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 The addition of a supercapacitor to electric vehicles is considered beneficial 

for extending battery lifetime. Due to its higher power density compared to 

the battery, a supercapacitor can efficiently handle sudden high-current 

demands. However, to achieve energy efficiency, a specific control strategy 

is required for this battery-supercapacitor (Batt-SC) hybrid power source 

(HPS). This paper reviews the dynamic model of the Batt-SC as HPS for 

electric vehicles and explores its various control strategies in order to achieve 

energy efficiency. A high-fidelity model, a control-oriented model, and an 

integrated dynamic model are presented. Various control strategies are then 

discussed, including high-level control, low-level control, and DC bus voltage 

regulation. This paper also identifies several key research opportunities, such 

as developing an integrated dynamic model of a hybrid Batt-SC electric 

vehicle, combining high-level and low-level control into a unified control 

strategy, and designing an optimal-adaptive controller that can minimize a 

certain performance index by considering nonlinearity factors. 
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1. INTRODUCTION 

Electric vehicles play a pivotal role in replacing the conventional transportation system due to their 

eco-friendly characteristic. However, a key challenge that continues to be explored is the limitation of the 

battery used as the primary power source. Batteries have limitations such as low power density, long 

charging times, and limited life cycles [1], [2]. Recently, Lithium batteries have emerged as the most suitable 

energy source for electric vehicles, offering efficiencies ranging from 80% to 95%, although this highly 

depends on several conditions, such as driving technique and traveling profile [3]. To further enhance the 

performance of electric vehicles, as well as increase energy efficiency, one promising approach is the 

integration of a supercapacitor as an additional power source [4]. Unlike batteries, supercapacitors exhibit 

higher power density, enabling them to meet high current demands. Furthermore, they offer faster charging 

and discharging times compared to batteries, making them well-suited for applications such as sudden high-

current demands and regenerative braking [5]-[8]. By leveraging the complementary characteristics of both 

power sources, the use of battery-supercapacitor (Batt-SC) as a hybrid power source (HPS) in electric 

vehicles has been shown to extend battery lifetime and improve system efficiency [9].  

Although the Batt-SC HPS holds significant promise for electric vehicles, it has not yet been fully 

commercialized for widespread public use. Currently, the use of Batt-SC in electric vehicles remains in the 

research and development stage. Key factors that must be addressed before the technology can be applied 

https://creativecommons.org/licenses/by-sa/4.0/
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include the low energy density of supercapacitors, high production costs, and the readiness of the supporting 

infrastructure [10]. Despite these challenges, the Batt-SC technology presents considerable potential for future 

development and adoption due to the complementary power and energy characteristics it offers. A case study 

has demonstrated that the use of a Batt-SC HPS in electric vehicles can result in cost savings of approximately 

12% compared to electric vehicles powered solely by battery [4]. Additionally, this technology shows great 

promise for integration into other emerging renewable energy systems. 

For the requirements of control design, the Batt-SC HPS must be comprehensively modeled to capture 

its dynamic behavior [11]-[13]. This modeling involves the physical characteristics of both the battery and the 

supercapacitor, as well as their interactions within the system. A detailed model ensures that the control 

algorithms can respond effectively to varying load demands, environmental factors, and system constraints. 

Three primary approaches can be used to model this system: the high-fidelity model, the control-oriented 

model, and the integrated dynamic model. The high-fidelity model provides a detailed and precise 

representation of the system, capturing the complex physical, chemical, and electrical processes within the 

battery and supercapacitor [14]. In contrast, the control-oriented models are simplified representations designed 

to retain the essential dynamics of the system while ensuring computational efficiency [15]-[19]. Integrated 

dynamic model, on the other hand, combines the dynamic behaviors of the battery, supercapacitor, and other 

system components, such as power electronics and the vehicle's drivetrain [16], [20]. Each of these modeling 

approaches serves a specific purpose, from precise analysis and optimization to efficient control system design. 

The Batt-SC as an HPS system must also be effectively controlled for various vehicle travel 

conditions. The goal is that their currents can be adjusted according to needs. In principle, the supercapacitor 

is utilized when large load currents are required, such as during uphill driving, stop-and-go, and regenerative 

braking. HPS control generally operates at two levels: high-level control (known as energy management system 

(EMS)) and low-level control [21]. The high-level control is responsible for generating reference currents for 

each power source, based on the vehicle’s loading conditions. This controller ensures optimal energy 

distribution among the power sources, adapting dynamically to changes in load and driving conditions. The 

reference currents are then tracked by the low-level control, which also regulates the DC bus voltage. 

Additionally, the low-level control maintains system stability by ensuring the DC bus voltage stays within safe 

and efficient operating limits.  

This paper provides a focused review of the dynamic modeling and control strategies of the Batt-SC HPS 

for electric vehicles. The primary contribution of this paper is to offer an overview of various dynamic modeling 

approaches and their corresponding control strategies, with particular emphasis on low-level control to enhance 

energy efficiency. Although several review articles on Batt-SC as an HPS for electric vehicles have been published 

previously, this review distinguishes itself by focusing on the dynamic modeling, low-level control applications, 

and challenges related to DC bus voltage regulation. In contrast, existing reviews have primarily addressed topics 

such as EMS [3], [22], [23], DC-DC converter topologies [24], and optimal sizing techniques [25], [26].  

