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1. Introduction  

The continuous advancement of electric vehicle (EV) technologies is transforming modern 

transportation by replacing conventional internal combustion engines with electrically driven 

propulsion systems. Among the various motor types developed for EV applications, the Brushless 

Direct Current (BLDC) motor has emerged as a leading candidate owing to its compact design, high 
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 This paper investigates control-oriented steady-state discharge modelling 

of a supercapacitor (SC) and a lithium-ion battery supplying a brushless 

DC (BLDC) motor in a closed-loop system. The study addresses the lack 

of discharge models that represent energy storage behavior under motor 

loading conditions, which is critical for accurate current regulation in 

electric vehicle applications. Linear black-box identification using ARX 

and ARMAX structures is employed to model the relationship between 

PWM duty cycle and discharge current at fixed operating points. 

Experimental data are collected from a laboratory-scale BLDC drive with 

a sampling time of 0.01 s, focusing on steady-state operation at reference 

currents of 0.4 A and 0.6 A. System identification is performed using 

segmented datasets, and model orders are selected through a guided 

process that prioritizes low computational complexity while maximizing 

best-fit accuracy. Model performance is evaluated using prediction best-fit 

metrics. Results show that ARMAX models consistently outperform ARX 

models, achieving best-fit values of up to 91.96% for the SC and 89.84% 

for the battery, representing an improvement of approximately 3%. This 

improvement indicates enhanced prediction accuracy and disturbance 

handling, which directly supports smoother and more reliable closed-loop 

current control. The research contributes a validated modelling framework 

for EV energy storage systems that enables accurate current estimation and 

improved control efficiency. 

 

Keywords 

ARX and ARMAX Model; 

Steady-State Discharge; 

Close-Loop System; 

Supercapacitor Battery; 

BLDC Motor 

 

 

© 2025 The Authors. 

Published by Association for Scientific Computing Electrical and Engineering. 

This is an open-access article under the CC–BY-NC license. 

 

http://pubs2.ascee.org/index.php/ijrcs
https://dx.doi.org/10.31763/ijrcs.v6i3.2382
mailto:ijrcs@ascee.org
mailto:azriaziz@unimap.edu.my
mailto:saifizi@unimap.edu.my
mailto:marhainis@unimap.edu.my
mailto:izuanfahmi@unimap.edu.my
mailto:mohd_abdl@iium.edu.my
http://creativecommons.org/licenses/by-nc/4.0/


1198 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 6, No. 2, 2026, pp. 1197-1217 

 

 

Azri A. Aziz (Control-Oriented Steady-State Discharge Modelling of Supercapacitors and Batteries for Closed-Loop 

BLDC Motor Systems Using ARX and ARMAX Model) 

 

efficiency, and favorable torque-speed characteristics as mention in [1]-[3]. In EV powertrain design, 

the configuration of the drive system and motor control strategy plays a pivotal role in achieving high 

energy efficiency and optimal vehicle performance. The BLDC motor offers several advantages, 

including robust torque generation, wide speed range, high power density, and increased reliability 

under variable operating conditions [4]-[6]. This study investigates the BLDC motor operation 

powered by SC and battery as the energy source. The evaluation of discharge behavior involves 

current response characteristic and suitability for controlled operation. 

Maintaining system stability under fluctuating load and speed conditions remains one of the 

primary challenges in BLDC based EV applications. Disturbances such as voltage oscillations and 

current ripple can degrade both energy efficiency and mechanical response [7], [8]. These issues 

become especially prominent in non-sinusoidal BLDC systems operating within field-weakening 

regions, where advanced control and power management strategies are essential to maintain smooth 

torque output. To mitigate these effects, modern EV architectures incorporate buck/boost DC-DC 

converters that regulate power exchange among the lithium-ion battery, the ESS, and the motor during 

both motoring and regenerative braking modes as mention in many research [9]-[12]. This 

arrangement enables seamless mode switching between acceleration and energy recovery, thereby 

enhancing system efficiency. Previous studies have also highlighted that supercapacitors (SCs)-based 

regenerative braking significantly reduces energy losses while improving torque response and drive 

smoothness [13], [14]. Comparing SCs and batteries helps identify suitable energy storage 

configurations for different motor operating conditions, especially during high acceleration and 

regenerative braking [15]. 

