially in fuel cell powered (Arce 

et al., 2011), and as a result, Phase Change Materials (PCM) are introduced in order to store 

the thermal energy in order to implement in EVs (Belik et al., 2017; Hawlader et al., 2003; 

Zhou et al., 2012). In this technology, two different types of heat, namely sensible heat and 

latent heat (Hasnain, 1998), are stored where sensible heat means the heat that comes from 

rising any solid or liquid and latent heat is the heat that comes from changing one phase of 

a material into another phase (Sharma et al., 2009). Noted that this energy cannot be 
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considered as a primary source of any electric vehicle because the storage energy is not 

significant to run a vehicle, and that’s why it is considered as a secondary source of energy. 

 

2.2.5 Hybrid ESSs 

Hybrid ESSs are the integration of primary sources and assistive/secondary sources of 

energy. These systems are developed to compensate for the fluctuation and intermittent 

nature of consuming power at the same time (Dinçer & Zamfirescu, 2014). In other words, 

hybrid ESSs are introduced to overcome the drawbacks of batteries, such as reduced battery 

life, limited driving range and low power density. In the meantime, hybridization offers 

some advantages, such as (Vidhya & Balaji, 2019): 

• Ensures constant load profile for the battery that enhances the battery life. 

• Improves the performance of EV while the individual battery has low power density 

and SC has low energy density. 

• Enhances driving range and power density during acceleration and braking.   

Primary sources of energy, in general, offer low power density and high energy 

density, while assistive sources of energy have the nature of high power and low energy 

density, as aforementioned. Literature introduces several hybrid ESSs, such as Li-ion 

batteries with supercapacitors (Mali & Tripathi, 2020; Mesbahi et al., 2020; Song et al., 

2018), fuel cell with supercapacitors (Allaoua et al., 2017), Li-ion battery with flywheel 

(Itani et al., 2016), Li-air battery with SMES (Yang et al., 2020), lead-acid with 

supercapacitors (Kasprzyk, 2017), Ni-MH battery with fuel cell (Garcia et al., 2009) etc. 

Among them, lithium-ion battery with supercapacitors is one of the most widely used 

hybrid ESSs for electric car because lithium-ion offers higher energy density and SC offers 
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higher power density relatively. Therefore, in this work, as an auxiliary energy source, SC 

has been considered with the primary source, Li-ion. The advantages and disadvantages are 

listed as below: 

Advantages of lithium-ion battery (Plett, 2015) 

• has a higher density than most of the rechargeable batteries. 

• can operate comparatively at a high voltage, typically 3.7V, whereas NiMH or NiCd 

operates around at 1.2V. 

• has a lower self-discharge rate compared to other secondary cells.  

• can offer long life because of a gentler intercalation process in each electrode. 

 

Disadvantages of lithium-ion battery (Plett, 2015) 

• is comparatively more expensive than NiCd and NiMH batteries that have similar 

capacities. 

• is more complex to manufacture. 

• requires special safety precautions because of more reactive chemicals. 

• is very sensitive to cell construction and cell materials. 

On the other hand, SC is another type of ESS that is mainly used for generating 

power instantly. The basic principle of SC is to store energy by separating negative and 

positive charges using an insulator. As it does not make any variations chemically in 

electrodes, it offers a long lifecycle. Its power density is remarkably higher than a battery 

while it offers very low energy density (Tie & Tan, 2013). Importantly, Table 2.2 

demonstrates that flywheels have a higher specific power, specific energy, and cycle 
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lifetime compared to SC. However, presently available flywheels often suffer from 

significant losses, impacting their ability to hold a charge. These losses include electrical 

(hysteresis, eddy current and copper), mechanical (bearing, friction and drag), and those 

related to power converters (switching and conduction) (Choudhury, 2021). Additionally, 

flywheels need to be maintained to prevent failures, which could have catastrophic 

consequences (Li & Palazzolo, 2022). Considering the facts, Li-ion and SC have been 

proposed as suitable ESSs for EV in this study. Table 2.3 describes the properties of both 

ESSs and offers a comparative analysis (Nakad et al., 2023). 

Li-ion batteries are favoured for their high energy density, reasonable specific 

power, and cost-effectiveness, making them suitable for EVs, portable electronics, and 

other energy-dense applications. However, they have limitations in cycle life and specific 

power. SCs, on the other hand, excel in specific power, cycle life, and temperature 

tolerance. They are ideal for applications requiring rapid charge and discharge cycles, such 

as in regenerative braking systems and short-duration energy storage. However, the high 

cost and low specific energy are the primary drawbacks of supercapacitors. Thus, 

compromising the cost for SC, a hybrid ESS is proposed where the weakness of the Li-ion 

battery, especially low specific power, can be replenished by the SC while SC’s low 

specific energy capacity can be recovered by Li-ion battery.   
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Table 2.3 Properties of Li-ion and Supercapacitor. 

Function Li-ion Supercapacitor 

Cell Voltage 3.6 V 2.3-2.75 V 

Specific Energy 120-240 Wh/kg 5 Wh/kg 

Specific Power 1,000-3,000 W/kg ~ 10,000 W/kg 

Charge Time 10-60 min 1-10 seconds 

Cycle Life 500-10,000 30,000 h 

Service Life 5-10 years 10-15 years 

Cost (per Wh) $0.5-$1 $20 

Charge Temperature 0 to 45oC -40 to 65oC 

Discharge Temperature -20 to 60oC -40 to 65oC 

 

2.3 DC-DC CONVERTERS AND THEIR APPLICATIONS  

DC-DC converter has some advantages over transformer to perform the same function that 

draws the attention of the researchers. In general, it is lighter in weight, smaller in size, 

more cost-effective, comparatively reliable and highly efficient than a transformer 

(Chakraborty et al., 2017). Apart from that, a DC-DC converter can also be used with a 

complex BMS that may reduce the number of battery cells in series and, hence, reduce the 

complexity of BMS (Chakraborty et al., 2019). In addition, a higher voltage DC-DC 

converter is able to afford higher DC link voltage that enhances the performance of power 

electronics and electric motors (Lundmark et al., 2013). Noted that during the rushing 

period, the output of the DC-DC converter can be controlled, which enhances another 

dimension of the system (Chakraborty et al., 2019). On the other hand, it has some notable 

drawbacks such as flat voltage gain during moderate gate pulse switching, poor efficiency 

because of hard-switching, low efficiency in attaining high power density, the challenge in 

designing robust high bandwidth control loop and power loss during operation (Emadi et 
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al., 2008; Forouzesh et al., 2017; Kolli et al., 2015). However, these drawbacks can be 

overcome by adopting new topologies, design concepts or materials. 

Switching-mode power supply is extensively used in electric power, household 

applications, communication, railway, automobile, aviation and industrial devices (Li & 

He, 2010; Pan & Lai, 2009). Based on the switching mode power supply, buck converter 

and boost converter have been developed to step-down or step-up voltages. These two 

converters are simple in structure and offer high efficiency, but their applications are 

limited because of limited voltage gain (Wu & Chen, 1998). As a solution to high voltage 

gain, Luo converters have been introduced, though it is also not free from other 

shortcomings such as topological complexity, volume, cost, and losses growing 

simultaneously (He & Luo, 2005; Luo, 2001; Luo & Ye, 2004). With low voltage stress, 

interleaved converters are able to reach high step-up or step-down conversion ratios though 

their structure, operational mode, and control strategy are sophisticated (Chen et al., 2015; 

Pan et al., 2013, 2014; L.-w. Zhou et al., 2013). Quadratic converters can offer high voltage 

gain of cascade converters having comparatively fewer switches. Notwithstanding this fact, 

the efficiency of quadratic converters is not promising (Morales-Saldana et al., 2014; Ye & 

Cheng, 2013).  

BDC is a type of converter that allows constant energy exchange to form a source 

to load and vice versa, while earlier, unidirectional converters were not able to offer the 

functionality of exchanging power or energy in both directions at the same time. In order 

to ensure optimal exchange of power, features such as wide voltage exchange range, high 

power density, compactness, low EMI impact, ability to deal with current ripple and high 

voltage and current stress, and higher conversion efficiency are considered for choosing or 
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designing a BDC for the HESS of an EV. For instance, given the variety of driving 

conditions, the BDC converter must have a wide voltage conversion range to effectively 

match the voltage of the power battery or SC with DC bus voltage under changing 

conditions. In addition, a higher power density of a BDC can be accommodated within a 

limited vehicle space, saving installation space (Wang et al., 2022). Alongside, during the 

design of a BDC, the input and output of the BDC should share a common ground to avoid 

electromagnetic interference (EMI) caused by high-frequency pulse width modulation 

(PWM) voltage pulses; otherwise, it can cause sensitive electrical equipment failure in EV 

(Wu et al., 2021). Moreover, a suitable BDC can contribute to the durability of a battery or 

SC, eliminating large current ripple (Y. Zhang et al., 2019). The high exchange efficiency 

of a BDC can reduce heat generation and energy loss caused by device inefficiency 

(Elsayad et al., 2019).    

Considering the safety of electrical devices and wide voltage range, BDCs can be 

classified mainly into two (2) types such as non-isolated and isolated. An isolated DC-DC 

converter ensures electrical separation between input and output with the help of a 

transformer that allows a wide range of voltage conversion with a high safety level. In 

contrast, a non-isolated DC-DC converter typically accommodates buck or boost circuits 

and is mostly used for low-voltage range applications (Liu & Wu, 2023). Figure 2.2 

demonstrates a commercially used isolated DC-DC converter manufactured by Infineon 

Technologies (Infineon Technologies, 2024). In general, isolation is important when high 

gain is required for step-up and step-down. However, non-isolated DC-DC converters are 

mostly chosen because of some of their advantages over isolated DC-DC converters with 

design simplicity and cost-effectiveness (Du et al., 2011; Tytelmaier et al., 2016).  
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Figure 2.2 An isolated bidirectional DC-DC converter.  

 (Mira et al., 2017) discuss and compare several isolated and non-isolated BDCs 

extensively considering different specifications such as switching frequency, efficiency, 

number of switches and gain. (Chakraborty et al., 2019) introduce the commonly used 

BDCs that are used in electric vehicle powertrains where buck-boost, Cuk, SEPIC, and 

multi-device/port interleaved (MDIBC) are considered as non-isolated and half-bridge, 

full-bridge, push-pull, forward, and flyback are included under isolated BDCs. SEPIC and 

Cuk are suitable BDCs for ESSs where input comes from the battery or SC (Al Hysam et 

al., 2017; Chakraborty et al., 2015; Pachauri & Chauhan, 2016). In the meantime, (Wang 

et al., 2022) categorize non-isolated BDCs for HESSs into basic (i.e., boost, SEPIC and 

Cuk), inductor with inductor (i.e., switched inductor, interleaved and quadratic boost), 

capacitor with capacitor (i.e., switched capacitor, voltage multiplier, Z source, Quasi Z 

source, three-level), inductor with capacitor (i.e., voltage lifting circuit) and hybrid along 

with cascaded and discuss their functionalities along with their advantages and 

disadvantages.  

Table 2.4 compares four types of non-isolated BDCs such as inductor with Inductor, 

capacitor with capacitor, inductor with capacitor, and hybrid/cascaded, based on their 

distinct functionalities, design specifications, advantages, and drawbacks. The Inductor + 
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Inductor converters, in general, improve the voltage conversion ratio by parallel charging 

and series discharging of the circuit inductors. They allow a wide range of voltage 

conversion and continuous current and have a feature of common ground, though they 

require high control precision and numerous switches. The capacitor with capacitor 

converter enhances the voltage conversion ratio by parallel charging and series discharging 

capacitors, offering a high voltage conversion ratio at non-extreme duty cycles and a 

common ground, but it suffers from high voltage stress and discontinuous current. Besides, 

the inductor with capacitor converters are designed in a structure that enables parallel 

charging and series discharging of both inductors and capacitors. This formation is suitable 

for generating new topologies with fewer energy storage devices, but it has complex control 

and doesn't significantly increase the voltage range.  

Lastly, the hybrid/cascaded converter optimizes performance by integrating and 

cascading different impedance networks, providing a wide voltage range and inheriting the 

advantages of combined topologies, yet it is burdened by a large number of devices, lower 

conversion efficiency, and the disadvantages of its sub-topologies. These characteristics 

make each type suitable for specific applications within hybrid energy storage systems in 

new energy vehicles, highlighting the importance of choosing the appropriate converter 

based on the system's needs for voltage conversion range, control complexity, and device 

count. This comprehensive comparison helps in understanding the trade-offs involved in 

each topology, aiding in the selection of the most appropriate converter for achieving 

optimal performance, efficiency, and reliability in electric vehicle powertrains.  
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Table 2.4 Comparative discussion among non-isolated BDCs of different topologies 

(Wang et al., 2022). 

Converter 

Type 

Functionalities Design 

Specifications 

Advantages Disadvantages 

Inductor 

with 

Inductor 

Improves voltage 

conversion ratio 

by parallel 

charging and 

series 

discharging of 

inductors. 

Uses two 

inductors 

charged in 

parallel and 

discharged in 

series; 

interleaved 

design reduces 

current ripple. 

Wide voltage 

conversion 

range, easy to 

control, 

continuous 

power source 

side current, 

input-output 

common 

ground. 

High control 

precision 

required, large 

number of 

switches. 

Capacitor 

with 

Capacitor 

Enhances voltage 

conversion ratio 

through parallel 

charging and 

series 

discharging of 

capacitors. 

Employs two 

capacitors 

charged in 

parallel and 

discharged in 

series; voltage 

multiplier and Z-

source 

modifications. 

Wide voltage 

conversion 

range, input-

output 

common 

ground, high 

voltage 

conversion 

ratio at non-

extreme duty 

cycle. 

High voltage 

stress on high 

voltage side, 

discontinuous 

power source 

side current, 

steep slope of 

voltage 

conversion ratio. 

Inductor 

with 

Capacitor 

Increases voltage 

conversion ratio 

with combined 

parallel charging 

and series 

discharging of 

both. 

Combines 

inductors and 

capacitors for 

parallel charging 

and series 

discharging; H-

bridge 

configurations. 

Easy to 

generate new 

topologies, 

input-output 

common 

ground, fewer 

energy storage 

devices. 

Complex control, 

large number of 

switches, no 

significant 

increase in 

voltage 

conversion range. 

Hybrid/ 

Cascaded 

Optimizes 

performance by 

integrating and 

cascading 

different 

impedance 

networks. 

Combines 

features of other 

types to optimize 

performance; 

can share 

devices without 

violating circuit 

laws. 

Wide voltage 

conversion 

range, easy to 

generate new 

topologies, 

inherits 

advantages of 

sub-

topologies. 

Large number of 

devices, low 

conversion 

efficiency, 

inherits 

disadvantages of 

sub-topologies. 
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In this study, the hybrid/cascaded type has been considered since it is simple to 

build, offers a wide range of voltage conversion and enables the converter to adopt the 

advantages of each unit, though the possibility of low efficiency should be compromised. 

Despite the fact, (Arslan et al., 2021), (Fatah et al., 2012), (Majeed et al., 2020) and (Bai et 

al., 2019) consider cascaded type converters and evaluate the performance of their systems 

and controllers, which result in the level of satisfaction.    

 

2.4 BDC CONTROLLERS 

The BDC is regulated by a PWM signal to control the vehicle's speed by adjusting the 

output voltage. The efficiency of this voltage control depends on the performance of a 

suitable controller. While linear controllers can be effective for BDCs, they often fail to 

maintain robustness during model uncertainties, load disturbances, parameter variations, 

and input voltage fluctuations. Consequently, nonlinear and learning-based controllers are 

also considered (Allaoua & Laoufi, 2011).  

 Hegazy et al. (2011) explored the use of a PI controller with interleaved BDCs to 

reduce voltage ripples and ensure DC-link voltage stability. Ramya & Jegathesan (2016) 

focused on PI and PID controllers with a buck-boost converter in an EV, emphasizing 

voltage tracking. Their study concluded that using a PI filter effectively reduces voltage 

ripple and performs better than a PID controller by reducing settling time and steady-state 

error. Das & UddinChowdhury (2016) compared the performance of PI and PID controllers 

with a BDC and found that the PI controller performed satisfactorily in boost mode. Pany 

et al. (2011) used a PI controller with a buck-boost converter to achieve satisfactory 

performance in an electric vehicle's acceleration mode, steady-state, and regenerative 



36 
 

braking system. H. Zhang et al. (2019) proposed three different BDCs using a double-loop 

PI controller with an inner current loop and an outer voltage loop to track the required 

voltage in an EV. 

Ciccarelli & Lauria (2010) applied a sliding mode controller (SMC) with a coupled-

inductor BDC to improve supercapacitor performance. Albiol-Tendillo et al. (2012) 

designed and controlled the traction system of an EV, utilizing an SMC with a BDC to 

ensure fast response, robustness, and voltage regulation. This study demonstrated that SMC 

can track voltage effectively, even in the presence of disturbances. Purohit et al. (2019) 

highlighted the advantages of SMC over PI controllers in handling load variations up to 

20%, whereas PI controllers showed fluctuations in voltage tracking of the BDC in both 

buck and boost modes (which will be discussed in detail in chapter 3).  This suggests that 

SMC is suitable for dealing with uncertainties within the BDC's limits. However, chattering 

(Bartolini et al., 2000; Boiko & Fridman, 2005) and ripple in power converter (Perreault et 

al., 1999) are the main drawbacks of SMC. Utkin (2013) proposed harmonic cancellation 

principles to suppress SMC chattering. Lee et al. (2012) employed backstepping with 

sliding mode control to track voltage demand through the BDC of the EV, addressing the 

chattering problem of SMC. This work also incorporated two PI controllers for the current 

loop, aiding in voltage demand tracking, though steady-state error between 20%-25% 

appeared. 

Khan et al. (2018) introduced another nonlinear control algorithm, backstepping 

sliding mode control, applied to a BDC of hybrid ESSs of Proton Exchange Membrane 

Fuel Cell (PEMFC) and supercapacitor, achieving fast and promising performance in load 

variation tracking. Allaoua & Laoufi (2011) proposed a fuzzy sliding mode controller with 
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a buck-boost BDC, achieving robustness during load current variations without chattering 

effects and with disturbance-free dynamic characteristics. Poyyamani Sunddararaj et al. 

(2019) combined PI and fuzzy controllers with a BDC, resulting in reduced ripple, higher 

voltage gain, and efficiency. 

Pirooz & Noroozian (2016) proposed an MPC controller with a BDC to track 

reference voltage for applications like PV or EV. This simulation successfully tracked the 

reference and provided a fast response during transitions, though it did not consider 

disturbances. Akter et al. (2015) used an MPC controller with a bidirectional isolated full-

bridge DC-DC converter to control both the reference voltage and current of the inverter, 

ultimately improving power efficiency to 92.52%. Despite its effectiveness, MPC faces 

issues with variable switching frequency and current ripples, as noted in the literature (Chan 

et al., 2017; Karamanakos et al., 2018; Yoo et al., 2019). To address the challenges 

associated, Zhang et al. (2018) introduced a novel three-level DC/DC converter 

configuration that enables full and independent regulation of both the battery and SC. 

Additionally, utilizing three voltage levels helps reduce the inductor size in both the battery 

and SC branches. However, it begot the reduction of the ratings of power switches and 

inductors. Liu et al. (2014) proposed an explicit model predictive control for BDCs with 

supercapacitors in electric trains, maintaining duty cycle constraints and reducing online 

computational complexity. Another study on hybrid ESSs proposed an integral 

backstepping controller with a buck-boost BDC, ensuring steady-state error and meeting 

vehicle load demands (Khan et al., 2019).  

Bai et al. (2019) designed an H-infinity controller with a supercapacitor to track 

output current under load conditions, experimentally validating its robustness and tracking 
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performance. Mendoza-Torres et al. (2019) introduced a switching control strategy for 

BDC current control in EVs, based on hysteresis and logic switching. This strategy handles 

parametric uncertainty in the inductor up to 20% but suffers from variable switching 

frequency, leading to inconsistent harmonic content. 

 

2.5 ADAPTIVE CONTROLLER AND ITS APPLICATION 

As adaptive controller is considered as a suitable controller based upon an extensive study 

on literature, the pros and cons can be highlighted that may guide to a suitable conclusion 

for the controller selection. Adaptive controller offers a mechanism of parametric 

adjustability to control a system. Structurally this nonlinear controller includes two loops 

where one is used for normal feedback process and another one is used for parameter 

adjustment (Åström & Wittenmark, 2013).  

Historically, adaptive controller emerged for the first time in the history in order to 

improve the performance of an aircraft in NASA X-15 Hypersonic Research Program in 

late 1950’s (Åström, 1983; Walker & Weil, 1963). It was noticed that fixed gain controllers 

and gain-scheduling algorithm cannot ensure the required performance of X-15 hypersonic 

aircraft as dynamics vary with flight condition drastically (Adkins & Taylor Jr, 1964). 