The remainder of this paper is organized as follows: i) Section 2 provides an overview of the dynamic 

modeling of the Batt-SC HPS system, followed by a discussion of its control strategies in section 3; ii) Section 

4 addresses challenges related to DC bus regulation; iii) Potential research directions are presented in  

section 5; while iv) Section 6 concludes the study with a summary of key findings. 
 

 

2. DYNAMIC MODEL OF BATT-SC HPS FOR ELECTRIC VEHICLES 

The Batt-SC HPS for electric vehicles can be modelled using three main approaches: the high-fidelity 

model, the control-oriented model, and the integrated dynamic model. Figure 1 illustrates the configuration of 

the Batt-SC system as an HPS, which serves as the foundational circuit for reviewing the dynamic modeling 

approaches. This configuration includes two control inputs in the form of the duty cycle, the dynamic model 

of the Batt-SC HPS, two bidirectional DC-DC converters with a fully active topology, and a motor-vehicle 

model as the load. 
 

2.1.  High-fidelity model 

The high-fidelity model is a dynamic approach characterized by high accuracy, as it incorporates the 

internal characteristics of each component. This model is commonly employed to test controller performance in 

simulation environments and to validate black-box models. Numerous studies on HPS controller design utilize 

high-fidelity models. For instance, research [14] developed a real-time nonlinear controller for Batt-SC systems 

in electric vehicles based on a high-fidelity model. This model integrates detailed internal characteristics of the 

Batt-SC, including series-parallel resistance, capacitance, and the number of cells used. Similarly, the DC-DC 

converter model accounts for elements such as inductor resistance 𝑅𝐿 and switch-on resistance 𝑅𝑂𝑁. The state 

variables and control signals in the high-fidelity model are defined as shown in (1) and (2): 
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𝑥 = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 ]∗ = [𝑉𝑏 𝑉𝑠𝑐 𝑖𝑏 𝑖𝑠𝑐 𝑉𝑏𝑢𝑠 ]∗ (1) 

 

𝑢 = [𝑢1 𝑢2]∗ = [𝑑1 𝑑3]∗ (2) 

 

with 𝑉𝑏 and 𝑉𝑠𝑐  are battery and supercapacitor voltages, 𝑖𝑏 and 𝑖𝑠𝑐 are battery and supercapacitor currents, 𝑉𝑏𝑢𝑠 

as the DC bus voltage, 𝑑1 and 𝑑3 are duty cycles for the DC-DC converter that is actively connected to the Batt-

SC HPS. Based on these state variables, the nonlinear dynamic model can be obtained as (3)-(7): 
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1
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with 𝑅𝑏, 𝐶𝑏, and 𝑉𝑜𝑐,𝑏 respectively, are battery resistance, battery capacitance, and battery open-circuit voltage, 

𝑅𝑠𝑐, 𝐶𝑠𝑐, and 𝑉𝑜𝑐,𝑠𝑐 respectively, are supercapacitor resistance, supercapacitor capacitance, and supercapacitor 

open-circuit voltage, 𝑅𝐿 and 𝑅𝑂𝑁 are resistance on the inductor and switching during the ON period, and 𝑖𝑚 as 

motor current. By adopting this approach, an accurate dynamic model of Batt-SC as an HPS can be achieved. 

 

 

 
 

Figure 1. Typical dynamic model of Batt-SC as HPS for an electric vehicle 
 

 

2.2.  Control-oriented model 

The control-oriented model is a dynamic model designed specifically for controller development and 

practical implementation. Unlike the high-fidelity model, it is derived by simplifying the system and neglecting 

the internal characteristics of each component, while still retaining essential parameters. This modeling 

approach is widely used in Batt-SC controller design [15]-[19]. In contrast to the high-fidelity model, the 

control-oriented model treats the Batt-SC system as a constant voltage source in the HPS configuration. 

Additionally, the DC-DC converter model in this approach excludes 𝑅𝐿 and 𝑅𝑂𝑁. Consequently, the nonlinear 

dynamic equations for the control-oriented model, governing 𝑖𝑏 and 𝑖𝑠𝑐, are defined as shown in (8) and (9):  
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where 𝑉𝑏 and 𝑉𝑠𝑐  represents the Batt-SC voltages, which are assumed to remain constant. To incorporate the direction 

of the regenerative current, the averaged dynamic equation is derived and presented as shown in (10)-(12): 
 

𝑑𝑖𝑏
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=

𝑉𝑏
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−

1
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where 𝑑𝑏 and 𝑑𝑠𝑐 are averaging duty cycles for Batt-SC, which satisfy the following (13) and (14). 
 

𝑑𝑏 = {
1 − 𝑑1, 𝑖𝑏_𝑟𝑒𝑓 > 0

𝑑2, 𝑖𝑏_𝑟𝑒𝑓 < 0
 (13) 

 

𝑑𝑠𝑐 = {
1 − 𝑑3, 𝑖𝑠𝑐_𝑟𝑒𝑓 > 0

𝑑4, 𝑖𝑠𝑐_𝑟𝑒𝑓 < 0
 (14) 

 

This duty cycle configuration also applies to high-fidelity models with bidirectional DC-DC converters. 
 

2.3.  Integrated dynamic model 

The integrated dynamic model combines the dynamics of the Batt-SC system as an HPS with a drive 

system comprising a DC-DC converter, an electric motor, and a vehicle dynamics model. Several studies have 

explored this approach, integrating the Batt-SC system with an induction motor [16], switched reluctance motor 

(SRM) model [17], and the permanent magnet synchronous motor (PMSM) model [27]. Regarding integration 

with the vehicle’s longitudinal dynamics, an integrated battery-electric vehicle (IBEV) model has been 

developed [20], although it did not incorporate a supercapacitor as an additional power source. Consequently, 

developing a comprehensive integrated model that includes Batt-SC, DC-DC converters, electric motors, and 

vehicle longitudinal dynamics remains a promising area for future research. The vehicle longitudinal dynamics 

model based on Figure 2 can be written as in (15): 

 

𝐹𝑡 = 𝐹𝑎 + 𝐹𝑟 + 𝐹𝑑 + 𝐹𝑔 (15) 
 

where 𝐹𝑡 is the traction force required by the vehicle, 𝐹𝑎 is the acceleration of the vehicle, 𝐹𝑟 is the friction 

force of the wheels, 𝐹𝑑 is the aerodynamic force of the vehicle, and 𝐹𝑔 is the force of gravity. 
 

 

 
 

Figure 2. Longitudinal dynamics on vehicle 
 
 

From (15), the vehicle longitudinal speed (𝑣), motor speed (𝜔), and motor current (𝑖𝑚) can be defined 

as additional state variables as shown in (16)-(18): 
 

𝑑𝑣
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=

𝑘𝑡

𝑚.𝑟
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1
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𝜌𝐶𝑑𝐴𝑣2 − 𝑔(𝐶𝑟 cos 𝜃 + sin 𝜃) (16) 
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𝜔 (18) 
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where 𝑘𝑡 is motor torque constant, 𝑟 is wheel radius, 𝑚 is mass of vehicle, 𝐶𝑟 is road resistive coefficient, 𝐶𝑑 

is aerodynamic drag coefficient, 𝐴 is front cross-sectional area, 𝜌 is air density constant, 𝑔is gravity constant, 

𝜃 is slope of the road, 𝐽 is the moment of inertia, 𝑏 is friction coefficient, 𝑅𝑚 is motor resistance, 𝐿𝑚 is motor 

inductance, and 𝑘𝑒 is motor back-emf constant. These additional state variables can be incorporated into the 

high-fidelity models discussed earlier, allowing the complete state variables to be expressed as shown in (19). 
 

𝑥 = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6 𝑥7 𝑥8]∗ = [𝑉𝑏 𝑉𝑠𝑐 𝑖𝑏 𝑖𝑠𝑐 𝑉𝑏𝑢𝑠 𝑖𝑚 𝜔 𝑣]∗ (19) 

 

 

3. CONTROL STRATEGIES OF BATT-SC HPS FOR ELECTRIC VEHICLES 

Figure 3 presents the general control strategy of the Batt-SC HPS, outlining the control structure and 

classification of the controller types. Figure 3(a) illustrates the block diagram of the Batt-SC control structure 

as an HPS. This configuration generally involves two levels of control. The high-level control utilizes 

information such as load (represented by current demand), road slope angles, or external environmental 

conditions to determine the HPS reference current. Subsequently, the low-level control ensures that the 

reference current is achieved. The specific objectives and roles of these two control levels differ and will be 

elaborated in the following section.  

Furthermore, the controller methods applicable to these control levels are categorized in Figure 3(b). 

High-level control is divided into four types: rule-based, filter-based, optimization-based, and learning-based. 

Low-level control is classified into three types: classical control, optimal control, and robust control. A detailed 

explanation of both control levels and their respective methods will be provided in this section. 

 

 

 

 
(a) (b) 

 

Figure 3. Batt-SC control strategies: (a) controller structure and (b) classification of Batt-SC control strategies 

 

 

3.1.  High-level control 

High-level control, often referred to as EMS, is designed to generate the reference current for the HPS. 

This level of control employs a power distribution algorithm based on input variables such as resource 

conditions and load current requirements. The EMS optimizes energy allocation between power sources to 

ensure efficient operation, minimize losses, and extend the lifespan of the system components. By continuously 

monitoring the state of each power source and the overall system demand, the EMS dynamically adjusts the 

reference currents to adapt the varying driving conditions and load profiles.  

 

3.1.1. Rule-based EMS 

The rule-based EMS is the simplest approach, as it does not require a dynamic model for its design, 

making it computationally efficient and easier to implement. These control schemes rely on predefined rules 

and thresholds to manage energy distribution among the power sources, providing straightforward and reliable 

performance. Rule-based control schemes can be developed using fuzzy logic [28]-[30] and a state machine 

algorithm [23]. Fuzzy logic offers a flexible framework for handling uncertainties and non-linearities in system 

behavior, while state machine algorithms provide a structured approach for transitioning between discrete 

operating states based on specific conditions. This simplicity makes rule-based EMS highly suitable for real-

time applications and systems with limited computational resources. 
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3.1.2. Filter-based EMS 

The filter-based EMS employs a low-pass filter (LPF) to allocate power between the battery and the 

supercapacitor based on the frequency characteristics of the load demand. This method effectively separates 

the power demands into high-frequency and low-frequency components, enabling efficient energy 

management. The supercapacitor, with its high-power density and rapid charge-discharge capabilities, 

addresses high-frequency power demands, such as those caused by sudden accelerations or transient loads. In 

contrast, the battery, known for its high energy density, manages low-frequency power changes, such as steady-

state driving or gradual speed variations [27], [31]-[33]. 