Therefore, a newly invented adaptive flight controller, Honeywell MH-96 was 

implemented on NASA X-15-3 aircraft in 1961 to investigate the performance (Boskovich 

& Kaufmann, 1966). Moreover, between 1961 and 1967, this model-following adaptive 

variable gain controller was used in 65 hypersonic flights. The investigation concluded that 

this controller did not require prior knowledge of aircraft aerodynamics, could adapt to 

changes in aircraft configurations, and ensured consistent responses under all flight 
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conditions (Dennehy et al., 2014; Dydek et al., 2010; Holleman, 1966; Sheet, 2014). 

However, the crash of a Honeywell MH-96 aircraft in 1967 was attributed to a lack of 

understanding of adaptive controller theory and mechanisms (Dydek et al., 2008). 

Consequently, extensive research on adaptive controllers was conducted from the late 

1960s to the 1970s. This research, documented in several publications, ultimately identified 

the root cause of adaptive controller instability as incorrect control gain choices (Erzberger, 

1967; Landau, 1969).  

In the meantime, the Lyapunov stability theory’s emergence came as a blessing for 

overcoming the drawback of the adaptive controllers (Lyapunov, 1992; Monopoli, 1967; 

Parks, 1966). As a result, Honeywell MH-96 was modified according to Lyapunov stability 

theory, and finally, it was found that the new controller could obtain high performance and 

showed robustness in the presence of model uncertainty (Dydek, 2010). Since the early 

1980s, researchers tried to improve its robustness more to deal with high control gains, 

noise and disturbances, and unmodelled dynamics that are responsible for system 

instability. As a consequence, robustification methods such as e-modification (Narendra & 

Annaswamy, 1987), dead-zone method (Peterson & Narendra, 1982), σ-modification 

(Ioannou & PV, 1983), parameter projection method (Goodwin & Mayne, 1987) were 

formulated in different literatures. 

Apart from the aerospace industry, adaptive control algorithms have also gained 

popularity in power electronics. A type of adaptive control, Model Reference Adaptive 

control (MRAC), has several applications with power converters. This controller considers 

a pre-designed model and a reference model to define the required dynamics of the system 

and follows an adaptation process (Åström & Wittenmark, 2013). It has achieved interest 
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among the researchers as the performance of the system can be pre-defined through a 

reference model. Literature introduces multifarious applications of MRAC in power 

electronics. Ardhenta & Subroto (2020) have chosen Direct MRAC to control the voltage 

input to the DC-DC boost converter with the help of the PI controller. In this study have 

achieved a stable response and short period of settling time, rise time and overshoot during 

operation. Shyu et al. (2008) have chosen MRAC for single-phase shunt active power with 

a view to reducing line current harmonics and improving line power factor. This study 

significantly mentioned choosing MRAC as its adaptability, flexibility, and robustness 

surpasses the PI controller, and its self-tuning features ensure the stability of the system. 

Djebbri et al. (2018) have applied fractional order MRAC on a system that accommodates 

two power sources, a zero voltage switch full-bridge isolated DC-DC buck converter and a 

resistive load so that the controller can stabilize the current and voltage of the DC-DC 

converter that is coupled with the DC bus link. The proposed controller surprisingly offers 

a fast dynamic response in DC bus voltage and robustness to voltage variation on both load 

and input. Despite some applications of MRAC in power electronics, as aforementioned, 

the literature lacks the application of MRAC with a HESS of batter and SC in a cascaded 

configuration of non-isolated BDC. Hence, in this research work, MRAC has been 

proposed as a suitable controller choice because system stability and fast response with 

continuous variation of load demand and switching the buck mode to boost mode and vice-

versa in BDCs are the primary concerns of this work.  

 

2.6 COMPARISON AMONG DIFFERENT CONTROLLERS FOR BDCS  

This section concentrates on an analysis of commonly used controllers like PID, LQR, 

SMC, Feedback Linearization, Backstepping and MPC based on their functional 
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advantages and disadvantages. The classical PID controller is only applied with a linear 

model. This controller gives the opportunity to design the controller according to the 

desired model performance. However, it becomes more challenging to design a well-

performed PID controller when the model is nonlinear because the gain cannot be chosen 

in any systematic way that a classical PID controller requires. In addition, LQR also 

requires a linear model to get a properly controlled system, and it can handle multiple inputs 

and outputs at the same time, unlike the PID controller. The main drawback compared to 

PID is that sometimes it shows a steady-state error because it does not offer any integral 

part (Argentim, 2013).   

The primary advantage of feedback linearization is its systematic framework for 

modelling a controller. This controller performs well when the difference between linear 

and nonlinear models is minimal. However, it falls short of providing a satisfactory 

response in the presence of model uncertainties and does not effectively handle constraints. 

Consequently, the robustness of this controller is not always reliable (Kurtz & Henson, 

1998; Pop & Dulf, 2011; Zulu & John, 2016).   

Backstepping is one of the most chosen nonlinear control techniques that require a 

systematic procedure and follows a recursive design methodology. It can cancel out the 

nonlinear terms in the system, and as a result, it does not require precisely designed models, 

unlike feedback linearization. It has the capability to overcome mismatched perturbations 

and can attain stability asymptotically. However, the main drawback of this controller is 

over-parameterization, which implies it needs many parameters to give a satisfactory 

performance to the system It sometimes becomes very difficult to find out all the 

parameters accurately (Basri et al., 2014; Chung & Chang; Huo et al., 2014). 
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The sliding mode control (SMC) technique has garnered significant attention for 

designing robust controllers in systems with high-order nonlinearity and uncertainties. 

SMC is less sensitive to disturbances and parametric uncertainties, ensuring system 

robustness. However, it presents a chattering problem due to the continuous switching of 

the controlled model. This issue can lead to energy loss, unmodeled dynamics, and 

occasionally system instability, which can be hazardous (Bendaas & Naceri, 2013; Levant, 

2007; Runcharoon & Srichatrapimuk, 2013; Shtessel et al., 2014) 

MPC has been used in different processes of chemical industries and refineries for 

more than three decades. Currently, researchers show great interest in applying it in all 

types of complex controlling systems because of its versatile capabilities like dealing with 

noise and disturbances and input and output constraints at the same time (Bouffard, 2012). 

Nevertheless, the computation burden is too heavy, and it needs to do internal calculations 

for optimizing the control input at each time step.  

In general, MRAC is renowned specifically for dealing with a plant with unknown 

parameters when a system identification tool is required to predict the parameters online 

(Yechiel & Guterman, 2017). It maintains a predefined control law and makes the system 

to follow a predefined reference model (Kersting & Buss, 2017). The main advantage of 

this nonlinear controller is its simplicity and straightforward implementation. Apart from 

that, it is easy to design the control law for MRAC that can estimate the system’s 

parameters. However, it also requires a suitable understanding of the dynamics of the 

system, and that can be considered the main drawback of MRAC (Yechiel & Guterman, 

2017). In addition, MRAC with the Lyapunov approach sometimes requires higher values 

of adaptation gains in some applications as controlling inverse pendulum (Pawar & Parvat, 
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2015) that leads to oscillations, and it may cause instability in the system (Bierling, 2014). 

Table 2.5 summarizes the advantages and disadvantages of each control algorithm that have 

been discussed.  

Table 2.5 A comparison of different controllers (Roy, Islam, Sadman, et al., 2021). 

Controllers Advantages Disadvantages 

PID 
Easy to choose gain; can overcome the 

steady-state error. 

Cannot handle constraints, 

noise and disturbance; 

cannot deal with multiple 

inputs and outputs at the 

same time. 

LQR 
Can deal with multiple inputs and 

outputs 

Sometimes fails to 

overcome steady-state error 

due to model discrepancy, 

absence of an integral unit 

or non-zero setpoint model. 

Feedback 

Linearization 

Systematic model framework; well-

performed when linear and nonlinear 

models are almost similar 

Incapability of constraints 

handling and model 

uncertainties, poor 

robustness 

Backstepping 

Systematic and recursive designed; 

precisely designed model is not 

required; can handle nonlinearities to 

the system; can overcome mismatched 

perturbations and ensures stability. 

Over-parameterization; 

difficult to choose proper 

parameters 

SMC 

Well-performed in high-nonlinearity; 

less sensitivity in disturbances and 

model uncertainties. 

Chattering problems 

sometimes create system 

instability. 

MPC 

Predicts future behaviour of the states; 

deals with multiple inputs and outputs 

at the same time; can handle constraints 

at inputs and outputs; can overcome 

noise and disturbances 

Slow in tracking 

Adaptive 

Control 

Easy to design a control law, predict 

unknown parameters 

Sometimes slow in 

response, offers oscillations 

and improves slowly 
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2.7 SUMMARY 

With the evolution of vehicles in automobile industry from IC powered vehicles to EVs, 

researchers are focusing on the ESS extensively. As a result, chemical batteries, SCs, fuel 

cells, flywheels and engine generators appear in the literature. Remarkably, two factors 

such as how fast an ESS can give power and how much it can store energy are considered 

to design an ESS. Therefore, hybridization of ESSs is a timely solution that have been 

considered in literatures to match all the requirements of a vehicles (Ostadi et al., 2013). It 

is found out that the combination of Li-ion battery and supercapacitor may provide a good 

combination. Nevertheless, there is a gap to propose a suitable controller to regulate the 

voltage via BDC converter to ensure a smooth power supply between primary and auxiliary 

sources.   

Improper controller may cause to worsen the performance of these converters. For 

example, a commonly used controller, PID cannot deal with uncertainty in a system. Being 

a nonlinear controller, Sliding Mode Controllers are normally able to tackle system 

nonlinearity but often show chattering problem. Feedback linearization in general can deal 

with system nonlinearity, yet model parameterization is another challenging task. It seems 

that based on the survey, the MRAC can be considered as a potential candidate to control 

this system. Thus, further investigation on this algorithm specifically for BDC is another 

gap to be filled in for this work. The contributions may come from the design process, 

derivation of control algorithm, tuning process and analysis of the result with the 

benchmark system.  
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CHAPTER THREE 

METHODOLOGY 

3.1 INTRODUCTION 

This chapter presents the methodology that has been taken to achieve the three main 

objectives by incorporating the design and modelling work specifically based on provided 

hypothesis. To ensure the BDC performs effectively, consistently, and safely, designing a 

controller for a power converter entails several important processes. A few steps outlining 

the processes needed to develop a controller for a BDC is provided below: 

1. Design requirements: Based on the literature review, lithium-ion battery and 

supercapacitor should be the best energy storage system. Hence, a suitable BDC 

should be considered in the first place in details that will be responsible for 

transferring the power to the DC bus, which directly deals with the motor. The 

design requirement covers the voltage/current needs for the input and output, 

response times, and any other pertinent factors.  

2. Suitable converter topology: Based on the needs of the system, a suitable power 

converter topology that best matches this application, such as buck, boost or buck-

boost, should be considered. 

3. Model design: Using circuit equations and control theory, a mathematical model 

or simulation of the power converter system, including all of its parts (switches, 

inductors, capacitors, etc.), should be considered. To comprehend the converter's 

dynamics, stability, and transient responsiveness, disturbance can be considered 

with input signals to the system. 
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4. Controller design: Depending on the topology and performance expectations of 

the converter, a suitable control technique should be considered and in this study, 

MRAC approach has been considered as the promising option. Its efficiency should 

be evaluated from multiple aspects that includes voltage-mode control and current-

mode control.  

5. Simulation: To test the developed controller's performance under various operating 

settings and load changes, it should be simulated in MATLAB/Simulink. Hence, 

multiple simulation models can be considered to evaluate the performance of the 

controller. Initially, a model with only a battery can be considered where the 

controller with BDC is responsible for voltage regulation. Then, a HESS that 

includes both battery and supercapacitor, with a BDC, can offer a better 

understanding of how the controller is performing. Here, the controller may control 

the power by controlling the current in the system. Thus, the performance of the 

controller can be analyzed from two different scenarios. 

6.  Validation: Finally, to validate the controller’s performance from a real-time 

aspect, a complete EV model with a HESS should be adopted that can represent a 

real-time model. Based on the simulation results of the validation model, a real-

time model experience can be achieved. 

Noted that the control input and output from the system, with a response nature, vary 

from model to model.  
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Figure 3.1 A flow chart of methodology. 
 

Based on the objectives, this chapter highlights the working principle of DC-DC 

converter, buck-boost converter topologies, state-space model derivation, BDC design and 

adaptive controller design for BDC as parts of the methodology. The overall flow chart for 

the methodology is presented in Figure 3.1. Importantly, the methodology significantly 

depends on the obtained result as the unsuccessful or unexpected result may lead to 

modification of the methodology specifically for the BDC design and controller design. To 

avoid this uncertainty of design parameters, this work considers some of the existing BDC 

design models discussed in the literature. Since controller performance with the BDC is 

crucial, it can also be validated based on the controller’s performance in previous works 

(Modabbernia et al., 2013; Utomo et al., 2011; Zhou & He, 2015). Based on that, a 



48 
 

controller computation time should be less than 1s, overshoot should be less than 5% and 

rise time and settling time should be less than 1s in a BDC in general. Nevertheless, the 

MRAC model for BDC is not found in the literature, and thus, other controllers’ 

performance for BDC can be considered as the benchmarked performance for the proposed 

controller. In the future, successful achievement of the controller performance can lead 

towards hardware implementation. It is worth mentioning that MRAC may not reach the 

expectation with BDC and in that case, the sensitivity of this controller with BDC should 

be investigated extensively. 

 

3.2 BUCK-BOOST CONVERTER TOPOLOGIES 

In general, the buck-boost converter is responsible for producing an output voltage that can 

provide more or less voltage than the input. It follows the switching mode power supply 

through the combination of buck and boost converters principles in a single circuit. 

Interestingly, two different modes are found for buck-boost operation, such as inverting 

and non-inverting, where the choice depends on a specific application. 

 

3.2.1 Inverting buck-boost converter 

An inverting buck-boost converter offers negative output voltage with respect to the 

ground. It basically consists of a Metal-Oxide-Semiconductor Field-Effect Transistor 

(MOSFET), inductor, capacitor, diode, power source and a load that is shown in Figure 3.2. 
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Figure 3.2 Inverting buck-boost converter (Kabala, 2017). 

 

During on-state, as shown in Figure 3.3, the current rise up proportionally with a 

constant rate to input voltage. Hence, energy rises up in the inductor during on-state. On 

the other side, the capacitor supplies current to load. However, the voltage along the 

inductor will be: 

 𝑉𝑠 = 𝑉𝐿 (3.1) 

 

 

Figure 3.3 Inverting buck-boost converter (On-state) (Kabala, 2017) 

 

Hence, when duty cycle and switching period are denoted by D and T, the current 

along the inductor can be formulated as: 

𝑉𝐿 = 𝐿 (
𝑑𝐼𝐿
𝑑𝑡
) 
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∆𝐼𝐿(𝑜𝑛) = ∫
𝑉𝐿
𝐿

𝑡𝑜𝑛

0

𝑑𝑡 

 
∆𝐼𝐿(𝑜𝑛) = (

𝑉𝑠
𝐿
)𝐷𝑇 

(3.2) 

 

where, 𝑡𝑜𝑛 = 𝐷𝑇. 

 

For off-state, as shown in Figure 3.4, the diode can play a role as a forward-biased 

diode, and hence, the current along the inductor drops down at a constant rate in proportion 

to 𝑉𝑜. In this state, energy moves from the inductor to the capacitor and output load. 

Therefore, the voltage across the inductor will be:  

 𝑉𝑜 = 𝑉𝐿 (3.3) 

 

Figure 3.4 Inverting buck-boost converter (Off-state) (Kabala, 2017). 

 

As a result, the current can be calculated as: 

𝑉𝐿 = 𝐿 (
𝑑𝐼𝐿
𝑑𝑡
) 

∆𝐼𝐿(𝑜𝑓𝑓) = ∫
𝑉𝐿
𝐿

𝑡𝑜𝑛+𝑜𝑓𝑓

𝑡𝑜𝑛

𝑑𝑡 

 
∆𝐼𝐿(𝑜𝑓𝑓) = (

𝑉𝑜
𝐿
) (1 − 𝐷)𝑇 

(3.4) 

where, 𝑡𝑜𝑓𝑓 = (1 − 𝐷)𝑇. 
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In a steady-state condition, the inductor current and capacitor voltage repeat their 

values every switching cycle, and their average values have no further changes. 

Mathematically, the average voltage across the inductor over one period must be zero to 

ensure that the current returns to its initial value at the end of the cycle. If the average 

voltage were not zero, the current would continuously increase or decrease, indicating that 

the system is not in a steady state. Therefore, the inductor current can be represented as 

follows: 

∆𝐼𝐿(𝑜𝑛) + ∆𝐼𝐿(𝑜𝑓𝑓) = 0 

(
𝑉𝑠
𝐿
)𝐷𝑇 + (

𝑉𝑜
𝐿
) (1 − 𝐷)𝑇 = 0 

(𝑉𝑠)𝐷𝑇 + (𝑉𝑜)(1 − 𝐷)𝑇 = 0 

(1 − 𝐷)𝑉𝑜 + 𝐷𝑉𝑠 = 0 

 
𝑉𝑜 = −(

𝐷

1 − 𝐷
)𝑉𝑠 (3.5) 

The equation implies that the output voltage can be higher when the duty cycle is 

more than 0.5 and lower when the duty cycle is less than 0.5 than the output. It is noted that 

output voltage always offers negative polarity with respect to the input voltage. Here, 

Figure 3.5 demonstrates the waveforms of the voltage and current of the inductor. 
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Figure 3.5 Voltage and current waveforms for buck-boost converter (Kabala, 2017). 

 

In general, a buck-boost converter can be operated in continuous conduction mode 

(CCM) or discontinuous conduction mode (DCM) (Yang et al., 2016). In CCM, the 

inductor current waveform at a minimum level does not touch zero at any switching period. 

However, in DCM, the inductor current reaches zero at a minimum level. In general, for 

buck-boost converters, CCM is mostly considered because it is free from dead time zone 

and does not let the inductor current reach zero during the operational time. 
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3.2.2 Non-Inverting buck-boost converter 

Inverting buck-boost converter is not able to provide positive output voltage and as a result, 

in some applications it is not suitable to be implemented. Therefore, SEPIC, Seta and 

double-switch buck-boost converters are introduced in order to offer positive output 

voltage.  

In this work, both types of buck-boost converter have been used to understand the 

controllers robustness in different situations. In the first model, inverting buck-boost 

converter has been used where battery pack is considered as the only ESS. In contrary, non-

inverting buck-boost converter has been implemented in the second model where the 

polarity has been retained considering two switches in the circuit. 

 

3.3 BDC MODELING  

For simulation plant, a representative mathematical model is needed. The convenient way 

to represent it is by using a state space model. The model dynamic of the plant should 

consider both switch-on and switch-off mode of the buck-boost converter.  

 

3.3.1 Inverting BDC with Battery Model 

As it is discussed before, a BDC works depending on the switch-on and switch-off state of 

insulated gate bipolar transistors (IGBTs) in a circuit. Hence, the mathematical model has 

been designed considering the states. 
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Switch-on mode 

In switch-on mode, input voltage directly goes to inductor as diode is off and the current 

increases in inductor with a constant rate. Here, inductor voltage represents positive voltage 

source and therefore, 𝑉𝐿 = 𝑉𝑠.  

𝑉𝐿 = 𝐿 (
𝑑𝐼𝐿
𝑑𝑡
) 

 
 (
𝑑𝐼𝐿
𝑑𝑡
) =  

𝑉𝑠
𝐿

 
(3.6) 

 

At the same time, capacitor current is opposite to load current and as a result 

capacitor voltage decreases linearly. So, it can be represented as 

  

𝐼𝐶 = 𝐶 (
𝑑𝑉𝐶
𝑑𝑡
) = −𝐼𝑜 

(
𝑑𝑉𝐶
𝑑𝑡
) = −

𝐼𝑜
𝐶

 

 
(
𝑑𝑉𝐶
𝑑𝑡
) = −

𝑉𝑜
𝑅𝐶

 
(3.7) 

 

Therefore, a state space model can be derived relying on equations (3.6) and (3.7) 

as shown in equations (3.8) and (3.9) 

 
𝑥̇(𝑡) = 𝐴1𝑥(𝑡) + 𝐵1𝑉𝑠 

(3.8) 

 
𝑦 = 𝐶1𝑥 

(3.9) 

Here, 𝐴1 = [
0 0

0 −
1

𝑅𝐶

], 𝐵1 = [
1

𝐿

0
], 𝐶1 = [0 1], 𝑥 =  [

𝐼𝐿
𝑉𝐶
], 𝑦 = 𝑉𝑜  

 

Noted that according to Figure 3.4, the output voltage is the same as the capacitor 

voltage, 𝑉𝑜 = 𝑉𝐶 .  
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Switch-off mode 

During switch-off mode, the inductor receives voltage from capacitor, and it offers negative 

polarity. In this period, inductor loses current with a constant rate and reach to the beginning 

state. Here, capacitor voltage and output voltage are same. 