 

3.1.3. Optimization-based EMS 

The optimization-based EMS is further divided into offline and online methods, each offering distinct 

advantages depending on the application requirements. Offline optimization techniques, such as genetic 

algorithms [34] and dynamic programming [35], provide pre-computed solutions by analyzing all possible 

scenarios beforehand. These methods are particularly effective for systems with well-defined operating 

conditions, as they minimize computational demands during operation. On the other hand, online optimization 

methods, like model predictive control (MPC), dynamically generate reference currents for the Batt-SC system 

in real-time. By continuously optimizing input variables such as load current, Batt-SC voltage, and DC bus 

voltage, MPC ensures that the system adapts to varying conditions and maintains optimal performance [36], 

[37]. This real-time adaptability makes online optimization particularly suitable for applications with highly 

dynamic and unpredictable operating environments. 

 

3.1.4. Learning-based EMS 

The learning-based EMS leverages advances in machine learning to achieve superior control 

performance and adaptability. This category includes reinforcement learning (RL) algorithms [38], deep 

learning [39], and artificial neural network (ANN) [40]. These methods enable the EMS to learn and optimize 

control strategies independently, allowing for precise regulation of Batt-SC currents based on real-time travel 

scenarios and system demands. Learning-based EMS approaches excel in handling complex, non-linear 

systems and unpredictable operating conditions, offering potential for improved efficiency and system 

longevity. However, their implementation poses significant challenges, including the need for robust 

computational resources and reliable, also high-quality datasets for training. The lack of readily available data 

and the increased complexity in algorithm design and validation can limit their practical deployment. Despite 

these challenges, the promise of superior adaptability and control performance makes learning-based EMS a 

compelling area of research and development. 

 

3.2.  Low-level control 

Low-level control in the Batt-SC HPS system generally aims to track the reference current generated 

by the EMS. Referring to [21], the main objectives of the low-level controller are summarized as follows: 

− Accurately tracking the time-varying reference current signal for the Batt-SC power sources. 

− Precisely maintaining a constant DC bus voltage under load fluctuations. 

− Ensuring the system remains asymptotically stable despite external disturbances and parameter variations. 

In general, three types of control systems can be applied to the Batt-SC HPS system, namely classical 

single-input single-output (SISO) control, optimal control, and robust control. This section will elaborate and 

discuss these three types of low-level controllers. The classical SISO controller consists of a proportional-

integral (PI) [27], [41] and hysteresis controller [36], optimal control consists of linear quadratic control [18], 

[19], [42], MPC [31], [43], and linear matrix inequality (LMI)-based optimization controller [14], while robust 

control consists of H∞ controller [44], L2-gain passive-based control [45], back-stepping control [46], and 

sliding mode control (SMC) [15], [16], [47]-[51]. 

 

3.2.1. Classical SISO controller 

The classical SISO controller represents the simplest approach to control system design and 

implementation. Its simplicity lies in the independent design for each I/O in multi-input multi-output (MIMO) 

system, disregarding the interactions between different I/Os. This decoupled configuration, as depicted in 

Figure 4, is straightforward yet effective for basic control tasks. Among the SISO controllers applicable to the 

Batt-SC HPS, the PI controller and hysteresis control are widely utilized due to their ease of implementation 

and reliable performance. 

The PI controller is a linear control method widely used to accurately track the reference currents of 

Batt-SC HPS system. Its implementation is often combined with nonlinear controllers to regulate DC bus voltage 

and generate reference load currents [27]. This hybrid approach enhances DC bus voltage regulation, reduces 

dependency on system parameters, and simplifies controller tuning. For example, in the study [41], a PI 
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controller was employed to track Batt-SC current references generated via fuzzy supervisory control. While the 

PI controller demonstrated the ability to track reference currents in both simulations and experiments, the results 

were not entirely satisfactory. The limitations of the PI control method include its reliance on precise tuning of 

the Kp and Ki constants and its inability to account for the dynamic interactions between energy sources in a 

MIMO system. Furthermore, it does not guarantee stability or robustness under disturbances. In systems with 

inherently coupled dynamics, PI control treats the fully active topology as two independent SISO systems, 

potentially degrading the closed-loop dynamic performance. Despite its simplicity and ease of design, these 

drawbacks limit its effectiveness for complex hybrid power systems. 

In hysteresis control, the current oscillates within a defined hysteresis band around the reference 

current (Iref). Specifically, the current fluctuates between an upper limit (Iref + upper bound and a lower limit 

(Iref − lower bound), maintaining close proximity to the desired reference. This control method has been 

applied in research [36] to regulate the HPS reference current derived from an MPC strategy. Although 

simulations and experiments have demonstrated the capability of hysteresis control to effectively track changes 

in load current, the resulting tracking response tends to lack smoothness, which may affect system performance 

in applications requiring high precision. 