−𝑉𝑜 = 𝐿 (
𝑑𝐼𝐿
𝑑𝑡
) 

 
(
𝑑𝐼𝐿
𝑑𝑡
) =  −

𝑉𝑜
𝐿

 
(3.10) 

 

Meanwhile, the capacitor current decreases linearly, and it becomes the subtraction 

of the peak of the inductor current and load current. As a result, it turns into a concave 

parabola. Hence, it can be represented as  

𝐼𝐶 = 𝐶 (
𝑑𝑉𝐶
𝑑𝑡
) = 𝐼𝐿 − 𝐼𝑜 

 
(
𝑑𝑉𝐶
𝑑𝑡
) =

𝐼𝐿
𝐶
−
𝑉𝑜
𝑅𝐶

 
(3.11) 

 

Therefore, a similar state space model can be demonstrated as follows: 

 

 
𝑥̇(𝑡) = 𝐴2𝑥(𝑡) + 𝐵2𝑉𝑠 

(3.12) 

 
𝑦 = 𝐶2𝑥 

(3.13) 

 

Here, 𝐴2 = [
0 −

1

𝐿
1

𝐶
−

1

𝑅𝐶

], 𝐵2 = [
0
0
], 𝐶2 = [0 1], 𝑥 =  [

𝐼𝐿
𝑉𝐶
], 𝑦 = 𝑉𝑜 = 𝑉𝐶  
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Similar to Figure 3.4, Figure 3.5 shows that the output voltage is the same as the 

capacitor voltage, 𝑉𝑜 = 𝑉𝐶.  

The average state-space model can be derived as follows (Vijayalakshmi & T Raja, 

2014): 

𝐴 = 𝐷𝐴1 + (1 − 𝐷)𝐴2 

                                      =  [
0 0

0 −
1

𝑅𝐶

]𝐷 + [
0 −

1

𝐿
1

𝐶
−
1

𝑅𝐶

] (1 − 𝐷)  

 = [
0

𝐷 − 1

𝐿
1 − 𝐷

𝐶
−
1

𝑅𝐶

] 

𝐵 =  𝐷𝐵1 + (1 − 𝐷)𝐵2 

      = [
1

𝐿
0
]𝐷 + [

0
0
] (1 − 𝐷) 

       = [
1

𝐿

0
]𝐷 

𝐶 =  𝐷𝐶1 + (1 − 𝐷)𝐶2  

               = [0 1] where, 𝐶1 = 𝐶2 

Importantly, it is a time-variant model since the duty ratio is required to design the 

state-space model, and thus, the change in duty ratio impacts the state-space model. Hence, 

the system is prone to behave as a non-linear model, though the state-space model shows 
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its linear characteristics. The nonlinearity of the power converter has been identified in 

previous works as well (Liu & Yang, 2013; Rajarshi & Maksimovic, 2008).  

Figure 3.6 shows the topology of a buck–boost converter used in this work. The 

output voltage, 𝑉𝑜, at resistance, R, is regulated by the switch, S, according to the demand, 

where 𝑉𝑏 is the input voltage from a Li-ion battery to the buck-boost converter. When the 

switch is on, the battery, input voltage and inductor are active, but while in switched-off 

mode, the capacitor and the resistor are active. However, there is no set switching 

frequency, though ideally, it is considered 50 kHz because it is determined by the voltage, 

which changes continuously with respect to the demand that is controlled by the controller. 

 

Figure 3.6 A diagram of the buck-boost converter. 

 

The parameters of the buck-boost converter and properties of the Li-ion battery for 

this simulation work are shown in Table 3.1 (Bellur & Kazimierczuk, 2007; Devi Vidhya 

& Balaji, 2020; Lai et al., 2017; Pires et al., 2019). 
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Table 3.1 Properties of the buck-boost converter and lithium-ion battery. 

Properties Values 

Inductance, L 5 × 10−4 H 

Capacitance, C 9200 × 10−6 F 

Capacitor initial voltage, VC 10 V 

Resistance, R 25 Ω 

Switching frequency 50 kHz 

Battery nominal voltage 48 V 

Battery rated capacity 14 Ah 

Battery initial SOC 95% 

Battery response time 0.3 s 

 

3.3.2 Non-Inverting BDC with HESS Model 

In this work, the HESS model is constructed based on the combination of SC and battery 

pack, where the respective BDC regulates SC power. As the primary focus of this work 

is on the distribution of power according to load demand using two different control 

algorithms, the three-phase motor and power inverter (also known as DC-AC Converter) 

have not been considered. However, Figure 3.7 shows all the general components of the 

HEV powertrain system. The buck-boost converter extracts and supplies the power to the 

SC, while the boost converter only extracts the power from the battery pack and, thus, plays 

the role of a unidirectional converter. Figure 3.8 shows the schematic circuit of the boost 

converter, which includes an inductor, L1, with two insulated gate bipolar transistors 

(IGBTs) as 𝑆1 and 𝑆2. Noted that one of the IGBTs, 𝑆2, works as a normal diode. The buck-

boost converter also consists of an inductor, L2, and two IGBTs (e.g., 𝑆3 and 𝑆4) that mainly 

deal with SC power demand. To run the three-phase BLDC electric motor, a continuous 
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voltage of 48 V is required, and thus, these DC-DC converters are connected in parallel to 

a voltage source, DC Bus (Song et al., 2017).  

 

Figure 3.7 Block Diagram of an HEV powertrain. 

 

 

Figure 3.8 Circuit Model of the Buck-Boost Converter with a battery and Boost converter 

with the SC. 
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Noted that when the vehicle runs in traction mode, both the converters extract power 

from the battery pack and SC, where 𝐷1, 𝐷3 and 𝐷4 are active. On the other hand, in braking 

mode, only 𝐷1 is active, whereas 𝐷3 and 𝐷4. Here, 𝐷1, 𝐷3 and 𝐷4 are the duty ratios in the 

respective IGBTs. Table 3.2 shows the different driving modes of the vehicle along with 

the IGBTs status. 

Table 3.2 Driving modes and IGBTSs status. 

Modes Active Inactive 

Acceleration or Traction 𝐷1, 𝐷3 and 𝐷4 − 

Brake 𝐷1 𝐷3 and 𝐷4 

 

In this design, a DC-DC boost converter is employed to regulate and increase the 

battery voltage to the DC bus voltage level. Utilizing the inductor voltage and capacitor 

charge balance principles, the state-space equations are derived as follows (Arslan et al., 

2021) in equation (3.14) and (3.15): 

 
𝐼𝐵̇𝑎𝑡𝑡 = −

𝑅1
𝐿1
𝐼𝐵𝑎𝑡𝑡 +

𝐸𝐵𝑎𝑡𝑡
𝐿1

−
𝑉𝑜
𝐿1
(1 − 𝐷1) (3.14) 

 
𝑉̇𝑜 =

𝐼𝐵𝑎𝑡𝑡
𝐶𝑜

(1 − 𝐷1) −
𝐼1
𝐶𝑜

 (3.15) 

where 𝐼𝐵𝑎𝑡𝑡, 𝐸𝐵𝑎𝑡𝑡,  𝑉𝑜, 𝐶𝑜 and 𝐼1 are battery current, battery voltage, DC-bus voltage, 

capacitance at output and output current of the boost converter, respectively. 𝑅1 is the 

internal resistance of the battery, 𝐿1 is inductance and control signal 𝐷1 is applied at the 

switch 𝑆1. 

In addition, a DC-DC Buck-Boost converter is used to manage the charging and 

discharging operations of the SC. During discharging, it boosts the SC output voltage, while 
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in charging mode, it functions as a buck converter to charge the SC. The differential 

equation for the SC current in discharging mode can be expressed as (3.16): 

 
𝐼𝑆̇𝐶 = −

𝑅2
𝐿2
𝐼𝑆𝐶 +

𝐸𝑆𝐶
𝐿2

−
𝑉𝑜
𝐿2
(1 − 𝐷3) (3.16) 

where 𝐼𝑆𝐶, 𝐸𝑆𝐶,  𝑅2 and 𝐿2 are SC current, SC voltage, the internal resistance of the SC and 

inductance to the respective inductor. 𝐷3 is duty ratio, which is the control input applied at 

the switch 𝑆3. 

Importantly, when the system is operated in boost mode, the output current from 

the buck-boost converter, 𝐼2, maintains a relationship with the SC current, 𝐼𝑆𝐶 as shown in 

the equation (3.17): 

 𝐼2 = 𝐼𝑆𝐶(1 − 𝐷3) (3.17) 

Besides, in buck mode, 𝐷4 becomes active, and thus, it becomes the new control 

input which is applied at the switch 𝑆4. As a result, a new differential equation for the SC 

current can be derived during charging as (3.18): 

 
𝐼𝑆̇𝐶 = −

𝑅2
𝐿2
𝐼𝑆𝐶 +

𝐸𝑆𝐶
𝐿2

−
𝑉𝑜
𝐿2
𝐷4 (3.18) 

Similar to equation (3.17), another relationship between 𝐼𝑆𝐶 and 𝐼2 can be derived 

for buck mode, as shown in the equation (3.19): 

 𝐼2 = 𝐼𝑆𝐶𝐷4 (3.19) 

Since 𝐷3 and 𝐷4 are nonlinear signals that are responsible for dealing with the boost 

and buck modes, a virtual control is necessary to maintain the complete cycle between these 

two modes as shown in equation (3.20)  (Majeed et al., 2020): 
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 𝐷 =  (1 − 𝐷3) ⋅ 𝑇 + 𝐷4 ⋅ (1 − 𝑇) (3.20) 

The variable 𝑇 takes the value 0 or 1 depending on the operating mode of the buck-

boost converter. In boost mode, the value of T is 1, since the SC supplies current from the 

SC to the DC bus. It implies that the current flow is positive (i.e., 𝐼𝑆𝐶𝑟𝑒𝑓 > 0). Conversely, 

in buck mode, the value of T is 0, where the SC is charged through regenerative braking, 

and using the same convention, the current flow is negative (i.e., 𝐼𝑆𝐶𝑟𝑒𝑓 < 0). 

Mathematically, T can be represented as follows:  

 
𝑇 =  {

1, 𝐼𝑆𝐶𝑟𝑒𝑓 > 0 

0, 𝐼𝑆𝐶𝑟𝑒𝑓 < 0
 (3.21) 

When the system runs in boost mode, according to the equation (3.20), the value of 

(1 − 𝐷3) can be replaced by 𝐷. Thus, equation (3.16) can be represented as shown in the 

equation (3.22): 

 
𝐼𝑆̇𝐶 = −

𝑅2
𝐿2
𝐼𝑆𝐶 +

𝐸𝑆𝐶
𝐿2

−
𝑉𝑜
𝐿2
𝐷 (3.22) 

In the meanwhile, from Kirchhoff’s current law, the total output current from the 

HESS, 𝐼𝑜, can be considered as: 

 𝐼𝑜 = 𝐼1 + 𝐼2  

 𝐼1 = 𝐼𝑜 − 𝐼2 (3.23) 

In the equation (3.23), 𝐼2 can be substituted by the value derived in the equation 

(3.17). Thus, the equation (3.23) can be represented as: 

 𝐼1 = 𝐼𝑜 − (1 − 𝐷3)𝐼𝑆𝐶 (3.24) 
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Again, since the buck-boost converter is functioning in boost mode, according to 

the equation (3.20), the value of (1 − 𝐷3) can be substituted by 𝐷 in the equation (3.24). 

As a result, equation (3.15) can be represented as: 

 
𝑉̇𝑜 =

𝐼𝐵𝑎𝑡𝑡
𝐶𝑜

(1 − 𝐷1) +
𝐼𝑜
𝐶𝑜
−
𝐼𝑆𝐶
𝐶𝑜
𝐷 (3.25) 

Finally, considering equation (3.14), (3.22) and (3.25), a globalized average model 

can be shown as: 

 

{
  
 

  
 𝑥̇1 = −

𝑅1
𝐿1
𝑥1 +

𝐸𝐵𝑎𝑡𝑡
𝐿1

−
𝑥3
𝐿1
(1 − 𝑈1)

𝑥̇2 = −
𝑅2
𝐿2
𝑥2 +

𝐸𝑆𝐶
𝐿2

−
𝑥3
𝐿2
𝑈2

𝑥̇3 =
𝑥1
𝐶𝑜
(1 − 𝑈1) +

𝐼𝑜
𝐶𝑜
−
𝑥2
𝐶𝑜
𝑈2

 (3.26) 

where, (

𝑥̇1
𝑥̇2
𝑥̇3

) = (

𝐼𝐵̇𝑎𝑡𝑡
𝐼𝑆̇𝐶
𝑉̇𝑜

) and (
𝑈1
𝑈2 
) = (

𝐷1
𝐷
) 

Here, x stands for the states, and u represents the control inputs to the system in the 

form of PWM signals that are regulated by the IGBTs. 

This circuit model for the BDC with HESS has been adopted from 

MATLAB/Simulink Supercapacitor Model example primarily (Mathworks, 2022). The 

parameters of the power converters and properties of the battery pack and SC for this 

simulation work have been shown in Table 3.3.  
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Table 3.3 Parameters of the power converters and properties of the battery pack and SC 

(Mathworks, 2022). 

Components Properties Values 

Battery Pack Battery Nominal 

Voltage 

26.4V 

Battery Rated Capacity 6.6Ah 

Battery Initial SOC 100% 

Battery Response Time 30s 

Supercapacitor Capacitance 500F 

Voltage 16V 

No. of series capacitors 6 

No. of series capacitors 1 

Boost and Buck-Boost 

Converter 

Inductance 1×10-3 H  

Switching Frequency 40×103 Hz 

 

3.4 CONTROL ALGORITHMS DEVELOPMENT 

This section is dedicated to explaining the proposed control algorithms such as MRAC and 

PI and their design parameters for this system.  

 

3.4.1 MRAC Design 

In this work, the Model Reference Adaptive Control (MRAC) algorithm has been chosen 

primarily as it offers robustness to the system. As the system shows nonlinear behaviour, a 

linear controller may not be able to handle the nonlinearity. Hence, it is expected that 

MRAC can ensure a smooth response from this time-variant system that is highly 

influenced by the duty ratios of multiple IGBT switches. Figure 3.9 demonstrates the 

complete process of adaptive controller to make the process comprehensible. Here, the 
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plant, 𝑥̇(𝑡) is updated continuously according to a reference model 𝑥̇𝑚(𝑡) based on error, 𝑒 

and error dynamics, 𝑒̇ between plant and reference models. These error and error dynamics 

are utilized through adjustment mechanism to generate control input, 𝑢(𝑡) of the system 

and hence, the complete MRAC works.  

 

Figure 3.9 A block diagram of the adaptive controller. 
 

To design an MRAC, a plant and a reference model are required so that the 

difference between the two can be used to adjust the input via an adjustment mechanism. 

Hence, the plant model can be represented in the state form as shown in the equation (3.27). 

 
𝑥̇(𝑡) = 𝑎𝑥(𝑡) + 𝑏𝑢 

(3.27) 

where, 𝑥, 𝑎, 𝑏 ∈ 𝑅 and 𝑏 ≠ 0. 𝑎 and 𝑏 are the parameters of the plant, 𝑥 defines the states 

that are time-variant and 𝑢 is the control input. 

As for the reference model, although the same states are used, the parameters are 

constructed based on the desired specifications of a user. In general form, it can be 

constructed as the equation (3.28): 

𝑒 - 

+ 

𝑥̇(𝑡) = 𝑎𝑥(𝑡) + 𝑏𝑢 

𝑥̇𝑚(𝑡) = 𝑎𝑚𝑥𝑚(𝑡) + 𝑏𝑚𝑟 

𝑢(𝑡) = 𝑘𝑥𝑥 + 𝑘𝑟𝑟 

𝑘̇𝑥 = −𝛾
𝑥
𝑥𝑒 

 

𝑘̇𝑟 = −𝛾
𝑟
𝑟𝑒 

Reference Model 

Controller Plant 

Adjustment Mechanism 

r 

1

𝑠
 

𝑘𝑥 

𝑘𝑟 



66 
 

 
𝑥̇𝑚(𝑡) = 𝑎𝑚𝑥𝑚(𝑡) + 𝑏𝑚𝑟 

(3.28) 

 

where, 𝑎𝑚, 𝑏𝑚, 𝑥𝑚  ∈ 𝑅, and bounded as 𝑟 is also bounded. Here, 𝑎𝑚 and 𝑏𝑚 are the 

parameters of the reference model and 𝑟 is defined as the reference point. 

The main objective is to ensure that the system is responding as the reference model 

and there, 𝑥(𝑡) must behave as 𝑥𝑚(𝑡) does. However, this is not exactly possible because 

in this work 𝑎 and 𝑏 are considered unknown parameters. Therefore, an asymptotical 

approach can be considered that can lead the plant to reach the same value as the reference 

by computing the error term as shown in the equation (3.29): 

 𝑒(𝑡) = 𝑥 − 𝑥𝑚 (3.29) 

Here, to ensure the response from the plant alike reference, the error term needs to 

satisfy this condition 𝑒(𝑡) → 0 when 𝑡 → ∝. Therefore, the control law can be deduced at 

the same time for state feedback control as in the equation (3.30): 

 𝑢(𝑡) = 𝑘𝑥𝑥 + 𝑘𝑟𝑟 (3.30) 

where, 𝑘𝑥 and 𝑘𝑟 are considered as constant adjustable gains. 

In the meanwhile, to address error dynamics, an equation can be shown as follows: 

𝑒̇(𝑡) = 𝑥̇ − 𝑥̇𝑚 

       = 𝑎𝑥 + 𝑏𝑢 − (𝑎𝑚𝑥𝑚 + 𝑏𝑚𝑟) 

       =  𝑎𝑥 + 𝑏(𝑘𝑥𝑥 + 𝑘𝑟𝑟) − 𝑎𝑚𝑥𝑚 − 𝑏𝑚𝑟 

 𝑒̇(𝑡) = (𝑎 + 𝑏𝑘𝑥)𝑥 − 𝑎𝑚𝑥𝑚 + 𝑏𝑘𝑟𝑟 − 𝑏𝑚𝑟 (3.31) 

Importantly, to make the error dynamics zero, 𝑎𝑚 and 𝑏𝑚 can be derived as follows: 
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 𝑎 + 𝑏𝑘𝑥 = 𝑎𝑚 (3.32) 

 𝑏𝑘𝑟 = 𝑏𝑚 (3.33) 

If the values of 𝑎𝑚 and 𝑏𝑚, as derived from equations (3.32) and (3.33), are 

substituted in the equation (3.31), the error dynamics can be represented as: 

 𝑒̇ = 𝑎𝑚(𝑥 − 𝑥𝑚) + 𝑏𝑚𝑟 − 𝑏𝑚𝑟   

 𝑒̇ = 𝑎𝑚(𝑥 − 𝑥𝑚) (3.34) 

Again, the value of 𝑒(𝑡) can be substituted in the equation (3.34) and thus the 

error dynamics can be derived as: 

 𝑒̇ = 𝑎𝑚𝑒 (3.35) 

Notwithstanding the error, 𝑒, depends on 𝑎 and 𝑏 where both the parameters are 

unknown. Therefore, a new control law is introduced that can estimate the error between 

the plant and reference model according to the sample time and finally ensure the error, 𝑒 

as zero. The control law can be addressed as follows in the equation (3.36): 

 𝑢 = 𝑘̂𝑥(𝑡)𝑥 + 𝑘̂𝑟(𝑡)𝑟 (3.36) 

where 𝑘̂𝑥(𝑡) and 𝑘̂𝑟(𝑡) are the estimated value of 𝑘𝑥 and 𝑘𝑟 respectively.  

Hence, 𝑎𝑚 and 𝑏𝑚 can be newly defined from the equations (3.32) and (3.33) and 

thus, these parameters become time-varying, as shown in the equations (3.37) and (3.38). 