 

3.2.2. Optimal control 

Optimal control is a modern control strategy well-suited for MIMO systems, offering a sophisticated 

approach to managing the dynamic interactions between multiple subsystems. In the context of Batt-SC HPS 

systems, two prominent optimal controllers are widely applied: linear quadratic control and MPC. Additionally, 

state-feedback control designed using a LMI-based optimization approach has also been explored. As illustrated 

in Figure 5, the optimal controllers involve deriving state-feedback gain through an optimization process. This 

process minimizes a predefined performance index function 𝐽, typically expressed as shown in (20): 

 

𝐽(𝑥, 𝑢) = ∫ (𝑥∗𝑄𝑥 + 𝑢∗𝑅𝑢 + 2𝑥∗𝑁𝑢)
∞

0
𝑑𝑡 (20) 

 

where 𝑥 is a state variable, 𝑢 is the control signal, 𝑄, 𝑅, and 𝑁 are constant positive definite matrices. 

Linear quadratic controller, or known as LQR/LQI, is an optimal control technique designed for linear 

systems. The primary objective of LQR/LQI is to minimize a cost function that balances two competing goals: 

reducing system error and minimizing control effort. This dual focus makes it a popular choice for managing 

trade-offs between performance and efficiency while ensuring system stability for linear applications. 

LQR/LQI has been widely applied in the context of Batt-SC HPS systems. For instance, research [18] utilized 

LQI as a low-level controller for a Batt-SC system under resistive loading conditions. The linearized model of 

the DC-DC converter served as the basis for deriving state feedback gains. To enhance set-point tracking, an 

integrator was incorporated into the error section. The study demonstrated that LQI could achieve good 

performance with minimal control effort by appropriately weighting the R matrix in the cost function. In 

another application, a rule-based LQR was proposed to manage power flow within the HPS [19], [42]. This 

approach aimed to reduce battery stress during high-demand events by limiting battery current to a predefined 

maximum value across different driving cycles. The implementation of LQR not only improved battery life 

and stability of energy storage devices but also enabled battery downsizing, contributing to overall system 

efficiency. However, the LQR method has limitations, particularly in its assumption of linear system behavior. 

By neglecting the nonlinear characteristics inherent in Batt-SC HPS systems, the approach cannot guarantee 

stability under all operating conditions. This limitation underscores the need for advanced control strategies 

capable of addressing system nonlinearity while maintaining robust performance. 

Model predictive control (MPC) is among the most widely used optimal control strategies for HPS, 

particularly in applications involving Batt-SC systems. MPC operates by predicting future power requirements 

based on current system conditions and designing control strategies to optimize energy use. This includes 

minimizing energy costs or losses, extending battery lifetime, and ensuring system stability, while accounting 

for the physical limitations of the Batt-SC system. MPC is primarily utilized as a high-level control mechanism 

to generate reference currents for the HPS. For instance, studies [36], [52]-[55] demonstrate its effectiveness 

in this role. These studies highlight MPC's ability to handle dynamic operating conditions and optimize the 

power distribution between battery and supercapacitor, improving overall system performance. An alternative 

application of MPC is its use as a low-level controller. Research [31] implemented MPC to control Batt-SC 

currents generated from a filtering-based EMS. In this case, enumeration-based MPC was employed to 

determine the optimal switching sequences across a predictive horizon, enabling precise current tracking. 

Similarly, study [43] utilized MPC at the energy management level to optimize power flow within the hybrid 

energy storage system rather than focusing on power electronics control. This approach demonstrates MPC's 

versatility in addressing both high-level energy management and low-level power control challenges. However, 
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a notable limitation of MPC is its high computational demand. Real-time optimization requires significant 

processing power, making implementation challenging in systems with limited computational resources. 

 

 

 
 

 

Figure 4. Classical SISO controller for  

Batt-SC HPS system 

 

Figure 5. Optimal controller for  

Batt-SC HPS system 
 

 

An LMI-based optimization state-feedback controller represents a sophisticated approach to control 

system design, particularly for complex systems like Batt-SC HPS. This method leverages a set of LMIs to 

formulate control problems as constrained optimization tasks, enabling the systematic design of controllers that 

meet specified performance and stability criteria. LMIs provide a powerful mathematical framework to address 

multiple objectives simultaneously, including stability, performance, and robustness against disturbances and 

uncertainties. The core principle of this approach lies in expressing constraints and performance measures as 

LMIs, which are then solved using efficient convex optimization algorithms. This results in a controller capable 

of handling both linear and certain nonlinear system dynamics. Moreover, it allows for the inclusion of practical 

considerations such as control signal saturation and state constraints. A notable application of the LMI-based 

state-feedback controller is demonstrated in the research [14]. In their study, the controller is designed to 

achieve robust tracking and ensure smooth transitions in the Batt-SC HPS. The methodology is rooted in the 

Lyapunov function and set invariance theories, providing a rigorous foundation for addressing system stability 

and input constraints. The study introduces a new state-space model for the fully active topology of Batt-SC 

systems, as shown in (21). This model serves as the basis for designing the state-feedback controller, where 

the LMI approach is employed to optimize performance while considering control signal saturation: 
 

𝑥̇(𝑡) = (𝐴0 + 𝐴1𝑑1 + 𝐴2𝑑2)𝑥(𝑡) + 𝐵𝑉𝑒 (21) 
 

where 𝐴0, 𝐴1, 𝐴2, and 𝐵 are constant matrices from system parameters, 𝑑1 and 𝑑2 are Batt-SC duty cycles for 

a bidirectional DC-DC converter, and 𝑉𝑒 is the Batt-SC voltage vector. This model serves as the basis for 

designing the state-feedback controller, where the LMI approach is employed to optimize performance while 

considering control signal saturation. However, this method has only been tested at constant load currents, so its 

performance needs to be validated for time-varying currents. 
 