 𝑎 + 𝑏𝑘̂𝑥(𝑡) =  𝑎𝑚 (3.37) 

 𝑏𝑘̂𝑟(𝑡) = 𝑏𝑚 (3.38) 

As a result, the closed-loop error dynamics can be demonstrated by replacing the 

values of 𝑎𝑚 and 𝑏𝑚 as follows in the equation (3.39): 



68 
 

𝑒̇(𝑡) = (𝑎 + 𝑏𝑘𝑥)𝑥 − 𝑎𝑚𝑥𝑚 + 𝑏𝑘𝑟𝑟 − 𝑏𝑚𝑟 

       = [(𝑎𝑚 − 𝑏𝑘̂𝑥) + 𝑏𝑘𝑥]𝑥 − 𝑎𝑚𝑥𝑚 + 𝑏𝑘𝑟𝑟 − 𝑏𝑘̂𝑟𝑟 

       = 𝑎𝑚(𝑥 − 𝑥𝑚) − 𝑏(𝑘̂𝑥 − 𝑘𝑥)𝑥 − 𝑏(𝑘̂𝑟 − 𝑘𝑟)𝑟 

 

 𝑒̇(𝑡) = 𝑎𝑚𝑒 − 𝑏𝑘̃𝑥𝑥 − 𝑏𝑘̃𝑟𝑟 (3.39) 

where, (𝑘̂𝑥 − 𝑘𝑥) = 𝑘̃𝑥 and (𝑘̂𝑟 − 𝑘𝑟) = 𝑘̃𝑟 

In order to ensure the system stability, a Lyapunov function candidate is required 

to be considered, and as a result, it can be expressed finally in the equation (3.40): 

𝑉(𝑒, 𝑘̃𝑥, 𝑘̃𝑟) =
1

2
𝑒2 +

1

2𝛾𝑥
𝑘̃𝑥

2
+

1

2𝛾𝑟
𝑘̃𝑟

2
 

𝜕𝑉

𝜕𝑡
= 𝑒𝑒̇ +

1

𝛾
𝑘̃𝑥𝑘̃𝑥

̇ +  
1

𝛾
𝑘̃𝑟𝑘̃𝑟

̇  

𝑉̇ = 𝑒(𝑎𝑚𝑒 − 𝑏𝑘̃𝑥𝑥 − 𝑏𝑘̃𝑟𝑟) +
1

𝛾
𝑘̃𝑥 (−𝑘̂𝑥

̇ ) +
1

𝛾
𝑘̃𝑟 (−𝑘̂𝑟

̇ ) 

 
𝑉̇ = 𝑎𝑚𝑒

2 − 𝑏𝑘̃𝑥𝑥𝑒 − 𝑏𝑘̃𝑟𝑟𝑒 −
1

𝛾
𝑘̃𝑥𝑘̂𝑥

̇ −
1

𝛾
𝑘̃𝑟𝑘̂𝑟

̇  
(3.40) 

where, 𝛾𝑥 and 𝛾𝑟 are the adaptation gains. 

In this circumstance, 𝑉̇ should be negative semi-definite to ensure the system's 

stability (Nguyen & Nguyen, 2018). So, 𝑘̂𝑟
̇  and 𝑘̂𝑥

̇  can be defined as equations (3.41) and 

(3.42) respectively in order to ensure 𝑉̇ < 0 where 𝑏 > 0: 

 𝑘̂𝑟
̇ = −𝛾𝑏𝑟𝑒 (3.41) 

 𝑘̂𝑥
̇ = −𝛾𝑏𝑥𝑒 (3.42) 

Now, the values of 𝑘̂𝑟
̇  and 𝑘̂𝑥

̇  can be substituted to equation (3.40) to obtain the 

value of 𝑉̇ as: 
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 𝑉̇ = 𝑎𝑚𝑒
2 (3.43) 

Importantly, during reference model designing, 𝑎𝑚 has been considered as negative. 

Therefore, 𝑉̇ considered as negative semi-definite, which implies that the system is stable. 

 

3.4.2 Proportional-Integral (PI) Controller 

The PI control approach is commonly used with the DC-DC converter because of its 

simplicity in design and ability to ensure promising performance. Since the methodology 

of the PI controller is already well known, only the final form is presented. Figure 3.10 

represents a closed-loop control system where a PI controller is used to regulate the voltage 

or current of a DC-DC converter. The desired output, 𝑥𝑑,  is compared with the actual 

output, 𝑥𝑎, to generate an error signal. This error signal is processed by the PI controller, 

which adjusts the control input, 𝑢 based on proportional and integral actions. The DC-DC 

converter dynamics are described by the equation (3.27), where the control input influences 

the system state, 𝑥. The actual output is fed back to the input for continuous adjustment, 

aiming to minimize the error and achieve the desired output. The PI controller, CPI, can be 

defined as follows: 

 
𝐶𝑃𝐼 = 𝐾𝑃 +

𝐾𝐼
𝑠

 (3.44) 

 
𝑢(𝑡) =  (𝐾𝑃 +

𝐾𝐼
𝑠
) 𝑒 

(3.45) 

where, 𝑒(𝑡) = 𝑥𝑑 − 𝑥𝑎. 
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Figure 3.10 A block diagram of a DC-DC converter with a PI controller. 

   

3.5 PROPOSED CONTROLLERS FOR INVERTING BDC  

The MRAC design and PI controller design have been explained in Section 3.4.1 and 3.4.2 

(Islam et al., 2021), respectively, and hence, this section will introduce the reference model 

for MRAC and tuning parameters for both controllers. Before that, Figure 3.9 has been 

introduced to explain how the controller is integrated with the system for controlling the 

output, 𝑉𝑜 according to the reference voltage, 𝑉𝑟𝑒𝑓, and supplying suitable input, u and 

overcoming the disturbance, d when it is added to the system. In this block diagram, the 

controller block can be replaced by any of the controllers. Hence, it describes the primary 

functions of the controllers with the system in both cases, either with disturbance or without 

disturbance.   

 

3.5.1 MRAC Design 

According to MRAC design requirements for a system, designing a reference model is 

crucial since it defines the desired behaviour of the system, serving as a benchmark for 

performance. It guides the adaptive controller to adjust system parameters dynamically, 
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ensuring the actual system output matches the desired response, thereby enhancing stability 

and performance. 

 

Figure 3.11 A block diagram of a DC-DC converter with a controller. 

 

Hence, a reference model for the MRAC is designed to achieve specific output 

characteristics: a rise time of 0.2 seconds, a settling time of less than 0.5 seconds, and 0% 

overshoot. The design process has been adopted from prior studies (Modabbernia et al., 

2013; Utomo et al., 2011; Zhou & He, 2015) which provided benchmarks for assessing the 

controller's performance. Considering the design characteristics of a system, a transfer 

function can be generated, which is represented as a state-space model as follows in the 

equation (3.46): 

 
𝐴𝑚 = [

−720 −8100
1 0

], 𝐵𝑚 = [
1
0
] , 𝐶𝑚 = [0 8100] (3.46) 

 

Importantly, the adaptation gains in the adjustment mechanism significantly 

influence system responses. Therefore, these gains must be selected meticulously to ensure 

that the system maintains the reference model's output characteristics. After several trials, 

the adaptation gains 𝛾𝑥 and 𝛾𝑟 are determined to be 2, with initial integral gains of 11 for 
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the states and reference input, respectively. The design analysis procedure has been 

discussed further in section 3.6.2 with the HESS model.  

 

3.5.2 PI Controller Design 

Unlike MRAC, PI controller designing solely relies on the fixed 𝐾𝐼 and 𝐾𝑝 gain and does 

not include a reference model. Hence, a heuristic method has been adopted for the proposed 

system to tune the gain of PI due to its simplicity and nonlinear characteristics. Based on 

the extreme system responses due to the consideration of higher 𝐾𝐼 and 𝐾𝑝 gain of the PI 

controller, the gains are bounded by 0 and 100. However, the demonstration of the system 

responses against the variations of the gains has been avoided since the analysis is not 

considered as a contribution.  

 

3.5.3 Parameters of MRAC and PI Controller 

Upon several trials, the final adaptation gains of MRAC and PI gains have been achieved, 

allowing the system to perform with a rise time of 0.2 seconds, a settling time of less than 

0.5 seconds, and a 0% overshoot. Table 3.4 highlights the adjustable gains of MRAC and 

PI gains considered in this study. 

Table 3.4 Parameters of MRAC and PI controller for BDC with battery model. 

MRAC PI 

Adaptation gain for states, 𝛾𝑥 = 2 

Adaptation gain for reference, 𝛾𝑟 = 2 

Initial integral gain for states, 𝑘𝑥0 = 11 

Initial integral gain for reference, 𝑘𝑟0 = 11 

Proportional gain, 𝐾𝑃 = 5 

Integral gain, 𝐾𝐼 = 8 
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3.6 POWER MANAGEMENT SYSTEM AND CONTROLLERS FOR HESS 

MODEL 

Since HESS works relying on two different BDCs and they contribute to meeting the power 

demand separately, a suitable power management system should be designed that can 

designate each BDC to extract a certain amount of power from a single ESS. Hence, this 

section has introduced a power management system and controller design as well. 

 

3.6.1 Power Management System 

A Power Management System (PMS) is needed to distribute the necessary amount of power 

to the motor from the HESS. In addition, it is also used to improve battery safety, energy 

consumption, efficiency, and system dynamics (Song et al., 2017). There are various types 

of strategies that can be used for the PMS such as rule-based strategy (Song et al., 2017), 

filtration-based strategy (Hadartz & Julander, 2008), “all or nothing” control strategy 

(Allegre et al., 2009), fuzzy logic strategy (Song et al., 2014) and model predictive strategy 

(Hannan et al., 2012). 

For the simplicity of simulation and better adaptability according to a drive cycle, 

the rule-based approach is adopted in this work as shown in Figure 3.12. This technique 

enables the battery pack to supply power if the load demand from the motor, 𝑃𝑑, exceeds 

zero. In the meantime, the SC remains constant until 𝑃𝑑 meets the 𝑃𝑚𝑖𝑛 cut-off that is 

considered as 1.5 kW since the total system is considered to be run for 600s only that will 

make the battery and SC depleted. In addition, the power fluctuation is prominently visible 

around 1.5 kW for this drive cycle. Noted that the cut-off power is changeable according 

to system run time, power storage or the rate of power discharge.  
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In the meantime, once 𝑃𝑑 surpasses the 𝑃𝑚𝑖𝑛 limit, the SC supplies the remaining 

demand of the power as (𝑃𝑑 − 𝑃𝑚𝑖𝑛). To guarantee effective power conversion, the state of 

charge (SOC) of the SC is closely monitored during this period. As a result, the SC voltage 

managed to remain between 0.5𝑉𝑆𝐶𝑚𝑎𝑥 and 𝑉𝑆𝐶𝑚𝑎𝑥. In this case, the operational condition 

for the battery pack has been considered between 20% and 90% of the SOC. 

 

Figure 3.12 Rule-Based Energy Management System. 

 

3.6.2 Proposed Controllers for HSS Model  

This section describes the MRAC reference model and gain tuning, and PI controller gain 

tuning for the non-inverting BDC with HESS model. In this HESS model, the battery 

ensures comparatively constant power supply to the motor and is not designed for receiving 

regenerative power during braking, the battery current, 𝐼𝐵𝑎𝑡𝑡 is regulated by a PI controller 

for simplicity. Figure 3.13 (a) depicts a control strategy where the battery power is directly 
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controlled using a PI controller. Hence, the power demand 𝑃𝑑 or 𝑃𝑚𝑖𝑛 is divided by the 

battery voltage to compute the desired current. This current is compared with the actual 

battery current, 𝐼𝐵𝑎𝑡𝑡, and the error is fed into the PI controller. The output of the PI 

controller is then used to regulate the boost converter, which adjusts the battery current, 

𝐼𝐵𝑎𝑡𝑡 to meet the power demand efficiently. On the other hand, SC needs to support the rest 

of the power demand, especially the fluctuation. Thus, it supplies the rest of the power by 

regulating its current, 𝐼𝑆𝐶. Noted that both MRAC and PI controllers have been considered 

where their performance will be compared in this case due to its regular fluctuation. Figure 

3.13 (b) shows PI control strategy for regulating SC current. Here, the difference between 

𝑃𝑑 and 𝑃𝑚𝑖𝑛 is divided by the SC voltage to calculate the desired SC current. This current 

is compared with the actual SC current, 𝐼𝑆𝐶 , and the error is processed by a PI controller. 

In order to evaluate the performance of the PI controller with the presence of disturbance 

in the system, the controller output, u is influenced by the disturbance, d which become the 

input to the buck-boost converter. Similarly, Figure 3.13 (c) shows the difference between 

𝑃𝑑 and 𝑃𝑚𝑖𝑛 is divided by the SC voltage to calculate the desired SC current which is 

controlled by MRAC algorithm. As discussed earlier, the MRAC system comprises a 

reference model that defines the desired system behaviour and an adjustment mechanism 

that tunes the controller parameters in real-time to match this behaviour. Since the 

robustness of this controller is a concern, a disturbance is also considered with the system 

input. 



76 
 

 

(a) 

 

(b) 

 

(c) 

 

Figure 3.13 A block diagram of a (a) boost converter with PI controller that regulates 

𝐼𝐵𝑎𝑡𝑡, and buck-boost converter with a (b) PI control and (c) DMRAC algorithm that 

control 𝐼𝑆𝐶.  

 

3.6.2.1 Lyapunov Stability 

Before tuning the MRAC, ensuring the stability of the non-inverting BDC is cardinal. 

Hence, to analyze the Lyapunov stability of the system represented by the Equation (3.25), 

a few steps to be followed: 
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1. System identification: According to the Equation (3.25), the system is a set of three 

coupled first-order differential equations representing the dynamics of the state 

variables 𝑥1, 𝑥2, and 𝑥3. 

2. Lyapunov function: According to the mathematical equation as described in 

Equation (3.25), a Lyapunov candidate function can be proposed, such as:  

 
𝑉(𝑥) =

1

2
(𝑥1

2 + 𝑥2
2 + 𝑥3

2) (3.47) 

This function is positive definite, meaning 𝑉(𝑥) > 0 for all 𝑥 ≠ 0 and 𝑉(0) = 0. 

3. Derivative of the Lyapunov function: As part of the stability analysis process, the 

time derivative of the proposed Lyapunov function should be computed that can be 

shown as: 

 𝑉̇(𝑥) = 𝑥1 ⋅ 𝑥1̇ + 𝑥2 ⋅ 𝑥2̇ + 𝑥3 ⋅ 𝑥3̇ (3.48) 

In Equation (3.53), the state variables and their derivatives can be substituted as 

follows:   

 𝑉̇(𝑥) = −𝑉𝑜 ⋅ (1 − 𝐷1) ⋅ 𝐼𝐵𝑎𝑡𝑡 ⋅ 𝐿2 ⋅ 𝐶𝑜 − 𝑉𝑜 ⋅ 𝐷 ⋅ 𝐼𝑆𝐶 ⋅ 𝐿1 ⋅ 𝐶𝑜 + 𝑉𝑜

⋅ (1 − 𝐷1) ⋅ 𝐼𝐵𝑎𝑡𝑡 ⋅ 𝐿2 ⋅ 𝐿1 + 𝑉𝑜 ⋅ 𝐼𝑜 ⋅ 𝐿2 ⋅ 𝐿1 − 𝑉𝑜 ⋅ 𝐷

⋅ 𝐼𝑆𝐶 ⋅ 𝐿2 ⋅ 𝐿1 (3.49) 

 

Upon substituting the values of the parameters according to Table 3.3, in Equation 

(3.49), it can be represented as: 

 𝑉̇(𝑥) = −(24 − 48 ⋅ 10−6) ⋅ (1 − 𝐷1) ⋅ 𝐼𝐵𝑎𝑡𝑡 − (24 − 48 ⋅ 10
−6)

⋅ 𝐷 ⋅ 𝐼𝑆𝐶 + 48 ⋅ 10
−6 ⋅ 𝐼𝑜 ⋅ 𝐷 

(3.50) 
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4. Stability analysis: Based on the sign of 𝑉̇(𝑥), three scenarios can be considered as 

negative definite, negative semidefinite and positive, which can define the status of 

a system’s stability. For instance, the system can be globally asymptotically stable 

if 𝑉̇(𝑥) is identified as a negative definite, which implies 𝑉̇(𝑥) < 0 for all 𝑥 ≠ 0. 

In addition, the system can be stable only without being asymptotically stable if 

𝑉̇(𝑥) is identified as negative definite, which implies 𝑉̇(𝑥) ≤ 0 for all 𝑥 ≠ 0. 

Furthermore, the system cannot be declared stable when 𝑉̇(𝑥) is found positive or 

indefinite. In order to analyze the stability of the proposed system, the derivative of 

the proposed Lyapunov candidate function can be rewritten as: 

 𝑉̇(𝑥) = −𝐶1(1 − 𝐷1) ⋅ 𝐼𝐵𝑎𝑡𝑡 − 𝐶1 ⋅ 𝐷 ⋅ 𝐼𝑆𝐶 + 𝐶2 ⋅ 𝐼𝑜 ⋅ 𝐷 
(3.51) 

where, 𝐶1 = 24 − 48 ⋅ 10
−6 and 𝐶2 = 48 ⋅ 10

−6. 

Here, 𝐶1 is certainly greater than 𝐶2 and therefore, the negative elements, 

−𝐶1(1 − 𝐷1) ⋅ 𝐼𝐵𝑎𝑡𝑡 − 𝐶1 ⋅ 𝐷 ⋅ 𝐼𝑆𝐶 is predominant over the positive elements, 𝐶2 ⋅

𝐼𝑜 ⋅ 𝐷 in Equation (3.51). As a result, by no means, 𝑉̇(𝑥) can be either positive or 

negative definite, which implies that 𝑉̇(𝑥) is negative definite. Thus, according to 

Lyapunov stability analysis, the proposed system, the non-inverting BDC, can be 

declared stable.  

 

3.6.2.2 MRAC Design for Non-Inverting BDC 

Considering the previous study (Storebø, 2021), in this model, the reference model for 

MRAC is designed based on the second-order desired output’s characteristics, such as 0.03s 

rise time, 0.06s settling time, and 0% overshoot where both rise time and settling time are 



79 
 

set faster than the previous model as described in Section 3.5. So, the state-space model of 

the reference model can be derived as: 

 
𝐴𝑚 = [

−200 −9000
1 0

], 𝐵𝑚 = [
1
0
] , 𝐶𝑚 = [0 9000] (3.52) 

 

Typically, controller performance is determined by the gains; consequently, 

selecting an appropriate gain is a vital step for controllers. To choose the appropriate gains 

for PI and MRAC, a variety of approaches can be considered. The heuristic approach has 

been taken into consideration in this work for both PI and MRAC control algorithms. The 

aim is to select the gains that will give less spike and fluctuation. For MRAC, the values 

both for 𝛾𝑥 and 𝛾𝑟 must be positive according to the control design method and therefore, 

𝛾𝑥 and 𝛾𝑟 range [0, 10] and [0, 1] respectively. Noted that the value of 𝛾𝑟 should be changed 

in slower rate in order to allow the controller to adapt slowly and accurately.  

  

(a) (b) 
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(c) (d) 

Figure 3.14 Changes of 𝑑𝑘𝑥 with respect to time when (a) 𝛾𝑟 = 0.5, (b) 𝛾𝑟 = 0.05, (c) 𝛾𝑟 = 0.005 

and (d) 𝛾𝑟 = 0.0005. 

 

Figure 3.14 demonstrates that both 𝑑𝑘𝑥 (or 𝑘̇𝑥) and 𝑑𝑘𝑟 (or 𝑘̇𝑟) in MRAC are 

significantly influenced by the values of 𝛾𝑥 and 𝛾𝑟. In this case, 𝛾𝑟 is varied between 0.5, 

0.05, 0.005, and 0.0005 since the values of 𝛾𝑟 lower than 0.0005 make the adaption rate 

extremely slow, and therefore, the system fails to follow the reference model response and 

track the desired SC current.  

In Figure 3.14 (a), where 𝛾𝑟 = 0.5, it is observed that as 𝛾𝑥 increases from 1 to 5, 𝑘̇𝑥 

shows a decreasing trend in its steady-state value, with more pronounced periodic 

fluctuations. The system starts with a significant initial transient before stabilizing into a 

periodic behaviour that remains consistent over time. The magnitude of the periodic 

fluctuations increases with higher 𝛾𝑥 values, indicating greater instability in the system's 

adaptation process. Figure 3.14 (b) shows that with 𝛾𝑟 = 0.05, the overall behaviour of 𝑘̇𝑥  

becomes more stable compared to the first plot. The initial transient is still present, but the 

periodic fluctuations are less pronounced, particularly for lower 𝛾𝑥 values. As 𝛾𝑥 increases, 
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the periodicity in 𝑘̇𝑥 persists, but the system demonstrates a faster stabilization compared 

to the case with 𝛾𝑟 = 0.5. In addition, Figure 3.14 (c), where 𝛾𝑟 = 0.005, shows the 

comparatively more stable behaviour of 𝑘̇𝑥. Here, the periodic fluctuations are relatively 

minimal across all values of 𝛾𝑥, and the system quickly settles into a steady state. The 

influence of 𝛾𝑥 on 𝑘̇𝑥 is less pronounced, suggesting that a lower 𝛾𝑥 significantly improves 

the system's stability and reduces the sensitivity of 𝑘̇𝑥 to changes in 𝛾𝑥. Finally, when 𝛾𝑟 is 

set to 0.0005, as shown in Figure 3.14 (d), 𝑘̇𝑥 exhibits a slower rate of change and lower 

magnitude peaks in periodic fluctuations compared to scenarios where 𝛾𝑟 is set to 0.5, 0.05, 

or 0.005. Consequently, this configuration allows the MRAC to reduce the error at a slower 

pace, enabling the system to track the desired SC current without producing abrupt peaks.  

 

(a) 
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(b) 

Figure 3.15 Changes of (a) 𝑑𝑘𝑥 and (b) 𝑑𝑘𝑟 with respect to the time when 𝛾𝑟 = 0.0005. 

 

In addition, the behaviours of 𝑘̇𝑥 and 𝑘̇𝑟 across different values of 𝛾𝑥 are essential 

in understanding the stability and adaptability of the MRAC system, as shown in Figure 

3.15 (a) demonstrates that as 𝛾𝑥 increases, the system experiences more pronounced 

oscillations. This behaviour indicates that larger 𝛾𝑥 values result in a more aggressive 

adaptation response, which can lead to instability. For example, when 𝛾𝑥 is set to 1, the 

system exhibits minimal oscillations, indicating stable adaptation. As a result, the response 

is smooth, with no significant fluctuations, reflecting a controlled and stable process. 

Subsequently, when 𝛾𝑥 is increased to 5, the oscillations become more pronounced, with 

visible spikes in 𝑘̇𝑥. These spikes suggest that the system is overcompensating, leading to 

potential instability. The adaptation is comparatively faster, but the system is more prone 

to instability. Finally, with the increment of 𝛾𝑥 from 5 to 10, the oscillations reach their 

peak in both magnitude and frequency. The system shows signs of instability with frequent 
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and large fluctuations in 𝛾𝑥. Hence, the aggressive adaptation can lead to excessive 

corrections, making the system less stable and less reliable. Besides, Figure 3.15 (b) shows 

a stepped increase over time of 𝑘̇𝑟, with the magnitude of each step becoming more 

pronounced as 𝛾𝑥 increases. This stepped behaviour indicates a more gradual and stable 

adaptation process compared to 𝑘̇𝑥. In order to explain the trend better in brief, three values 

for 𝛾𝑥 have been chosen as 1, 5 and 10. When 𝛾𝑥 = 1, the steps in 𝑘̇𝑟 are found small and 

uniform, reflecting a stable and consistent adaptation process. The system responds slowly 

but steadily, ensuring stable performance. In addition, when 𝛾𝑥 is chosen as 1, the steps are 

more vivid, indicating a faster adaptation process. While the system is still relatively stable, 

the increased step size suggests a more aggressive adaptation, with a potential risk of 

overreaction. Finally, in order to comprehend a comparatively extreme situation by setting 

𝛾𝑥 as 10, the steps are noticed become large and more spaced out, indicating a more 

pronounced response in 𝑘̇𝑟. Although the system remains stable, the larger steps suggest 

that the adaptation is more forceful, which could lead to less precise control. This 

comparative analysis of both 𝑘̇𝑥 and 𝑘̇𝑟 reveals a trade-off between adaptation speed and 

system stability. Higher 𝛾𝑥 values increase the adaptation speed but introduce instability, 

especially in 𝑘̇𝑥 which can be characterized by large oscillations and frequent spikes. 

 

3.6.2.3 PI Controller Tuning for Non-Inverting BDC Model 

Similar to the approach outlined in Section 3.5, the PI gains are tuned using a heuristic 

method. The initial values for the 𝐾𝑃 and 𝐾𝐼 gains of the PI controller were selected within 

the range of 0 to 100, based on the system's extreme response characteristics.  
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3.6.2.4 Controller Parameters 

The parameters, considered for tuning both MRAC and PI controllers have been presented 

in Table 3.5 as follows: 

Table 3.5 Parameters of MRAC and PI controller. 

MRAC PI 

Rate of adaptation for states, 𝛾𝑥 = 1 

Rate of adaptation for reference, 𝛾𝑟 = 0.0005 

Initial gain for states, 𝑘𝑥0 = 1 

Initial gain for reference, 𝑘𝑟0 = 1 

Proportional gain, 𝑘𝑝 = 1.5 

Integral gain, 𝑘𝑖 = 1 

 

3.7 VALIDATION MODEL AND DRIVE CYCLES 

The final part is to integrate the system with a validation model. This step is necessary to 

assess the capability of the controller for the overall EV operation. Therefore, a ready-build 

EV longitudinal model that is available from the MATLAB extension file (Team, 2023) is 

utilized with several modifications to integrate the proposed controller. Figure 3.16 

demonstrates the interface of the Simulink file. This model is derived based on several 

assumptions, such as  

• Quasi-standard model that is widely used both in academia and industry. 

• Equation-based model.  

• Code generation is possible from this model for any further hardware test and 

deployment. 

This EV model has five main components: vehicle dynamics model, brake system 

that includes a regenerative braking system, motor dynamics model, driveline, and energy 

storage system, as shown in Figure 3.16. In addition, there is a driver model that is primarily 

a PID controller that tracks the drive-cycles certified by The Environmental Protection 
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Agency (EPA). Importantly, this agency uses EPA driving cycles, a set of uniform tests, to 

assess automobile emissions and fuel economy. 

 In order to calculate the official fuel economy ratings that are displayed on the 

window stickers of new automobiles, drive cycles that imitate real-world driving situations 

are used. There are various drive cycles, each of which is intended to depict a certain kind 

of driving pattern. These comprise the city cycle, the highway cycle, and a mixed cycle that 

combines driving on both highways and cities. Each cycle has its own speed, acceleration, 

and deceleration settings that are intended to mimic actual driving behaviour (Agency, 

2022).   

 

Figure 3.16 Interface of an EV model in Simulink designed by MathWorks. 

 

The vehicle design of an electric vehicle (EV) refers to its motion and behaviour in 

the direction of travel, specifically concerning acceleration, deceleration, and speed control. 

Understanding and modelling these dynamics are essential for designing control systems, 

optimizing energy management, and ensuring the safe and efficient operation of EVs. There 

are various variations of this model with regard to its fidelity, which depends on the 

application. As for this work, the simple vehicle model is adopted from MATLAB (Team, 
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2020) which can be easily modified according to the necessity of this work. Figure 3.17 the 

block diagram consists of vehicle dynamics, braking dynamics, motor, driveline and HESS.  

 
Figure 3.17 Block diagram of longitudinal dynamics of EV. 

 

Here, 𝑥𝑡 and 𝑥𝑏 define the position of the acceleration pedal and brake pedal, 𝑇𝑏𝑟 

and 𝑇𝑚  symbolize the braking torque and total torque to drive the car and 𝐹𝑡 and 𝐹𝑏 denotes 

the traction force and braking force. Finally, 𝐼 and 𝑣 are referring to the required current 

and vehicle speed, respectively. Noted that this current, 𝐼, is regulated by the proposed 

controller, and thus, it ensures that the current demand of the system accordingly. 

 

3.7.1 Vehicle Dynamics 

Vehicle dynamics consists of the motion of the body with regard to forces that are acting 

on it. Primarily, it deals with four different forces, such as aerodynamic drag 𝐹𝑎, rolling 

resistance 𝐹𝑟, grade force 𝐹𝑔 and input tractive forces 𝐹𝑡𝑟. By referring to Figure 3.18, the 

Newton's second law can be applied to calculate the acceleration and velocity of a vehicle.   



87 
 

 

Figure 3.18 Forces acting on the vehicle body (MathWorks, 2023). 

 

Tractive forces are required for a vehicle to move forward overcoming rest of the 

forces. Hence, the vehicle dynamics can be represented as: 

 
𝐹𝑡𝑟 = 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑖 + 𝐹𝑔𝑟𝑎𝑑𝑒 + 𝐹𝑟𝑟 (3.53) 

where, 

aerodynamic drag, 𝐹𝑎𝑒𝑟𝑜 =
1

2
𝜌𝐶𝑑𝐴𝑓𝑉

2, 

initial force, 𝐹𝑖 = 𝑎 ⋅ 𝑚𝑖 = 1.04 ⋅ 𝑚𝑣 ⋅ 𝑎, 

grade force, 𝐹𝑔𝑟𝑎𝑑𝑒 = 𝑚𝑣𝑔 sin 𝜃, 

and rolling resistance, 𝐹𝑟𝑟 = 𝑚𝑣𝑔𝐶𝑟𝑟. 

Hence, the required acceleration for the car to move forward is  

 

𝑎𝑣 = 
𝐹𝑡𝑟 − (

1
2
𝜌𝐶𝑑𝐴𝑓𝑉

2 +𝑚𝑣𝑔 sin 𝜃 + 𝑚𝑣𝑔𝐶𝑟𝑟)

1.04 ⋅ 𝑚𝑣
 (3.54) 
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The tractive force is calculated based on the driveline dynamic, while the braking 

force is calculated from the brake dynamic block. Finally, the integration of equation (3.48) 

can help deriving the vehicle's required speed. 

 

3.7.2 Driveline 

The driveline is responsible for transferring the torque generated by a motor, 𝑇𝑚, to the 

drive wheels for generating the required tractive force to accelerate the vehicle. Since EV 

utilizes a motor to generate torque, 𝜏𝑚𝑜𝑡𝑜𝑟, no gear shifting is required since the motor can 

provide high torque at high angular speed. Thus, only a single gear is used in this 

simulation, where the gear ratio is given as 𝐺 = 3.55. Nevertheless, there will be a loss in 

torque in real operation due to heat, friction, and other factors, which is defined as 𝜏𝑙𝑜𝑠𝑠 in 

equation (3.49). The tractive force, 𝐹𝑡𝑟, can be calculated by using this equation: 

 
𝐹𝑡𝑟 = (𝜏𝑚𝑜𝑡𝑜𝑟 − 𝜏𝑙𝑜𝑠𝑠) ⋅

𝐺

𝑟𝑤
− 𝐹𝐵𝑟 (3.55) 

where, 𝑟𝑤 is the wheel radius and 𝐹𝐵𝑟 is the breaking force. This braking force is 

generated when the brake is pressed, and therefore, it is a type of resistive force for the 

vehicle to move forward. 

 

3.7.3 Brake Model 

When the brake pedal is pressed, it creates a braking force that slows the motor speed. The 

braking force is converted into regenerative braking torque when it is multiplied with 
𝑟𝑤

𝐺
. 

Then the product of regenerative braking torque and motor rotational speed generates the 

energy that is stored in the battery. 
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3.7.4 Motor Model 

The motor initially receives the acceleration-pedal position and braking-pedal position to 

measure the required force that should be generated according to the driver’s command. 

Hence, it draws the required power from the ESS as per the required force and transfers it 

as a form of mechanical power that is considered the output of the motor. Therefore, the 

motor torque, 𝜏𝑚𝑜𝑡𝑜𝑟, and rotational speed, 𝜔𝑚𝑜𝑡𝑜𝑟 have been considered to measure the 

required power as shown in equation (3.50): 

 
𝑃𝑚𝑜𝑡𝑜𝑟 = 𝜏𝑚𝑜𝑡𝑜𝑟 ⋅ 𝜔𝑚𝑜𝑡𝑜𝑟 (3.56) 

During the power transformation from electric power to mechanical power, the 

motor has some power loss, 𝑃𝑙𝑜𝑠𝑠. Therefore, the required power must include the power 

loss to make it very accurate, as discussed in (Roy, Islam, Rashid, et al., 2021; Zhang et al., 

2011). To measure power loss, the system identification tool from Matlab can be utilized 

that consider several factors, such as motor loss constants from the reference motor (i.e., 

𝑘𝑐, 𝑘𝑖, 𝑘𝜔 and 𝐶𝑚𝑜𝑡𝑜𝑟), scaled base speed of the motor, 𝜔 and scaled torque, 𝑇𝑚. Thus, the 

power loss can be derived as shown in equation (3.51):  

 
𝑃𝑙𝑜𝑠𝑠 = 𝑘𝑐 ⋅ 𝑇𝑚

2 + 𝑘𝑖𝜔 + 𝑘𝜔𝜔
3 + 𝐶𝑚𝑜𝑡𝑜𝑟 (3.57) 

Thus, the total input power, 𝑃𝑖𝑛𝑚𝑜𝑡𝑜𝑟, can be calculated by adding the measured 

power loss, 𝑃𝑙𝑜𝑠𝑠 and the output power, 𝑃𝑚𝑜𝑡𝑜𝑟 as shown in equation (3.52): 

 
𝑃𝑖𝑛𝑚𝑜𝑡𝑜𝑟 = 𝑃𝑙𝑜𝑠𝑠 + 𝑃𝑚𝑜𝑡𝑜𝑟 (3.58) 

Table 3.6 describes the parameters and their values that have been considered for 

the evaluation model. 
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Table 3.6 Evaluation model parameters (MathWorks, 2023). 

Parameters Description Value Unit 

𝜌 Air density 1.23 𝑘𝑔/𝑚2 

𝐶𝑑 Drag coefficient 0.38 - 

𝐴𝑓 Vehicle frontal area 2.1 𝑚2 

𝑉 Vehicle speed - 𝑚/𝑠 

𝑎𝑣 Vehicle acceleration - 𝑚/𝑠2 

𝑚𝑖 Vehicle inertial mass 2392 𝑘𝑔 

𝑚𝑣 Vehicle mass 2300 𝑘𝑔 

𝑔 Gravity 9.81 𝑚/𝑠2 

𝐶𝑟𝑟 Rolling resistance coefficient 0.01 - 

𝜃 Road angle 0 ° 
(Degree) 

𝜏𝑚𝑜𝑡𝑜𝑟 Motor torque - 𝑁𝑚 

𝜏𝑙𝑜𝑠𝑠 Torque loss - 𝑁𝑚 

𝐺 Gear multiplication 3.55 - 

𝑟𝑤 Wheel radius 0.34 𝑚 

𝜔𝑚𝑜𝑡𝑜𝑟 Rotational speed - 𝑟𝑎𝑑/𝑠 
𝑇𝑚 Maximum torque of the motor to be scaled 500 𝑁𝑚 

𝜔 Base speed of the motor to be scaled  𝑟𝑎𝑑/𝑠 
𝑘𝑐 Motor loss constant from the reference motor 0.0452 𝑠

𝑘𝑔 ⋅ 𝑚2
 

𝑘𝜔 Motor loss constant from the reference motor 5.066×10-5 𝑘𝑔 ⋅ 𝑚2 

𝑘𝑖 Motor loss constant from the reference motor 0.0167 𝐽 
𝐶𝑚𝑜𝑡𝑜𝑟 Motor loss constant from the reference motor 628.3 𝑊 

𝑃𝐴𝐿 Accessory Load 600 𝑊 
 

3.7.5 HESS and PMS 

HESS: 

HESS generates the required power, 𝑃𝑚 to move the vehicle according to the drive cycle; 

hence, it incorporates the motor input power and additional load, 𝑃𝐴𝐿 which includes the 

inertia force etc. as shown in equation (3.53).  

 
𝑃𝑚 = 𝑃𝑖𝑛𝑚𝑜𝑡𝑜𝑟 + 𝑃𝐴𝐿 (3.59) 

In order to make the system comprehensible, Figure 3.19 demonstrates the Simulink 

model of the HESS considered for the vehicle. 
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Figure 3.19 Simulink interface of the HESS Model used in the validation model. 

 

Table 3.7 HESS component properties and power converters’ parameters. 
 

Components and their properties Values 

Battery Pack 

Rated capacity 132 Ah 

Cell nominal voltage 3.3 V 

No. of cell in series 60 

No. of cell in parallel 1 

Response time 5s 

Initial SOC 100% 

Supercapacitors 

Rated voltage 120 V 

Initial voltage 120 V 

Capacitance 1500 F 

No. of parallel capacitors 1 

No. of series capacitors 6 

Equivalent DC series resistance 2.1 mΩ 

DC Bus Voltage 350 V 

Boost and Buck-Boost Converter 

Switching Frequency 40×103 Hz 

Inductance 1×10-3 H  
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Table 3.7 lists the power converter parameters as well as the properties of the HESS 

for the simulation work that represents the similar properties of other works as (Ranjan & 

Bodkhe, 2021). 

PMS: 

Due to the integration of a HESS in the proposed system, a PMS is cardinal to operate the 

HESS and meet the power demand accordingly. Figure 3.20 explains the PMS for the 

proposed HESS with a flowchart. 

 

Figure 3.20 A PMS for the proposed HESS. 

 

Figure 3.20 shows that the required power will be analyzed by the rule-based PMS 

if it is more than 10 kW and the SC voltage, 𝑉𝑆𝐶  is more than 50% of 𝑉𝑆𝐶𝑚𝑎𝑥. If it meets 

the condition, battery power, 𝑃𝐵𝑎𝑡𝑡 will assist by 5 kW, and the SC power, 𝑃𝑆𝐶, will meet 

the rest of the demand. However, if the 𝑃𝑚 is more than 𝑃𝑚𝑖𝑛 (1.5kW) and below 10 kW, 

along with the 𝑉𝑆𝐶, more than 50% of 𝑉𝑆𝐶𝑚𝑎𝑥, 𝑃𝐵𝑎𝑡𝑡 is set to meet 𝑃𝑚𝑖𝑛 whereas 𝑃𝑆𝐶 is set 

to be responsible for the rest of the demand. Otherwise, 𝑃𝐵𝑎𝑡𝑡 will be responsible for 

meeting the 𝑃𝑚. 
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Additionally, a first-order filter has been applied to the battery demand to ensure 

smooth power extraction from the battery. As a result, the filtered demand is subtracted 

from the battery power demand determined by the PMS, and combined with the SC power 

demand, also determined by the PMS.   

 

3.7.6 Drive Cycles 

This section outlines the drive cycles selected to run the evaluation model, which are widely 

recognized for assessing vehicle performance under various conditions. Four specific drive 

cycles have been considered: Highway Fuel Economy Test Cycle (HWFET), Urban 

Dynamometer Driving Schedule (UDDS), US06 and Federal Test Procedure (FTP). These 

cycles provide a comprehensive evaluation of the vehicle's performance across different 

driving environments.  

 

3.7.6.1 Highway Fuel Economy Test (HWFET) Cycle  

The Highway Fuel Economy Test (HWFET) cycle was developed by the U.S. 

Environmental Protection Agency (EPA) to assess the fuel efficiency of light-duty vehicles. 

Key features of the HWFET cycle include a total duration of 765 seconds, covering a 

distance of 10.26 miles (16.45 km), with an average speed of 77.7 km/h (48.3 mph). This 

test simulates highway driving conditions, characterized by steady speeds and minimal 

stops, making it a valuable tool for evaluating fuel economy during typical long-distance 

travel. It is commonly used alongside other drive cycles to provide a comprehensive 

assessment of a vehicle's overall efficiency (Ecopoint, 2023a). 
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Figure 3.21 HWFET Drive Cycle. 

 

3.7.6.2 Urban Dynamometer Driving Schedule (UDDS) 

The Urban Dynamometer Driving Schedule (UDDS), also known as “the city test” or 

“LA4,” is designed to simulate typical city driving conditions and is primarily used for 

testing light-duty vehicles. This drive cycle represents an urban route covering a distance 

of 12.07 km (7.5 miles) with frequent stops and starts to mimic real-world traffic scenarios. 

The UDDS includes a maximum speed of 91.25 km/h (56.7 mph) and an average speed of 

31.5 km/h (19.6 mph). Due to its stop-and-go nature, it is especially useful for evaluating a 

vehicle's fuel efficiency, emissions, and performance in environments where acceleration, 

deceleration, and idling are common. Additionally, the UDDS helps manufacturers ensure 

compliance with urban emissions regulations and assess the vehicle’s efficiency in short-

distance driving conditions (Ecopoint, 2023b). 
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Figure 3.22 UDDS Drive Cycle. 

 

3.7.6.3 Federal Test Procedure (FTP) 

The FTP-75 is a U.S. emission certification and fuel economy test cycle for light-duty 

vehicles, consisting of four phases: a cold start phase (lasting 505 seconds), a stabilized 

phase (lasting 867 seconds), a hot soaked period (600 seconds), and a hot start phase (505 

seconds). The cycle includes idling, acceleration, deceleration, and cruising to reflect 

typical stop-and-go traffic in cities. It measures emissions and fuel economy, with 

parameters like a duration of 2476 seconds, a distance of 11.04 miles (17.77 km), an 

average speed of 16 mph (25.8 km/h) and a maximum speed of 56.7 mph (91.2 km/h). It is 

part of the EPA's 5-cycle method for determining on-road fuel economy ratings considering 

variable vehicle speeds that simulate real-world urban driving conditions (Al-Samari, 

2017). 
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Figure 3.23 FTP Drive Cycle. 

 

3.7.6.4 US06 

In order to improve the deficiencies of another test cycle, Federal Test Procedure (FTP)-

75, in terms of aggressive driving, high speed and/or high acceleration driving behaviour, 

fast speed fluctuations, and driving behaviour after startup, the US06 drive cycle was 

created. This cycle covers a distance of 8.01 miles (12.8 km), offers an average speed of 

77.9 km/h or 48.4 mph, and runs for a duration of 596 seconds (DieselNet, 2023).  
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Figure 3.24 US06 Drive Cycle. 

 

This cycle is divided into two different intervals such as: 

• US06 City Comprises of two segments of US06 as like 1 to 130 seconds 

and 495 to 596 seconds.  

• US06 Highway Interval between 130 to 495 seconds. 

  

(a) (b) 

Figure 3.25 (a) US06 City and (b) US06 Highway Drive Cycle. 
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Table 3.8 outlines different parameters of the drive cycles to offer their suitability 

in this application. 

Table 3.8 Different drive cycles and some of their parameters. 