4.2.3. Robust control 

Robust control is a control methodology designed to maintain system performance and stability in the 

presence of disturbances, parameter uncertainties, and modeling errors. This approach ensures reliability even 

when operating conditions deviate from nominal values. Robust control can be implemented by explicitly 

incorporating the system sensitivity function into the controller design. For example, the H∞ controller 

minimizes the worst-case gain from disturbance inputs to system outputs, thereby improving disturbance 

rejection. Similarly, the L2-gain passivity-based control leverages passivity properties to ensure system stability 

and robustness against external disturbances. In addition to these sensitivity-based approaches, certain 

nonlinear controllers exhibit inherent robustness despite not explicitly utilizing the sensitivity function. For 

instance, back-stepping control systematically designs a Lyapunov function to achieve stability and robustness 

for nonlinear systems. The design methodology involves decomposing the overall system into simpler 

subsystems. Each subsystem is sequentially controlled, with the stability of each stage contributing to the 

overall system stability. This step-by-step approach makes back-stepping control highly effective for managing 

nonlinearity and addressing model uncertainties. Sliding mode control (SMC), another robust nonlinear 

technique, enforces system dynamics along a sliding surface, making it highly effective against matched 

uncertainties and disturbances. These robust control strategies are particularly advantageous for applications 

such as Batt-SC HPS, where disturbances and uncertainties are common due to fluctuating load demands and 

varying environmental conditions. 
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In the context of Batt-SC hybrid power systems, research conducted by [44] developed an H∞ 

controller to regulate Batt-SC currents using a simplified second-order model. The study involved designing 

two H∞ controllers: one for motoring and another for regenerating supercapacitor currents, based on the 

reference currents generated by a basic EMS. Experimental results demonstrated that the H∞ controller 

achieved more robust tracking performance compared to traditional PID controllers, highlighting its capability 

to manage uncertainties and disturbances in the system. However, the limitation of this approach lies in its 

application to SISO models, restricting its ability to address the interactions and complexities of MIMO 

systems typically found in fully active Batt-SC configurations. 

Research [45] applied a passivity-based controller to a fully active Batt-SC HPS designed for electric 

vehicles. The study demonstrated that this controller effectively ensures the asymptotic convergence of system 

states and robust tracking of reference currents within the HPS framework. The controller’s ability to handle 

disturbances and maintain stability under varying conditions was a key highlight of the research findings. 

However, despite its advantages, the passivity-based L2-gain controller faces challenges in application to highly 

complex or nonlinear systems. Identifying passive elements in such systems can be difficult, and the 

computational complexity of the design process may increase with system intricacy. These limitations highlight 

the need for further research to simplify implementation and expand its applicability to broader system 

configurations. 

Research [46] demonstrates the practical utility of back-stepping control in the context of Batt-SC 

HPS. In this study, a cascade PI controller is combined with back-stepping control to enhance system 

performance. The PI controller regulates the DC bus voltage, while back-stepping control tracks the reference 

current generated by the PI controller. Simulation and experimental results validate the proposed controller's 

robustness against transients and its effectiveness in maintaining the DC bus voltage within desired parameters. 

Despite its advantages, back-stepping control's design complexity and reliance on precise system models 

remain significant challenges. These limitations underscore the need for further research to streamline the 

design process and enhance its adaptability to dynamic and uncertain environments. 

Lastly, SMC is widely recognized as one of the most robust nonlinear control strategies, particularly 

suited for systems experiencing uncertainties and disturbances. Its robustness, stability, and disturbance 

rejection capabilities make SMC an excellent choice for managing Batt-SC HPS. The primary mechanism of 

SMC involves driving the system states toward a predefined sliding surface and ensuring that the system 

remains on this surface regardless of external disturbances or system parameter variations. SMC achieves 

robust tracking by leveraging various types of sliding surfaces, which dictate the system’s dynamic behavior 

once it reaches the sliding surface. These types of sliding surfaces (i.e. integral and terminal sliding surfaces) 

fulfill the following (22) and (23), respectively. 
 

𝑠(𝑒) = 𝑒 + 𝜆 ∫ 𝑒(𝑡)
𝑡

0
𝑑𝑡 (22) 

 

𝑠(𝑒) = 𝑒 + 𝜆 (∫ 𝑒(𝑡)
𝑡

0
𝑑𝑡)

𝑝/𝑞

 (23) 

 

Where 𝑒(𝑡)is the tracking error, 𝜆, 𝑝, and 𝑞 are controller constants. Each type of sliding surface can be used 

according to the characteristics of the dynamic model and the control objectives. 
The adaptive terminal SMC is designed to achieve robust tracking performance of HPS currents while 

maintaining a stable DC bus voltage, even in the presence of uncertainties and disturbances. Research [15] 

proposed an adaptive terminal SMC that incorporates a projection operator adaptive law to dynamically 

estimate and bound unknown parameters in the HPS model. This adaptive mechanism ensures reliable 

performance under parameter uncertainties and enhances the system's robustness. Building upon this approach, 

study [16] applied adaptive terminal SMC to a unified mathematical model of a hybrid electric vehicle (HEV). 