Parameters 
Drive Cycles 

HWFET UDDS US06 FTP-75 

Total Duration (s) 766 1370 596 2476 

Total Distance (km) 16.5 12.07 12.8 17.77 

Average Speed 

(km/h) 
77.6 31.5 77.8 25.8 

Maximum Speed 

(km/h) 
96.5 91.2 129.2 91.2 

Type of Area Highway Urban 
Aggressive, 

Mixed 

Urban + 

Suburban 

Power Consumption 

(Wh/km) 

Moderate (150 

to 200) 

High (200 

to 300) 

Very High 

(above 300) 

Moderate (150 

to 200) 

 

3.7.7 Controller Parameters 

Since the model has been changed, the parameters of the controllers should be changed in 

order to improve their performance. Following the heuristic approach, MRAC parameters 

have been updated, where PI controller parameters remain the same as discussed in Table 

3.5 since the PI controller is able to ensure its best performance with the previous 

parameters. The parameters of the controllers for the proposed validation model have been 

shown in Table 3.9. 

Table 3.9 Parameters of MRAC and PI controller for Validation Model. 

MRAC PI 

Rate of adaptation for states, 𝛾𝑥 = 1.05 

Rate of adaptation for reference, 𝛾𝑟 = 2.1155 

Initial gain for states, 𝑘𝑥0 = 1 

Initial gain for reference, 𝑘𝑟0 = 1 

Proportional gain, 𝑘𝑝 = 1.5 

Integral gain, 𝑘𝑖 = 1 
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3.8 SUMMARY 

This chapter presents the methodology employed in this research, providing a structured 

guide for achieving the research objectives, as established by the literature review. Initially, 

the chapter explores the topology of a buck-boost converter and its state-space model with 

a battery. To meet the voltage demand of the electric vehicle (EV) motor, a proportional-

integral (PI) controller is integrated into the system. Additionally, the chapter introduces 

the Model Reference Adaptive Control (MRAC) strategy, which is proposed to regulate the 

voltage according to load demand. The performance of the MRAC is compared with the PI 

controller in terms of root mean square error (RMSE) for voltage tracking under both 

disturbed and disturbance-free conditions. 

Moreover, an alternative drivetrain configuration is discussed, featuring a buck-

boost converter paired with a supercapacitor (SC) in a hybrid energy system (HEV). This 

system relies on a rule-based power management strategy (PMS) to meet the power demand 

of the motor. The PMS operates based on predefined thresholds: if the power demand 

exceeds 1.5 kW, the battery provides minimal power, with the SC supplying the remaining 

power. When the SC's voltage exceeds 50% of its maximum capacity, both the battery and 

SC share the load; otherwise, the battery alone supplies the power. Noted that the battery 

supplies power through a boost converter in this configuration since the regenerative 

braking system returns the power to the SC. As SC deals with different functionalities such 

as charging and discharging, the performance of the PI controller and MRAC algorithm 

have been compared with the configuration where the buck-boost converter plays the role 

of the system, and SC supplies the power according to the power demand.  



100 
 

During the MRAC parameter tuning process, it was observed that reducing the 

adaptation rate for the reference, 𝛾𝑟 results in more stable system behavior, with reduced 

sensitivity to variations in the adaptation rate for states 𝛾𝑥. However, larger 𝛾𝑥 values, while 

improving adaptation speed, also increase the risk of instability, underscoring the 

importance of carefully selecting both 𝛾𝑟 and 𝛾𝑥 to achieve optimal system performance. 

After selecting the appropriate 𝛾𝑟 and 𝛾𝑥 for MRAC and and optimal gains for the PI 

controller, their performance was compared based on RMSE in current tracking under both 

disturbed and undisturbed conditions.  

Finally, the chapter introduces a validation model developed by the MathWorks 

team, which simulates real-time EV parameters to validate the performance of the 

simulation model. The dynamics of the validation model are described using a block 

diagram and relevant equations. Moreover, the essential parameters for both the validation 

model and the proposed hybrid energy storage system (HESS) are discussed to ensure 

clarity and comprehensibility for the reader. As the HESS model is responsible for fulfilling 

power demands, a new rule-based PMS is also introduced alongside the model. Several 

drive cycles, including HWFET, FTP, UDDS, and US06, are used to test the PMS and 

evaluate the controllers' performance. Additionally, new controller parameters for the 

proposed validation model are discussed to provide a complete understanding of the 

system's behaviour under different operating conditions. 
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CHAPTER FOUR 

RESULTS AND VALIDATION 

4.1 INTRODUCTION 

This chapter contributes to explaining the simulation results of the models designed and 

developed in Chapter 3. Section 4.2 analyzes the behaviour of the inverting and non-

inverting BDCs through open-loop simulation. Section 4.3 extensively presents the 

simulation and analysis of the proposed controllers with both inverting and non-inverting 

BDCs. Section 4.3.1 is dedicated to analysing the simulated results where the power is 

extracted from the battery by controlling the voltage of the inverting BDC. Section 4.3.2 

demonstrates the performance of the controllers in regulating the current through non-

inverting BDC when power is distributed from the HESS, consisting of a battery pack and 

a supercapacitor. The presented analysis also includes the effect of unmeasured 

disturbances on the system in order to understand the robustness capability of the 

controllers. The performance is evaluated based on standard indicators such as power 

tracking, current tracking, voltage tracking, and control efforts. Section 4.4 validates the 

proposed controller by integrating and simulating it with an EV model designed by 

Mathworks Team, which has been modified by integrating HESS along with a PMS, BDC 

and the controllers. During the simulation, the EV model runs for four different standard 

drive cycles that significantly impact the power demand, and thus, the controller 

performance in tracking current, power and drive cycles can be evaluated. 
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4.2 OPEN LOOP SIMULATIONS  

In this section, both inverting and non-inverting BDC models are run with open-loop 

simulation without any feedback controller since it helps to understand and validate the 

behaviour of a system without the influence of feedback loops. This helps diagnose 

potential system errors earlier, understand the system dynamics, and determine the system’s 

response to different inputs. 

 

4.2.1 Open-Loop Response of the Inverting BDC  

Section 3.2.1 introduces an inverting BDC model with properties, and the system considers 

a Li-ion battery for the power of the EV. In the open-loop simulation of this system, a step 

response has been considered where the initial current is set to 0 A for 1s, and then the 

required current is set to 50 A, as shown in Figure 4.1 (a). Noted that in this case, the current 

at the inductor is considered as an input, while the voltage across the resistor is the output.  

  

(a) (b) 

Figure 4.1 (a) Input current and (b) output voltage from BDC with a battery pack.  

 

Figure 4.1 shows the open-loop response of the BDC. Figure 4.1 (b) shows the 

output voltage starts from -10 V since the capacitor’s initial voltage is considered 10 V. 
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Exponentially, it then tries to 0 V since the supplied current is 0 A. As the step response is 

provided as 50 A to input after 1 s, the output voltage reaches -222 V at 1.5 s. Noted that 

the BDC utilizes almost the complete duty ratio of the PWM signals since no controller has 

been considered with the system. The output voltage is monitored for 10 s and it is found 

as stable at -222 V which indicates its stability.  

Based on the output voltage, it can be concluded that system behaves as linear 

system since it becomes stable at -222 V. However, due to the fluctuation of duty ratio that 

is regulated by the controller, the BDC starts to behave nonlinear as it is discussed in 

Section 3.2.1. 

 

4.2.2 Open-Loop Response of the Non-Inverting BDC  

Section 3.3.2 addresses the HESS model, including a non-inverting buck-boost converter 

with the SC and a boost converter with the battery pack. Since the SC power is regulated 

by both PI and MRAC alternatively for the purpose of comparative analysis, the open-loop 

simulation response is shown only for the buck-boost converter with SC. 

  
(a) (b) 

 

Figure 4.2 (a) SC and battery power output, and (b) total power output from the open loop 

BDC with HESS (that receives constant power demand). 
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To analyze the plant's response, a unit response of 2.3 kW is introduced after 10 

seconds into the simulation, which is subsequently run for a duration of 200 seconds. It is 

important to note that during this simulation, the PMS is active, which limits the battery 

pack's power supply to a maximum of 1.5 kW, while the SC is expected to replenish the 

system with an additional 800 W. However, as depicted in Figure 4.2 (a), the SC delivers 

2.4 kW of power after 10 seconds, while the battery pack supplies 1.5 kW. Consequently, 

Figure 4.2 (b) illustrates that the total power delivered reaches 4.8 kW, despite the actual 

power demand being only 2.3 kW. This discrepancy arises because the buck-boost 

converter operates at the full duty cycle of the PWM in the absence of a controller, as 

discussed in Section 4.2.1, leading to its complete discharge within 35 seconds, as shown 

in Figure 4.2 (a). Around 45 seconds into the simulation, when the SC can no longer support 

the required power, the battery pack compensates for the deficit. By approximately 60 

seconds, when the SC is fully discharged and unable to supply further power, the battery 

pack maintains a continuous power supply to meet the demand. Crucially, the boost 

converter extracting power from the battery pack is regulated by a PI controller, ensuring 

that the power supply aligns with the power demand.  

  
(a) (b) 
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Figure 4.3 (a) Battery and (b) SC status in the open loop BDC with HESS (that receives constant 

power demand).  

Meanwhile, Figure 4.3 (a) and (b) illustrate the current, State of Charge (SOC), and 

voltage profiles of the battery and SC during the transient period, providing insight into 

their operational dynamics. For instance, starting at 10 seconds, the current drawn from the 

battery progressively increases as the battery voltage declines due to discharge, as depicted 

in Figure 4.3 (a). Conversely, the SC experiences a rapid decrease in both voltage and 

current due to an uncontrolled power supply, leading to near depletion within 35 seconds. 

It is noteworthy that the battery pack is unable to sustain a 2.3 kW power output beyond 

120 seconds, as both current and voltage decrease concurrently due to the depletion of 

battery charge, as shown in Figure 4.2 (a) and Figure 4.3 (a). 

This open-loop simulation highlights that the buck-boost converter extracts power 

from the ESSs at an almost maximal duty cycle when unregulated by any controller. 

Notably, the SC continues to provide power without restriction, indicating the system's 

nonlinearity. Despite the system’s behaviour aligning with the linear model described in 

Section 3.2.2, the variation in the duty cycle introduces nonlinear characteristics into the 

system. 

 

4.3 SYSTEM RESPONSES WITH THE CONTROLLERS 

This section presents a comparative analysis of the performance of two control strategies—

PI and MRAC—when applied to the systems, such as inverting and non-inverting BDC. 

Therefore, a few performance indicators have been considered that will be explained in the 

next sub-section. 
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4.3.1 Simulation Results of Inverting BDC 

This section is dedicated to analyze the performance of the controllers with the inverting 

BDC, as discussed in Section 3.2.1 based on performance indexes such as voltage tracking 

accuracy, control effort and controller characteristics. In addition, the performance of the 

controllers has been evaluated when the system is affected by the disturbance to evaluate 

their suitability in real-life applications.  

 

4.3.1.1 Fixed Voltage Tracking 

Figure 4.4 presents the output voltage from the BDC, VO, during the transient period of 2 

seconds when the system receives a command to track 100 V with the help of the 

controllers. Noted that due to its being an inverting BDC, it changes the polarity of the 

voltage from positive to negative and vice-versa. Here, BDC responses with PI control and 

MRAC strategies are shown in a blue dashed line and a red dash-dotted line, respectively. 

The reference trajectory is labelled as “Desired” with a black line in the graph. In this figure, 

the MRAC-regulated responses are denoted as DMRAC, representing the Direct Model 

Reference Adaptive Control algorithm since in this MRAC strategy, control law is directly 

manipulated by the adjustment mechanism.  
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(a) 

 

(b) 

Figure 4.4 Constant voltage tracking (a) in the absence of disturbance and (b) in the 

presence of disturbance. 
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Figure 4.4 (a) portrays that both the PI and MRAC are able to track the voltage as 

per the reference when the system is free from any disturbances. However, MRAC 

supersedes PI in terms of its accuracy, and hence, no gap is vividly visible between the 

reference and MRAC responses. In addition, Figure 4.4 (b) shows that in the presence of 

disturbance to the system, PI-controlled response appears with some small fluctuations (of 

below ± 5% overshoot) during tracking, while MRAC maintains almost similar accuracy 

in the presence of disturbances. To consider the disturbance to the system, white Gaussian 

noise of 20 W noise power and 0.5 s sample time has been applied to the controller output 

for every 5 s.  

 

4.3.1.2 Variable Voltage Tracking 

In real-life applications, EV voltage demand changes according to the driving modes.  

Hence, a load demand trajectory is proposed based on variable voltage, which varies with 

respect to time. Figure 4.5 displays the output voltage, VO, from the BDC along with the 

reference voltage, Vref, for a 2-second transient period as the system tracks the load demand 

using PI and MRAC controllers. Thus, Figure 4.5 explains the load demand trajectory 

where voltage demand increases from 0 V to -100 V within 0.7 s to represent the 

acceleration mode and immediately drops at -55 V within 0.5 s which introduces the 

braking mode. Then, for a 0.2 s period, the voltage demand remained constant and then 

immediately dropped down again to make the car stop completely within a 0.5 s period. 

Therefore, this trajectory describes the three driving modes, such as acceleration mode, 

steady-state mode and breaking mode to analyze the controllers’ performance in tracking 

the voltage. The BDC responses under PI control and MRAC algorithms are represented 
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by the blue dashed line and red dash-dotted line, respectively, with the reference trajectory 

labelled "Desired" shown as a black line. 

 
(a) 

 
(b) 

Figure 4.5 Variable voltage tracking (a) in the absence of disturbance and (b) in the 

presence of disturbance in the system. 
 

Figure 4.5 (a) illustrates the variable voltage tracking of the BDC under disturbance-

free conditions, comparing the performance of PI and MRAC-controlled systems. The PI 

controller exhibits some deviations, especially during the acceleration mode of trajectory 

tracking, whereas the MRAC-controlled system shows higher accuracy, and thus, no gap 
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is vividly visible between the reference and MRAC responses. Similarly, Figure 4.6 (b) 

shows the impact of disturbances on the performance of both controllers, with the PI-

controlled system deviating more than the MRAC-controlled system, which appears during 

the steady-state and braking mode. Noted that the system is introduced with the same 

disturbance that has been discussed in Section 4.3.1.1. 

 

4.3.1.3 Control Effort during Fixed Voltage Tracking  

Figure 4.6 illustrates the system input, specifically the inductor current, under both 

disturbance-free and disturbed conditions. The inductor current responses from the MRAC 

and PI control algorithms are represented by the blue dashed line and the red dash-dotted 

line, respectively. Figure 4.6 (a) indicates that the MRAC algorithm demands a higher 

control effort compared to the PI controller to maintain the constant voltage, as evidenced 

by a 3.3% higher overshoot in the inductor current. Figure 4.6 (b) exhibits a similar pattern, 

where the MRAC algorithm continues to exert greater control effort—approximately 3.3% 

more—compared to the PI controller, as seen in Figure 4.6 (a). It is important to note that 

the allowable overshoot limit is set to a ±5% variation. 

 
(a) 
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(b) 

Figure 4.6 Inductor current (a) without the disturbance and (b) in the presence of the 

disturbance in constant voltage tracking. 
 

4.3.1.4 Control Effort during Variable Voltage Tracking  

Similar to Section 4.3.1.3, the inductor current is monitored when the BDC tracks the 

variable voltage with the help of the controllers. In Figure 4.7, the inductor current 

responses from the MRAC and PI control algorithms are represented by the blue dashed 

line and the red dash-dotted line, respectively. Figure 4.7 (a) shows that both PI and MRAC-

controlled responses show similar traits when the system tracks the load demand, and their 

difference is significantly minute, below 3%. Figure 4.7 (b) describes the controlled system 

responses with disturbances during variable voltage tracking. Since the same disturbance 

has been considered in this scenario, discussed in Section 4.3.1.1, the disturbances appear 

in the system input every 0.5 s, as shown in Figure 4.7 (b). Notably, despite the presence 

of disturbances, the control efforts of both controllers display no significant differences, 

with their responses nearly aligning with each other. This suggests that the controllers do 

not show any comparable performance under these conditions. 



 

112 
 

 
(a) 

 
(b) 

Figure 4.7 Inductor current (a) without the disturbance and (b) in the presence of the 

disturbance in the system during variable voltage tracking. 

 

4.3.1.5 Quantitative Analysis 

To quantitatively evaluate the performance of both controllers, the Root Mean Square Error 

(RMSE) method is utilized. This method offers a detailed assessment of the controllers' 

effectiveness by measuring the discrepancy between the desired and actual trajectories at 

each time step. RMSE provides a comprehensive metric that reflects the average error 



 

113 
 

magnitude throughout the tracking period, allowing for a direct comparison of how 

accurately each controller follows the desired trajectory. 

A lower RMSE value indicates a closer alignment with the desired trajectory, 

suggesting superior performance. In contrast, a higher RMSE value denotes greater 

deviations from the target path, indicating reduced accuracy and less effective control. 

Therefore, RMSE analysis enables the identification of the controller that achieves greater 

precision and stability in tracking the desired output. RMSE can be demonstrated as the 

following equation (Islam et al., 2019): 

 

𝑅𝑀𝑆𝐸 = √
∑(𝑦𝑎 − 𝑦𝑑)

2

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑦
 

(4.1) 

where 𝑦𝑎 represents the actual values of 𝑦, and 𝑦𝑑 symbolizes the desired values of 𝑦. 

Table 4.1 RMSE of MRAC and PI controllers in different cases. 

Cases 
RMSE of the Controllers 

MRAC PI 

Constant voltage 0.04 0.98 

Constant voltage with disturbance 0.05 1.53 

Variable voltage 0.43 0.97 

Variable voltage with disturbance 0.43 1.41 
 

Table 4.1 presents a comparative analysis of the RMSE percentages for MRAC and 

PI controllers with the BDC in voltage tracking under the four different cases that have 

been discussed in Section 4.3.1.1 and 4.3.1.2 such as constant voltage, constant voltage 

with disturbance, variable voltage, and variable voltage with disturbance. 

For the case of constant voltage tracking, the MRAC controller achieves an RMSE 

of 0.04, indicating perfect tracking with no deviation from the desired trajectory, while the 
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PI controller exhibits a slight error of 0.98. Similarly, during constant voltage tracking in 

the presence of disturbance in the system, MRAC maintains an RMSE of 0.05, 

demonstrating its robustness to disturbances. In contrast, the PI controller's RMSE 

increases to 1.53, reflecting its accuracy reduced to 36% in the presence of disturbances. 

When the load demand is variable, the MRAC controller shows a minimal RMSE 

of 0.43, while the PI controller records a higher RMSE of 0.97, indicating that MRAC 

provides better tracking performance under changing conditions. In the final scenario, with 

variable load demand and disturbed system, the MRAC algorithm again maintains an 

RMSE of 0.43, while the PI controller's RMSE increases to 1.41, implying worse 

performance under these conditions but still inferior to MRAC. Overall, the table highlights 

MRAC's superior performance across all scenarios, particularly its ability to handle 

disturbances and maintain low RMSE values. 

  

(a) (b) 
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(c) (d) 

Figure 4.8 Controllers’ error at (a) constant voltage, (b) constant voltage with disturbance, 

(c) variable voltage and (d) variable voltage with disturbance. 

Figure 4.8 provides the plots of tracking errors for each controller in the four 

different cases. Each graph shows error versus time for both controllers, with distinct 

scenarios: (a) constant voltage, (b) constant voltage with disturbance, (c) variable voltage, 

and (d) variable voltage with disturbance. 

In the first scenario, as shown in Figure 4.8 (a), where the load demand is a constant 

voltage, both controllers effectively reduce the error over time, but the MRAC stabilizes 

the error faster with minimal oscillations, while the PI controller exhibits a slight overshoot 

before converging. In the presence of disturbances with constant voltage, as demonstrated 

in Figure 4.8 (b), MRAC maintains a nearly steady error close to zero, indicating strong 

disturbance rejection, while the PI controller shows periodic fluctuations in error. In 

addition, when the voltage varies, as portrayed in Figure 4.8 (c), MRAC consistently holds 

the error close to zero, albeit with minor fluctuations towards the end, whereas the PI 

controller experiences significant oscillations, particularly at the onset. Finally, in the most 

challenging scenario, as shown in Figure 4.8 (d), involving variable voltage with 

disturbances, MRAC demonstrates superior robustness, keeping the error within a narrow 
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band, while the PI controller shows pronounced oscillations and struggles to stabilize the 

error. Overall, these graphs indicate that MRAC outperforms PI in terms of stability and 

robustness, particularly under varying conditions and disturbances. 

 

4.3.1.6 Controllers’ Properties 

Figure 4.9 visualizes the responses of the controllers to offer their characteristics with a 

unit response. In addition, Table 4.2 has been shared to analyze the characteristics 

quantitatively. 

 
Figure 4.9 Controllers’ responses on unit load demand. 

 

Table 4.2 Controllers’ characteristics for both MRAC and PI controllers. 