The controller not only managed HPS current and DC bus voltage but also demonstrated the capability to 

accurately track vehicle speed in accordance with the European extra-urban driving cycle (EUDC) profile. 

These studies highlight the versatility and effectiveness of adaptive terminal SMC in addressing both energy 

management and vehicular dynamics, ensuring reliable and robust control in complex systems.  

To achieve setpoint tracking and DC bus voltage regulation in Batt-SC HPS, research [50] proposed 

a SMC combined with a Lyapunov function-based approach. This configuration ensures robust tracking of 

various variables across a wide range of HPS parameters. Building on advanced SMC techniques, study [47] 

introduced an adaptive SMC with a disturbance observer specifically for electric vehicle applications. This 

method effectively estimates mismatched and matched uncertainties, avoids differential explosion issues, and 

ensures semi-globally uniform boundedness of closed-loop signals. Experimental validations confirmed its fast 

response, reduced error, and robust stability under hybrid driving conditions. 

In addition, an integral back-stepping SMC (IBSMC) was designed to accurately track the EUDC 

speed profile, Batt-SC currents, and maintain DC bus voltage for a unified hybrid electric vehicle model [48]. 
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Meanwhile, a super-twisting SMC (STSMC) for Batt-SC HPS was developed, which ensures global stability 

using Lyapunov criteria [51]. This controller demonstrated superiority over conventional SMC and integral 

SMC in various performance aspects. Lastly, advanced SMC techniques including IBSMC, super-twisting 

adaptive SMC (STASMC), and real-twisting adaptive SMC (RTASMC) were compared by [49], highlighting 

their relative effectiveness and performance in hybrid electric vehicle systems. These advancements emphasize 

the potential of SMC methodologies to enhance robustness, stability, and tracking accuracy in HPS systems 

under dynamic and uncertain conditions. 
 

3.2.4. Low-level control performance comparison 

Robust tracking control is one of the most widely adopted objectives in low-level control, particularly 

for Batt-SC HPS in electric vehicles. Other low-level control objectives, such as DC bus voltage regulation, 

handling parameter uncertainties, and ensuring system stability, are also common focal points in this research. 

Table 1 presents a comparison of the advantages and limitations of various controllers used for low-level 

control. Based on this comparison, SMC emerges as the most robust and powerful control method due to its 

inherent robustness, compatibility with nonlinear systems, and ability to guarantee system stability. However, 

SMC does have some limitations, such as the chattering phenomenon and the requirement for precise 

determination of control parameters. Despite these challenges, numerous advanced SMC designs have been 

proposed to address these limitations, further enhancing their applicability and effectiveness in HPS systems. 
 

 

Table 1. Performance comparison of Batt-SC low-level control strategy for electric vehicles 
Low-level control types Control strategies Advantages Limitations References 

Classical SISO control PI controller Easy design and 
implementation, accurate 

tracking 

Only for the SISO model, 
ignore the interaction 

between Batt-SC and 

converter 

[27], [41] 

Hysteresis control Simple design, control signal 

generated as PWM 

Tracking is not smooth, 

very noisy due to switching 

behavior 

[36] 

Optimal control Linear quadratic 

control 

Resulting in optimal control, 

can minimize the control 

signal 

Not suitable for nonlinear 

model 

[18], [19], 

[21], [42] 

Model predictive 

control 

Good performance, involving 

system constraint  

High computational cost, 

need an accurate model 

[31], [43] 

State-feedback (LMI)-

based optimization 

Ensure system stability, good 

controller performance 

High complexity 

computation, need to 

determine many parameters 

[14] 

Robust control H∞ controller Include sensitivity function, 

guarantee system robustness 

Relatively difficult 

implementation 

[44] 

L2-gain passivity-
based control 

Robust tracking, can handle 
parameter uncertainty 

Very complex design 
process 

[45] 

Back-stepping 

controller 

Robust tracking, ensures 

global asymptotic stability 

Require very accurate 

nonlinear model 

[46] 

Sliding mode control Strong robustness, ensures 

stability, performing very 

good tracking, relatively 
simple design 

Produce chattering 

behavior, need to decide 

controller parameters 

[15], [16], 

[47]- [51] 

 

 

4. DC BUS VOLTAGE REGULATION PROBLEM 

The Batt-SC HPS system can be classified as an under-actuated system because it has only two control 

signals (the duty cycles for each converter connected to the battery and supercapacitor) responsible for 

controlling three outputs: battery current, supercapacitor current, and DC bus voltage [56]. Among the control 

objectives, regulating the DC bus voltage is critical for ensuring the stable operation of the Batt-SC HPS. Based 

on the review, there are two main strategies for achieving DC bus voltage regulation in Batt-SC HPS for electric 

vehicles, as illustrated in Figure 6. The first strategy involves the cascade SISO control approach [36], [46], 

[50] as depicted in Figure 6(a). The second strategy employs a MIMO control approach [57], [58] as shown in 

Figure 6(b). 

 

4.1.  Cascade SISO control approach 

This approach separates the DC bus voltage control loop from the Batt-SC current control loop, 

allowing the DC bus voltage to be independently controlled based on its reference. A classic SISO controller, 

such as a PI controller, can be used for this purpose [36], [46]. While the PI controller is simple to implement, 

it has notable limitations as mentioned previously. To address stability concerns, the DC bus voltage can also 
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be regulated using a Lyapunov stability-based control method [50]. This method derives a control equation 

from the Lyapunov function to generate a reference current based on the DC bus voltage error, ensuring the 

stability of the DC bus voltage. However, the cascade control configuration has its own limitations, such as the 

need for designing multiple controllers because the control process is executed in separate loops. 
 

4.2.  MIMO control approach 

The characteristics of an under-actuated system necessitate a type of controller capable of addressing the 

limitations imposed by the number of control signals. A widely adopted MIMO controller for such systems is SMC 

[57], [58]. The SMC design process facilitates managing the disparity between the number of control signals and 

outputs by defining a suitable sliding surface. This approach allows for the simultaneous regulation of multiple 

outputs, such as battery current, supercapacitor current, and DC bus voltage, using a single control framework. 

 

 

  
(a) (b) 

 

Figure 6. Controller approaches for regulating DC bus voltage: (a) cascade control and (b) MIMO control  
 

 

5. POTENTIAL RESEARCH 

Based on the literature review presented in this study, three significant research opportunities have 

been identified for future exploration: an integrated dynamic modeling, a unified high-low level control, and a 

nonlinear optimal-adaptive control strategy. This section provides a detailed discussion of these research 

directions alongside the insights gained from the previous review above. 
 

5.1.  Integrated hybrid Batt-SC electric vehicle dynamic model 

Firstly, an integrated dynamic model encompassing the Batt-SC system, DC-DC converter, electric 

motor, and vehicle longitudinal dynamics can be developed. Additionally, incorporating vehicle lateral 

dynamics may be considered, as lateral speed and handling maneuvers influence energy consumption, 

especially during cornering or when driving on uneven terrain. However, longitudinal dynamics remain the 

dominant factor driving power consumption in electric vehicles, as they govern acceleration, braking, and 

resistance forces such as aerodynamic drag and rolling resistance [59]. 
 

5.2.  Integrated high-low level control 

Secondly, integrating high-level control and low-level control into a unified control system presents 

a promising challenge for future research. Most studies on HPS control focus on a single control level, either 

EMS or low-level control. These two levels of control seem to work independently. While the high-level 

control generates a reference based on load conditions, the low-level control operates independently, focusing 

solely on tracking the provided reference without accounting for the broader load dynamics. To enhance 

performance and efficiency, an integrated control framework may be proposed. This involves incorporating an 

adaptation law into the low-level control, enabling it to account for the load dynamics considered by the high-

level control, as well as topographical information and variations in load current [60]. This integration ensures 

improved coordination between the two levels, fostering a more cohesive and effective control system.  
 

5.3.  Nonlinear optimal-adaptive control strategy 

Thirdly, designing appropriate controllers to balance performance response and energy efficiency 

remains an open research area. For instance, developing SMC through an optimal control approach offers potential 

benefits [56], [61], [62]. SMC, a nonlinear control method, is known for its robust tracking capabilities and is 

well-suited for under-actuated systems like the Batt-SC HPS system. However, while existing studies on SMC 

emphasize robust tracking of time-varying currents, they often overlook how control signals are generated to 

ensure robust performance. Although some SMC designs incorporate control signal constraints, such as saturation 

functions [50], most focus primarily on tracking accuracy. In practice, minimizing control signals is crucial to 
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reducing power losses in the DC-DC converter. Future work could explore control strategies that achieve robust 

performance while optimizing control signal efficiency, ensuring both energy efficiency and system reliability. 

 

 

6. CONCLUSION 

This paper has provided a comprehensive review of the dynamic modeling and control strategies for 

the Batt-SC HPS system in electric vehicles. The Batt-SC HPS system represents a critical technology for 

improving the performance, efficiency, and lifespan of energy storage in electric vehicles by combining the 

high energy density of a battery with the high-power density of a supercapacitor. Dynamic modeling plays a 

key role in understanding the interaction between these components, the DC-DC converters, the electric motor, 

and the vehicle as a whole. By capturing the complex relationships and transient behaviors within this system, 

the models serve as a foundation for developing effective control strategies tailored to optimize energy 

utilization and ensure stable operation. Regarding control strategies, an integrated configuration that combines 

EMS with low-level control is recommended to enhance system performance and coordination. The EMS 

operates as a high-level supervisory controller, strategically allocating power between the battery and 

supercapacitor based on real-time operating conditions and system demands. Meanwhile, the low-level control 

ensures precise execution by regulating the operation of components such as the DC-DC converters and the 

electric motor. By integrating these two levels of control, the system achieves a balance between strategic 

energy distribution and real-time operational accuracy, resulting in improved efficiency and responsiveness. 

Adopting an optimal control approach to develop SMC presents significant advantages. By integrating optimal 

control principles into the design of SMC, it becomes possible to achieve a balance between robustness and 

efficiency. The optimal control approach allows for the systematic determination of control parameters that 

minimize a predefined cost function, which could include metrics such as energy consumption, tracking error, 

or actuator usage. This synergy not only enhances the control performance but also mitigates issues like 

excessive chattering, ensuring smoother and more reliable system operation. 
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