Properties 
Controllers 

MRAC PI 

Settling time (s) 0.41 0.34 

Overshoot (%) 0.0 0.0 

Rise time (s) 0.2 0.19 

Peak time (s) 2 1.5 
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Table 4.2 compares the performance of two control systems, MRAC and PI control, 

with BDC. The analysis shows that both controllers deliver almost similar performance 

across key dynamic properties. The settling time, which indicates how quickly the system 

stabilizes, is slightly longer for MRAC at 0.41 seconds compared to PI's 0.34 seconds, a 

negligible difference. Both controllers exhibit zero overshoot, meaning they reach the 

desired value without exceeding it, highlighting their stability. The rise time is nearly 

identical, with MRAC at 0.2 seconds and PI at 0.19 seconds, showing comparable 

responsiveness. The peak time, or the time to reach the maximum value, is also very close, 

with MRAC at 2 seconds and PI at 1.5 seconds. These results suggest that MRAC performs 

almost on par with PI, offering a reliable and stable control solution with only slight 

differences in timing metrics. 

 

4.3.2 Simulation Results of Non-Inverting BDC 

The proposed non-inverting BDC, a buck-boost converter, as discussed in Section 3.2.2, 

extracts power from the SC. Importantly, only the SC current is being controlled with the 

help of controllers since the SC is the auxiliary ESS and is responsible for supporting the 

power demand after a threshold. Hence, this section contributes to analyzing the 

performance of MRAC and PI control strategies in regulating SC current with the non-

inverting BDC, based on several performance indexes such as (i) controllers’ 

characteristics, (ii) SC current and total power tracking in a disturbance-free system, (iii) 

SC current and total power tracking in the presence of disturbances, and (iv) control efforts.  
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4.3.2.1 Controllers’ Properties 

To understand the controllers' characteristics, a unit response of 2.3 kW has been set as the 

load demand in two different environments of the system: (i) disturbed and (ii) non-

disturbed. Noted that to create a disturbed system, the same disturbances have been 

introduced with this system, as discussed in Section 4.3.1.1. Figure 4.10 shows the 

disturbance to the system during the unit response load demand tracking of the controllers. 

This figure shows that the added disturbance changes continuously, which makes the 

current tracking challenging for the controllers.  

 

Figure 4.10 Disturbance to the non-inverting BDC. 
 

Figure 4.11 demonstrates the SC current tracking of the controllers for 2 s where 

the reference, MRAC-controlled, and PI-controlled currents are shown in the blue, red 

dashed and yellow dash-dotted lines. In Figure 4.11 (a), both MRAC and PI show their 

efficacy with similar accuracies in tracking the constant SC current with a view to ensuring 

800 W power from the SC. In contrast, Figure 4.11 (b) shows a significant deviation in PI-
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controlled SC current tracking, whereas MRAC maintains stability in ensuring 50 A 

continuously with minor spikes. Hence, to understand the controllers’ performance, their 

characteristics can be analyzed from a step response perspective and thus, Table 4.3 has 

been introduced. 

 

(a) 

 

(b) 

Figure 4.11 SC Current tracking in (a) disturbance-free and (b) disturbed system. 
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Table 4.3 explains the performance of MRAC and PI controllers under disturbed 

and disturbance-free conditions, which is compared based on several criteria: settling time, 

rise time, peak time, overshoot, and undershoot. In the disturbed BDC, MRAC shows better 

performance in a settling time of 1.8 s and overshoot of 1.62% compared to the PI controller 

with a settling time of 1.92 s and overshoot of 69.16%, suggesting a quicker and more 

stable response. However, it has a higher peak time of 1.7 s and a rise time of 0.07 s, which 

indicates a delay in reaching the maximum response. In this aspect, PI is found faster in 

reaching the maximum step response. Along with the higher overshoot, PI exhibits higher 

undershoot, which indicates instability and a higher risk of system oscillation under 

disturbance. Subsequently, MRAC outperforms PI in terms of settling time (0.14s vs. 

0.58s), while in terms of rise time, peak time, overshoot and undershoot, they show almost 

the same performance, especially when the non-inverting BDC is free from any 

disturbance. Therefore, MRAC generally provides more stability and adaptability, 

especially under disturbances, while PI is faster in reaching peak time but prone to 

overshoot and instability in disturbed conditions. 

Table 4.3 Controllers characteristics. 

Properties 

Controllers with 

disturbed BDC 

Controllers with 

disturbance-free BDC 

MRAC PI MRAC PI 

Settling Time (s) 1.8 1.92 0.14 0.58 

Rise Time (s) 0.07 0.04 0.07 0.06 

Peak Time (s) 1.7 0.17 1.99 1.98 

Overshoot (%) 1.62 69.16 0.03 0.02 

Undershoot (%) 0.27 0.32 0.27 0.27 
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4.3.2.2 SC Current and Total Power Tracking in the Disturbance-Free System 

In order to estimate the suitability of the controllers, a power demand trajectory has been 

introduced where power demand changes with respect to time. Hence, this power demand 

trajectory requires the contribution from both the battery pack and SC, where the battery 

pack is delimited at 1.5 kW by the PMS and thus, the rest of the power demand must be 

fulfilled by the SC.     

 
(a) 

 
(b) 

Figure 4.12 (a) Total power and (a) SC current tracking in the absence of the disturbance. 
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Figure 4.12 (a) describes the trajectory of the power demand that initially starts at 

2.44 kW, which defines the acceleration mode of the vehicle. After 1 s, the power drops to 

1.51 kW, and then, at 3 s, it drops to 1 kW, and thus, this power demand trajectory includes 

the vehicle's braking mode. It remains at 1 kW for 3 s, which defines the steady mode of 

driving. Then the power demand drops from 1 kW to 0 kW by 2s and remains there for 

another 2 s. Thus, this power demand trajectory of 10 s includes all three modes that have 

been explained earlier. Noted that the simulation is run for 100 s and thus, Figure 4.12 (a) 

demonstrates 10 cycles of the trajectory as explained. Importantly, the current demand 

changes according to the power demand, as shown in Figure 4.12 (b). This current demand 

increases with respect to time while power demand repeats every 10 s during the simulation. 

Therefore, it explains that the voltage drops in the SC due to its discharge, leading to its 

depletion, which requires the increment of current demand to support the power demand. 

Hence, the current demand starts from 60 A at 0.1 s, and finally, it reaches 67 A at 90 s, as 

shown in Figure 4.12 (b), while the initial power demand is set at 2.44 kW at 0.1 s and 

remains the same at 90.1 s, as shown in Figure 4.12 (b). This depletion of the SC also 

implies the continuous decrease of SC’s SOC, as shown in Figure 4.13.  
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Figure 4.13 SC status in the disturbance-free system. 

 

During the simulation, both the controllers show promising performance in tracking 

the current demand, and thus, they manage to meet the power demand as well. In order to 

understand the performance of the controllers, the transient response between 40 s and 40.3 

s has been zoomed in, as shown in Figure 4.14. This figure shows that both controllers have 

failed to track the current accurately, though they maintain precision in tracking, and thus, 

any significant discrepancies have not been noticed between the controllers’ response in 

tracking the desired current. Therefore, to understand their accuracy in tracking during the 

complete trajectory of 100 s, a qualitative analysis should be performed, and in that case, 

RMSE can be considered as one of the options.   



 

124 
 

 

Figure 4.14 Transient response between 40 s and 40.3 s in the absence of the disturbance 

to the non-inverting BDC. 

  

4.3.2.3 SC Current and Total Power Tracking in the Presence of Disturbance to the 

System 

This section is dedicated to explaining the controller’s performance when the BDC is 

introduced to disturbance. Therefore, the same power demand trajectory for 100 s, as 

discussed in Section 4.3.2.2, has been considered for the BDC to meet utilizing the MRAC 

and PI control strategies in the presence of the disturbance. Figure 4.15 portrays the 

disturbance that has been considered with the BDC, primarily affecting the SC current. 
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Figure 4.15 Disturbance to the power demand trajectory. 

 

Figure 4.16 shows the controllers’ power and SC current tracking when the 

disturbance affects the system. Between MRAC (the red dashed line) and PI (the yellow 

dash-dotted line) control strategies, MRAC shows more accuracy in tracking the power, as 

shown in Figure 4.16 (a). It indicates that MRAC outperforms PI controller during the 

current tracking, as illustrated in Figure 4.16 (b). 

 
(a) 
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(b) 

Figure 4.16 (a) Total power and (b) SC current tracking in the presence of disturbance. 

To understand their inaccuracies during the tracking of SC current in presence of 

system disturbance, a transient response between 40 s and 40.4 s has been shown, as 

portrayed in Figure 4.17. The desired current, shown as the blue line, peaks at around 63 

A. The MRAC tracks the desired current with better precision compared to the PI 

controller. While MRAC overshoots slightly, it stabilizes more quickly, maintaining closer 

proximity to the desired value after the peak. The PI controller, however, exhibits a 

significant overshoot, reaching over 70 A, far exceeding the desired current. This larger 

overshoot is followed by a slower decay, showing that the PI controller struggles with 

stability and takes longer to settle. Hence, it demonstrates that the MRAC provides superior 

control in tracking the desired current with minimal deviation, faster settling, and reduced 

overshoot compared to the PI controller. The PI controller's large overshoot suggests it may 

introduce higher energy consumption and instability in practical applications, especially 

under disturbance. In contrast, MRAC adapts more effectively to achieve a smoother, more 
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stable response, making it more suitable for systems where precision and stability are 

critical. 

 
Figure 4.17 Transient response between 40 s and 40.4 s in the presence of disturbance. 

 

4.3.2.4 Qualitative Analysis 

Similar to Section 4.3.1.5, the performance of the controllers can be evaluated based on the 

RMSE of SC current and total power tracking when the system is free from any disturbance 

and influenced by disturbances. Hence, Table 4.4 has been introduced to outline the 

performance of the controllers based on RMSE.  

Table 4.4 RMSE of MRAC and PI controllers in different scenarios. 

Cases 
RMSE of the Controllers 

MRAC PI 

Power Tracking without Disturbance 60.37 80.29 

Power Tracking with Disturbance 78.75 83.38 

Current Tracking without Disturbance 2.44 3.36 

Current Tracking with Disturbance 3.38 3.95 
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Table 4.4 shows that when the system is free from any disturbance, MRAC achieves 

an RMSE of 2.44, outperforming PI's 3.36, confirming that MRAC is more precise. 

However, when the disturbance affects the non-inverting BDC, both controllers experience 

an increase in RMSE, but MRAC remains superior with a value of 3.38 versus PI's 3.95. 

Along with that, MRAC demonstrates superior performance in total power tracking with a 

lower RMSE of 60.37 compared to PI's 80.29 when the system is free from disturbance. 

Note that the performance of both controllers deteriorates significantly when it is measured 

from the aspect of power. Since power is the product of current and voltage and thus, the 

error in current tracking impacts on the power. Subsequently, when the system encounters 

the disturbance, both controllers' performance declines, but MRAC (78.75) still 

outperforms PI (83.38), showing that it handles disturbances more effectively. Moreover, 

it is important to highlight that none of the controllers directly play a role in controlling the 

power tracking and, thus, in reality, power tracking does not reflect the controllers’ 

performance accurately. 

In summary, MRAC consistently outperforms the PI controller in both power and 

current tracking scenarios, showing better accuracy and adaptability, especially in the 

presence of disturbances. This demonstrates MRAC's robustness, making it a better choice 

for systems where precise tracking is essential. The PI controller, while capable, struggles 

with higher error rates, particularly under disturbed conditions. 

  

4.3.3 Discussion on the Performance of the Controllers  

To comprehend the performance of the controllers with inverting and non-inverting BDC, 

multiple environments have been considered through simulation. Despite disturbances 



 

129 
 

being introduced to the inverting BDC, MRAC efficiently tracks voltage with a minimal 

RMSE of 0.04 for constant voltage and 0.05 for variable voltages under disturbances. 

Meanwhile, the fixed-gain PI controller also performs satisfactorily, showing minor 

fluctuations and RMSE errors of 0.97% for constant voltage and 1.53% for variable voltage 

when disturbances are present. A similar trait is noticed in tracking the current of 

disturbance-free non-inverting BDC, where MRAC with a RMSE of 2.44 outperforms PI 

with a RMSE of 3.36. Moreover, when the system is affected by the disturbance, MRAC 

shows its superiority over the PI controller, maintaining lower RMSE for a period of 100 

seconds. MRAC’s continuous adaptation of its gain over time provides a significant 

advantage, whereas PI lacks the ability to adapt in uncertain conditions, leading to less 

smooth performance.  

MRAC and PI controllers exhibit similar performance in inverting BDC systems, 

with negligible differences in settling time, rise time, and peak time. Both controllers 

maintain stability with zero overshoot, highlighting their reliability in disturbance-free 

scenarios. However, when operating with non-inverting BDC systems under disturbed 

conditions, MRAC shows superior performance. MRAC has a faster settling time (1.8s vs. 

1.92s) and significantly lower overshoot (1.62% vs. 69.16%) compared to PI, ensuring 

better stability. Although PI reaches the peak response quicker, it suffers from higher 

overshoot and undershoot, leading to instability and oscillation risk. In disturbance-free 

conditions, MRAC and PI show nearly identical performance in most metrics, but MRAC 

generally provides better stability and adaptability under disturbances, making it more 

suitable for systems requiring precision and control, while PI is faster but more prone to 

instability. 
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From a design perspective, MRAC is more complex than PI, requiring an 

appropriate reference model and ensuring Lyapunov stability, a challenging aspect for any 

system. In contrast, PI is more straightforward, with easier gain selection. Choosing the 

right controller ultimately involves balancing these trade-offs and considering the 

application. Given the need to meet voltage and current demand swiftly, with uncertainty, 

MRAC is a suitable choice for this application. 

 

4.4 PERFORMANCE VALIDATION USING AN EV MODEL 

A key motivation of this study is to assess the performance of the controllers with a BDC 

across various electric vehicle (EV) driving modes, including acceleration, constant speed, 

and braking. Therefore, in this section, appropriate drive cycles are used to evaluate the 

controllers by employing a standard EV longitudinal dynamics model. This approach 

provides deeper insight into how the designed controllers respond to the different demands 

of each driving mode. Hence, SC current and total HESS power tracking in different drive 

cycles have been considered when the system is affected by disturbances and free from 

disturbance.   

In this study, current and power tracking errors are considered important 

performance indexes to measure the efficacy of the controllers, which have been explained 

in Section 4.3. Similarly, to evaluate the controllers’ performance, RMSE has been adopted, 

especially how accurately they can track the current demand and fulfil the total HESS 

power demand according to the drive cycles.  
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4.4.1 Performance in HWFET Drive Cycle 

This section explains how both controllers perform when the HWFET drive cycle has been 

considered with the proposed EV model both in the absence and presence of disturbance. 

Figure 4.18 demonstrates speed (in miles per hour) tracking of both PI and MRAC control 

approaches where the blue line indicates the reference speed cycle (HWFET), the red dash-

dot line defines the MRAC-controlled response, and the golden dashed line shows the PI-

controlled response. Noted that the system has been interfered with by an unknown 

disturbance frequently, as discussed in Section 4.3.1.1, when the controllers are employed 

to track the reference speed. Figure 4.18 portrays that both controllers are able to track the 

speed accurately even when the system is disturbed. 

 

 

Figure 4.18 HWFET drive cycle tracking when the system is affected by the disturbance. 
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(a) (b) 

  
(c) (d) 

 

Figure 4.19 (a) Power and (b) SC current tracking in the absence of disturbance; (c) 

power and (d) SC current tracking in the presence of disturbance with HWFET drive 

cycle.  

 

Figure 4.19 (a) and Figure 4.19 (c) demonstrate the HESS power tracking when the 

system is free from disturbance and affected by the disturbance, respectively. Here, HESS 

power tracking defines the extraction of battery and SC power to meet the vehicle power 

demand to track the HWFET drive cycle. In both Figure 4.19 (a) and Figure 4.19 (c), it is 

noticed that when the power demand (blue line) reaches below zero, which is regenerative 

braking mode, both the controllers are unable to track since the PMS is designed for any 

power above zero. In this mode, SC is charged and thus, the controllers are not responsible 
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for it since they are employed for the power discharge tracking only. Besides, at certain 

points, it is prominent that the controllers fail to track power demand at some points. In 

addition, Figure 4.19 (c) shows that due to the presence of system disturbance, the PI 

controller (golden dashed line) overshadows the MRAC technique’s response (red dash-

dot line). Thus, it defines that the PI controller shows a significant deviation in power 

tracking when the system is disturbed. Noted that this deviation has sprouted from the SC 

current tracking, as shown in Figure 4.19 (d), whereas MRAC shows a relatively smoother 

response, as shown in Figure 4.19 (c).  

In order to explain the tracking error of the SC current, drive cycle and HESS power, 

from a quantitative perspective, RMSE has been considered, which has been discussed in 

Table 4.5.   

Table 4.5 MRAC and PI controllers’ tracking performance in HWFET drive cycles. 

Parameters 

RMSE of the controllers 

In the absence of disturbance In the presence of disturbance 

MRAC PI MRAC PI 

Current tracking 13.22 8.15 13.16 39.74 

Drive Cycle tracking 0.05 0.05 0.05 0.05 

HESS Power tracking 3.15×103 3.23×103 3.15×103 4.85×103 

 

Table 4.5 compares the tracking performance of MRAC and PI controllers in 

HWFET drive cycles, analyzing three key parameters: current tracking, drive cycle 

tracking, and HESS power tracking. RMSE is used as the performance metric both in the 

absence and presence of disturbances. For current tracking, MRAC consistently performs 

better than the PI controller, especially in the presence of disturbances, where PI's RMSE 

significantly increases from 8.15 to 39.74, indicating poor disturbance handling. Both 

controllers perform equally well in drive cycle tracking with negligible error (0.05 RMSE). 

However, for HESS power tracking, MRAC maintains a lower error (3.15×10³) in both 
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scenarios, while PI shows a slightly higher error, particularly in the presence of 

disturbances, where the RMSE increases to 4.85×10³. Overall, MRAC demonstrates 

superior robustness, especially under disturbance conditions in the HWFET drive cycle. 

 

4.4.2 Performance in UDDS Drive Cycle 

In this section, the performance of controllers has been evaluated considering the same 

three parameters current tracking, drive cycle tracking, and HESS power tracking when the 

vehicle tracks UDDS drive cycle.  

Figure 4.20 illustrates the UDDS drive cycle tracking performance of the proposed 

EV model using HESS power, where both MRAC and PI controllers are responsible for 

current regulation primarily. Throughout the tracking process, both controllers closely 

follow the desired reference trajectory, with no noticeable deviations from the target speed 

in either the MRAC or PI controller responses. 

 

 

Figure 4.20 UDDS drive cycle tracking when the system is affected by the disturbance. 
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Figure 4.21 presents a comparative analysis of MRAC and PI controllers in tracking 

power and SC current over time, both in the absence and presence of disturbances within 

the UDDS drive cycle. Subfigures Figure 4.21 (a) and Figure 4.21 (b) demonstrate the 

power and SC current tracking under disturbance-free conditions, where both controllers 

follow the desired reference closely. MRAC exhibits slightly smoother tracking 

performance, with fewer oscillations and deviations compared to PI, particularly in current 

tracking. In contrast, subfigures Figure 4.21 (c) and Figure 4.21 (d) depict the same tracking 

metrics when disturbances are introduced. While both controllers are affected, MRAC 

shows greater resilience, maintaining more stable power and current tracking with fewer 

large deviations, especially in periods of high demand. PI, however, exhibits more 

noticeable fluctuations, indicating its vulnerability to disturbances. Overall, Figure 4.21 

highlights MRAC's superior adaptability and robustness under dynamic and uncertain 

conditions, while PI, though effective in undisturbed scenarios, struggles to maintain 

precision in the presence of disturbances. 

 

  
(a) (b) 
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(c) (d) 

 

Figure 4.21 (a) Power and (b) SC current tracking in the absence of disturbance; (c) 

power and (d) SC current tracking in the presence of disturbance with UDDS drive cycle. 

 

In order to comprehend the performance of the controllers with higher accuracy, 

Table 4.6 has been introduced. Table 4.6 presents a comparison between MRAC and PI 

controllers based on their RMSE performance for current tracking, drive cycle tracking, 

and total power tracking under both disturbance and no-disturbance conditions. For current 

tracking, the PI controller shows a lower error than MRAC in the absence of disturbance 

(6.19 vs. 7.27), but its performance significantly degrades in the presence of disturbance, 

with an RMSE of 31.97, compared to 7.4 for MRAC. This suggests that PI is less robust to 

disturbances. Drive cycle tracking has negligible differences between the two controllers, 

both maintaining a low error of around 0.09-0.1 in all conditions. For total HESS power 

tracking, MRAC consistently exhibits slightly lower RMSE values in both disturbance and 

non-disturbance scenarios (3.6×10³ to 3.76×10³), while PI has higher errors in the presence 

of disturbance (4.71×10³). Overall, MRAC demonstrates more stable and robust 

performance across all parameters, particularly in the presence of disturbances, making it 

a more reliable controller in dynamic environments. 
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Table 4.6 MRAC and PI controllers’ tracking performance in UDDS drive cycles. 

Parameters RMSE of the controllers 

In the absence of disturbance In the presence of disturbance 

MRAC PI MRAC PI 

Current tracking 7.27 6.19 7.4 31.97 

Drive Cycle tracking 0.09 0.1 0.1 0.1 

HESS Power tracking 3.6×103 3.71×103 3.76×103 4.71×103 

 

4.4.3 Performance in FTP Drive Cycles 

Figure 4.22 describes the FTP drive cycle tracking of the EV model utilizing the HESS 

power where the MRAC and PI controller control the current. During the tracking, 

significant deviations from the reference points are not visible in the MRAC and PI 

controller response.  

 

Figure 4.22 FTP drive cycle tracking when the system is affected by the disturbance. 

 

Figure 4.23 illustrates the HESS power and SC current tracking performance of 

MRAC and PI controllers in the FTP drive cycle, under both undisturbed and disturbed 

conditions. Figure 4.23 (a) and Figure 4.23 (b) show power and current tracking without 
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disturbance, whereas Figure 4.23 (c) and Figure 4.23 (d) depict the tracking with 

disturbance. During the simulation, both the PI and MRAC controller show some deviation 

from the desired trajectory, particularly during rapid power changes, since minute deviation 

in current tracking, appears in a larger form in the power tracking as power is the product 

of voltage and current. Similar to the PI controller attitude in the HWFET and UDDS drive 

cycle, in the FTP drive cycle, PI shows higher deviation than MRAC when the system is 

affected by the disturbance.  

  
(a) (b) 

  
(c) (d) 

Figure 4.23 (a) Power and (b) SC current tracking in the absence of disturbance; (c) 

power and (d) SC current tracking in the presence of disturbance with FTP drive cycle. 
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To evaluate and compare the tracking performance of MRAC and PI controllers 

within the FTP drive cycle under varying conditions, namely in the presence and absence 

of disturbances, Table 4.7 has been introduced. Similar to Section 4.4.1 and Section 4.4.2, 

the assessment is conducted using the RMSE for current tracking, drive cycle tracking, and 

total power tracking to determine the efficacy of each controller in achieving the desired 

system outputs. 

Table 4.7 shows that in current tracking, PI shows better performance in the absence 

of disturbances (4.13 RMSE) compared to MRAC (6.32 RMSE). However, in the presence 

of disturbances, the PI controller's performance significantly worsens (24.89 RMSE), 

indicating poor disturbance handling, while MRAC maintains a stable performance (6.34 

RMSE). Drive cycle tracking is consistent across both controllers and scenarios, with 

negligible differences (0.07-0.08 RMSE), suggesting both are equally effective in this area. 

In total HESS power tracking, PI performs slightly better without disturbance (3.04×10³ 

vs. MRAC’s 3.56×10³ RMSE), but its performance degrades in the presence of 

disturbances (4.22×10³), while MRAC remains more stable (3.64×10³). Overall, MRAC 

demonstrates superior robustness in handling disturbances across all parameters, while PI, 

despite initially stronger performance in undisturbed conditions, struggles significantly 

when disturbances are introduced. 

Table 4.7 MRAC and PI controllers’ tracking performance in FTP drive cycles. 

Parameters RMSE of the controllers 

In the absence of disturbance In the presence of disturbance 

MRAC PI MRAC PI 

Current tracking 6.32 4.13 6.34 24.89 

Drive Cycle tracking 0.08 0.07 0.08 0.08 

HESS Power tracking 3.56×103 3.04×103 3.64×103 4.22×103 
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4.4.4 Performance in US06 Drive Cycle 

Figure 4.24 illustrates the performance of the MRAC and PI controllers in tracking the 

US06 drive cycle when the system is subjected to disturbances. Both controllers closely 

follow the desired speed profile, with only minor deviations visible. 

 

 

Figure 4.24 US06 drive cycle tracking when the system is affected by the disturbance. 

 

Figure 4.25 shows the tracking performance of MRAC and PI controllers for power 

and SC current in the US06 drive cycle, both in the absence and presence of disturbance. 

Figure 4.25 (a) and Figure 4.25 (b) represent power and current tracking without 

disturbance, respectively, while Figure 4.25 (c) and Figure 4.25 (d) show the same metrics 

with disturbance. In both power and current tracking, both PI and MRAC controllers show 

similar responses during the simulation. However, around the 330th second, a significant 

deviation of MRAC is noticed, whereas the PI controller manages to tackle the moment, as 

shown in Figure 4.25 (b) and Figure 4.25 (d). Importantly, in the presence of disturbance, 

the PI controller also struggles with maintaining accurate current tracking, while MRAC 
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tends to retain its performance even though the system is affected by the disturbance. The 

analysis suggests that MRAC outperforms the PI controller in terms of dynamic response 

and adaptability, especially under disturbance, demonstrating its superiority in handling 

complex, transient scenarios typical in real-world driving conditions.  

  
(a) (b) 

  
(c) (d) 

Figure 4.25 (a) Power and (b) SC current tracking in the absence of disturbance; (c) 

power and (d) SC current tracking in the presence of disturbance with US06 drive cycle. 

 

Table 4.8 MRAC and PI controllers’ tracking performance in US06 drive cycles. 

Parameters RMSE of the controllers 

In the absence of disturbance In the presence of disturbance 

MRAC PI MRAC PI 

Current tracking 117.39 106 117.4 114.47 

Drive Cycle tracking 1.34 1.37 1.34 1.33 

HESS Power tracking 1.27×103 1.25×103 1.27×103 1.28×103 
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Table 4.8 presents the tracking performance of MRAC and PI controllers in the 

US06 drive cycle, evaluated through RMSE in both the absence and presence of 

disturbance. For current tracking, the PI controller performs slightly better than MRAC, 

having lower RMSE values both without disturbance (106 vs. 117.39) and with disturbance 

(114.47 vs. 117.4), unlike its performance in HWFET, UDDS and FTP drive cycle. It 

should be noted that the US06 drive cycle simulation runs for 576 seconds, leading to a 

relatively lower number of data points, which impacts the RMSE results. This is further 

substantiated by the PI controller’s response, as illustrated in Figure 4.25 (c) and Figure 

4.25 (d). For drive cycle tracking, both controllers exhibit similar performance, with RMSE 

values close to each other (1.34 for MRAC and 1.37/1.33 for PI). In terms of total HESS 

power tracking, the differences between MRAC and PI controllers are negligible, with 

RMSE values around 1.27×10³ to 1.28×10³ in both scenarios. Overall, the PI controller 

shows marginally better current tracking performance, while both controllers demonstrate 

comparable drive cycle and power tracking performance, indicating no significant 

advantage of MRAC over PI in these aspects. 

 

4.5 SUMMARY 

This chapter contributes to demonstrating the performance of MRAC and PI controllers 

within inverting and non-inverting Bidirectional DC-DC Converters (BDC) across varying 

conditions. According to the evaluation, MRAC demonstrates superior tracking 

capabilities, particularly in the presence of disturbances, with a minimal RMSE (Root Mean 

Square Error) of 0.04 for constant voltage and 0.05 for variable voltage, outperforming the 

fixed-gain PI controller, which shows higher RMSEs of 0.97% and 1.53%, respectively. 

For current tracking in non-disturbed non-inverting BDCs, MRAC also surpasses PI with 
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an RMSE of 2.44 compared to PI's 3.36. MRAC's adaptive gain provides better 

performance over time, especially in disturbed conditions, where it maintains lower RMSE 

for a longer period. While both controllers exhibit comparable performance in inverting 

BDC systems, particularly in terms of stability, settling time, and overshoot under 

disturbance-free conditions, MRAC stands out in non-inverting BDC systems under 

disturbances. It achieves faster settling times, significantly lower overshoot, and better 

overall stability, whereas PI, though quicker in peak response, suffers from higher 

overshoot, leading to instability and oscillations. 

From a design standpoint, MRAC's complexity, due to the need for a well-defined 

reference model and the assurance of Lyapunov stability, presents challenges that PI avoids 

with its simpler gain selection. However, MRAC's adaptability makes it more suitable for 

applications requiring precision and robustness under uncertain conditions, while PI's faster 

response time is offset by its susceptibility to instability. Ultimately, the choice between 

MRAC and PI should be driven by the specific demands of the application. In environments 

where quick voltage and current adjustments are critical, particularly under unpredictable 

disturbances, MRAC emerges as the more appropriate solution due to its superior 

adaptability and control stability. 

To further evaluate the performance of these controllers, an electric vehicle (EV) 

model was introduced, wherein the energy storage system (ESS) is modified from a battery-

only configuration to a hybrid energy storage system (HESS) comprising a battery and 

supercapacitor (SC), integrated with a new power management system (PMS) which has 

been discussed in Section 3.7. This EV model is simulated under four different drive 

cycles—HWFET, UDDS, FTP, and US06—with and without system disturbances. Based 

on performance metrics such as current tracking, drive cycle tracking, and HESS power 
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tracking, the controllers' performance has been analyzed and summarized in Table 4.5 to 

Table 4.8. The analysis of the, reveals a clear pattern: MRAC consistently outperforms PI 

in conditions involving disturbances, particularly in the areas of current and power tracking. 

In the HWFET and FTP drive cycles (as demonstrated in Table 4.5 and Table 4.7), MRAC 

demonstrates stable performance with minimal increases in RMSE, whereas PI's 

performance significantly declines, especially in current tracking, where its RMSE 

escalates substantially in the presence of disturbances. Conversely, PI exhibits slightly 

better performance in disturbance-free scenarios, particularly in FTP drive cycles (as 

discussed in Table 4.7) and US06 (as portrayed in Table 4.8) for current tracking. Drive 

cycle tracking shows negligible differences between the two controllers across all cycles, 

indicating no significant advantage for either. While PI occasionally performs better in the 

absence of disturbances, MRAC’s superior robustness in handling disturbances 

consistently positions it as the more reliable option, particularly in dynamic environments 

where disturbances are prevalent. Importantly, during drive cycle tracking, the controllers' 

performance does not demonstrate significant differences, indicating that the impact of 

distance over time on controller performance may be inconclusive. From a practical 

application perspective, this analysis underscores the resilience of MRAC, highlighting its 

suitability for systems requiring stability amid variable conditions. 
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CHAPTER FIVE 

CONCLUSION 

5.1 INTRODUCTION 

The increasing shift from internal combustion engine vehicles to electric vehicles (EVs) 

has prompted significant advancements in energy storage systems (ESS) and power 

management. In this research, an adaptive control strategy was developed and evaluated 

for bidirectional DC-DC converters (BDC) to improve the performance of ESS in hybrid 

electric vehicles (HEVs), addressing the key driving modes—acceleration, cruising, and 

braking. This chapter concludes the research by summarizing the major contributions, 

achievements according to the research objectives, limitations of the study, and potential 

areas for future improvement. 

 

5.2 SUMMARY OF ACHIEVEMENTS 

The primary objectives of this research were to design an adaptive controller for a BDC, 

evaluate its performance, analyze its effectiveness in a hybrid energy storage system 

(HESS), and validate its performance under realistic EV conditions through simulations. A 

Model Reference Adaptive Control (MRAC) was chosen and implemented as the adaptive 

controller, while the performance was compared to a conventional proportional-integral 

(PI) controller. Table 5.1 presents a summary of the achievements corresponding to the 

research objectives. 
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Table 5.1 Research objectives and achievements.  

Objectives Achievements 

Objective 1: To design 

an adaptive controller 

for a simple BDC 

supplying a constant and 

variable battery pack 

voltage for satisfying 

the three driving modes 

in EV: acceleration, 

cruising, and braking. 

Controller Design: Developed a Model Reference Adaptive 

Control (MRAC) system capable of regulating voltage 

effectively for the three driving modes such as acceleration, 

cruising, and braking. 

Objective 2: To 

evaluate the 

performance of the 

controller based on 

performance indexes 

such as control effort 

and tracking error. 

Comparison with PI Controller: Evaluated MRAC 

performance against the PI controller in terms of Root Mean 

Square Error (RMSE) for voltage and current tracking and 

control effort. 

Superior Performance: MRAC consistently outperformed 

PI with lower RMSE values, particularly under disturbed 

conditions. For example: 

• In the inverting BDC, the MRAC approach achieves 

an RMSE of 0.05 for tracking constant voltage with 

disturbance, and 0.43 for variable voltage with 

disturbance, whereas the PI controller produces 

RMSE values of 1.53 and 1.41 for these respective 

scenarios. 

• In the non-inverting BDC, the MRAC method also 

demonstrates greater accuracy than the PI controller in 

tracking current and power with system disturbances, 

showing RMSEs of 3.38 and 78.75, compared to the 

PI controller's RMSEs of 3.95 and 83.38. 

 

However, MRAC approach shows that it requires 

comparatively higher control effort with inverting BDC. 

Importantly, this control effort is interpreted by PWM signals, 

and thus, the higher control effort is unable to contribute to 

higher energy consumption.  

Objective 3: To analyze 

the performance of an 

adaptive controller with 

the BDC for a Hybrid 

Energy Storage System 

(HESS) where the 

current supply is 

Hybrid System Integration: Designed a HESS of Li-ion 

battery and supercapacitor, along with the rule-based power 

management system (PMS), utilizing MRAC to regulate 

power transitions between sources. For example: The non-

inverting BDC employs a rule-based PMS to fulfill the 

motor's power demand. The PMS functions based on set 

thresholds: if the demand surpasses 1.5 kW, the battery 
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switched between a 

battery pack and a 

supercapacitor. 

supplies minimal power, while the SC delivers the remainder. 

When the SC's voltage exceeds 50% of its maximum capacity, 

the load is shared between the battery and SC; otherwise, the 

battery handles the power supply on its own. 

Smooth Power Supply: Validated that MRAC ensures a 

seamless switch between battery and supercapacitor, leading 

to a stable power supply with the help of PMS. 

Objective 4: To 

validate the adaptive 

controller performance 

from the aspect of 

performance indexes 

such as control effort, 

power, and current 

tracking accuracy 

according to the demand 

from an electric vehicle 

longitudinal dynamic 

model based on 

different drive cycles. 

Drive Cycle Validation: Tested MRAC under different 

driving cycles (HWFET, FTP, UDDS, US06) with and 

without disturbances. The results can be outlined as: 

• HWFET Drive Cycle: MRAC outperforms PI in 

current tracking under disturbance conditions, with an 

RMSE of 8.15 compared to PI's significantly higher 

RMSE of 39.74. 

• UDDS Drive Cycle: In current tracking with 

disturbances, MRAC maintains a stable RMSE of 7.4, 

while PI’s RMSE increases drastically to 31.97, 

highlighting PI's poor disturbance handling. 

• FTP Drive Cycle: MRAC shows consistent 

performance with an RMSE of 6.34 under 

disturbances, while PI's RMSE jumps to 24.89, 

indicating weaker performance. 

• US06 Drive Cycle: The PI controller slightly 

outperforms MRAC in current tracking, with RMSE 

values of 106 vs. 117.39 without disturbance and 

114.47 vs. 117.4 with disturbance. This difference can 

be attributed to the shorter simulation duration (576 

seconds), which results in fewer data points and 

affects the accuracy of the RMSE calculation. 

Consequently, MRAC's typical advantage in handling 

disturbances is not as prominent in this scenario. 

Additionally, both controllers perform similarly in 

drive cycle and HESS power tracking, showing no 

significant advantage for MRAC in these metrics. 

 

Robust Tracking Accuracy: MRAC exhibited superior 

tracking accuracy and robustness compared to the PI 

controller, especially in disturbed scenarios. 
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5.3 KEY FINDINGS 

The results of the study highlighted several important insights into the performance of 

MRAC compared to the PI controller: 

1. Controller Design and Voltage or Current Regulation: The MRAC is designed 

to effectively control the voltage or current for different driving modes, including 

acceleration, cruising, and braking. The MRAC shows adaptability in providing the 

necessary voltage regulation to meet the demands of these driving modes, 

showcasing a marked improvement over traditional control methods. 

2. Performance Comparison and Evaluation: The performance of the MRAC is 

assessed against the conventional PI controller using metrics such as RMSE for 

voltage and current tracking. The MRAC consistently outperforms the PI controller, 

achieving lower RMSE values, particularly in disturbances scenarios. This 

demonstrates the robustness of MRAC in maintaining stability and precision in 

tracking, even under challenging conditions. 

3. Hybrid Energy Storage System Integration: The study explores the integration 

of a hybrid energy storage system (HESS) consisting of a Li-ion battery and a 

supercapacitor. The MRAC ensured smooth power regulation between the battery 

and supercapacitor, facilitating stable and reliable power delivery. The use of the 

hybrid system enables efficient energy management, particularly during 

regenerative braking and high-power demand conditions. 

4. Drive Cycle Validation: The MRAC’s performance is validated through 

simulations involving four different drive cycles: HWFET, FTP, UDDS, and US06. 
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The controller is tested with and without disturbances to evaluate its robustness in 

real-world driving conditions. The MRAC demonstrates superior current and power 

tracking accuracy, maintaining stable performance across all driving cycles, 

especially in the presence of disturbances. The PI controller, although exhibiting 

slightly better performance in some disturbance-free scenarios, struggled to 

maintain stability under disturbed conditions. 

 

5.4 CONTRIBUTIONS OF THE RESEARCH 

This research made several contributions to the field of EV power management and 

adaptive control: 

1. Development of adaptive control strategy: The MRAC has successfully been 

developed and implemented to regulate the BDC in EV applications, providing an 

adaptive and robust solution for voltage and current tracking. This controller 

addresses the shortcomings of traditional controllers such as PID or PI, especially 

in nonlinear and uncertain environments. 

2. Performance evaluation under realistic conditions: The MRAC is evaluated not 

only in a simple battery-based ESS but also in a hybrid system involving a 

supercapacitor, under real-world driving conditions. The detailed comparison 

between MRAC and PI controllers provides valuable insights into the advantages 

of adaptive control for EV power management. 

3. HESS implementation: The integration of a hybrid energy storage system (battery 

and supercapacitor) with the BDC and MRAC enables efficient power 
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management, demonstrating the potential for improved energy efficiency and 

performance in EVs. 

 

5.5 LIMITATIONS OF THE RESEARCH 

While the research achieved its stated objectives and demonstrated the potential of MRAC 

in EV power management, several limitations should be acknowledged: 

1. Simulation-based analysis: The performance of the MRAC and PI controllers has 

been validated through simulations only. No hardware implementation or real-time 

hardware-in-the-loop (HIL) testing is conducted. As a result, the practical feasibility 

of the controllers in real-world scenarios remains to be demonstrated. 

2. Limited environmental factors: The study has not considered extreme 

environmental conditions, such as varying temperatures or other factors that could 

affect battery and supercapacitor performance. Evaluating the controller's 

performance under different temperature profiles and environmental stressors is 

crucial for assessing its robustness in real-world applications. 

3. Parameter sensitivity of MRAC: The MRAC design requires the careful selection 

of adaptation gains to ensure system stability and performance. The sensitivity of 

the MRAC to parameter variations presents a challenge in tuning the controller, 

particularly in real-time implementations where changes in system dynamics can 

occur. 
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5.6 FUTURE IMPROVEMENTS 

To build on the achievements of this research and address its limitations, several areas for 

future work are proposed: 

1. Optimization of MRAC parameters: Future work can focus on enhancing the 

MRAC design to minimize computational complexity, making the controller more 

feasible for real-time applications. Introducing optimization algorithms, such as 

genetic algorithms or machine learning techniques, to automatically determine the 

best adaptation rates and parameters would further improve system performance. 

2. Reference Model Design: The reference model for MRAC must be appropriately 

selected to enhance system performance regarding settling time, rise time, peak 

time, and overshoot. 

3. Expansion of HESS: Expanding the HESS to include other types of energy sources, 

such as fuel cells or flywheels, can provide further optimization of energy usage 

and extend the range of EVs. Additionally, incorporating predictive control 

strategies that consider future energy demands based on drive cycle predictions 

could lead to better energy management. 

4. Hardware-in-the-Loop (HIL) validation: Testing the adaptive controller in a real-

time hardware-in-the-loop (HIL) environment may validate the simulation results 

and provide practical insights into implementation challenges. This will help in 

refining the controller for real-world applications and assessing its feasibility for 

mass production. 
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5. Evaluation Under Extreme Conditions: Evaluating the controller’s performance 

under extreme environmental conditions, such as high-temperature variations or 

different terrain profiles, would further demonstrate its robustness and adaptability, 

ensuring reliable performance across a wide range of real-world scenarios. 

 

5.7 SUMMARY 

This research has successfully developed and validated an MRAC for a BDC in electric 

vehicle applications. The MRAC demonstrates superior performance compared to the PI 

controller in terms of voltage and current tracking, particularly in disturbed conditions. The 

use of a HESS comprising a battery and supercapacitor further enhanced the performance 

of the system, allowing for efficient power management under different driving scenarios. 

The findings of this research underscore the potential of adaptive control strategies to 

enhance the efficiency, stability, and reliability of electric vehicle power management 

systems. 

The work presented here contributes significantly to the field of EV power 

management, offering an adaptive solution for voltage and current regulation in BDCs. 

With future improvements focused on optimization, appropriate reference model design, 

and real-time validation, this research lays a strong foundation for the development of more 

efficient, adaptive, and robust power management systems in the evolving landscape of 

electric mobility. 
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