Recent reviews of EV propulsion technologies emphasize the importance of precise BLDC motor 

speed control under both steady-state and dynamic conditions [16]. In this context, accurate modeling 

of the ESS discharge characteristics is fundamental to developing effective control algorithms. A well-

identified system model not only captures the system’s dynamic response but also improves controller 

tuning and performance evaluation under steady-state operation. Steady-state condition where the 

system in stable operation required several approaches mainly examine electrical or mechanical 

quantities particularly in BLDC motor, where the stable operating region allows clearer observation 

of torque production, current behavior, and speed regulation [17]. In this condition, different analysis 

techniques are applied to achieve more accurate evaluation and reliable performance assessment in 

these two conditions steady-state and dynamic-state [18], [19]. Linear model structures such as Auto-

Regressive with Exogenous Input (ARX) and Auto-Regressive Moving Average with Exogenous 

Input (ARMAX) have proven effective in capturing the input/output dynamics of energy storage 

systems (ESS) operating under closed-loop control [20]. Their computational efficiency and 

robustness against disturbances make them particularly suitable for real-time implementation in 

embedded systems [21], [22]. The ARX model is typically applied to systems that are dynamic and 

require frequent updates and feedback, its relatively simple structure makes it suitable for such 

applications [23], [24]. While, ARMAX model suitable for multi-input computational [25]. ARX 

model imposes a low computational burden, cost effective and real-time estimation making it feasible 

to integrate with other methods [26]-[28]. Researchers [29] state that ARX and ARMAX model 

capable of accurately, particularly when aiming to obtain the simplest model possible to optimize 

computational resources. 

Existing energy storage modelling approaches for electric vehicle applications mainly focus on 

battery or SC self-discharge characteristics, long-term degradation, or electrochemical behavior under 

static conditions. While these models provide insight into internal storage properties, it does not 

adequately represent discharge behavior when the energy storage system actively supplies power to 

an electric motor, particularly under closed-loop control conditions. Closed-loop systems provide 

improved control accuracy by continuously correcting the output and adapting to operational changes, 

ensuring stable and reliable performance for real-time applications despite increased complexity [30]-

[32]. In process control systems where accuracy is prioritized, closed-loop control minimizes tracking 

error and enhances system stability through feedback-based correction and maintain stable 
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performance [33], [34]. The closed-loop structure provides a stable and effective foundation for basic 

control, enabling higher-level or advanced control strategies to operate dependably [35]. 

In electric vehicles, efficient battery management depends heavily on accurate and rapid 

estimation of the State of Charge (SOC) [36], [37]. To enhance SOC prediction accuracy for lithium-

ion batteries, researchers have explored various adaptive estimation algorithms. For instance, the study 

in [38] proposed a recursive least squares (RLS) approach with a variable forgetting factor, improving 

estimation precision under varying load conditions. Maintaining a low charge rate is also vital to 

mitigate thermal stress and prevent capacity degradation, as excessive heat accelerates battery aging. 

Achieving an optimal balance between fast charging and battery longevity remains a persistent 

engineering challenge. In this regard, the work in [39] demonstrated that combining two distinct 

charging techniques can shorten charging duration without significantly reducing battery lifespan. 

Recent research [40], [41] introduced a hybrid energy storage configuration that integrates batteries 

with SCs to enhance overall performance and extend the operational lifespan of battery energy storage 

systems (BESS), while it can improve the driving range in term of EV application [42]. The inclusion 

of SCs effectively reduces the stress on battery cells during high-power demand or transient load 

events [43]. Furthermore, advances in nonlinear system identification techniques have been applied 

to improve the safety, performance, and durability of both Li-ion batteries and SCs [44], [45]. These 

approaches provide more accurate energy characterization, supporting smarter energy management 

and improved reliability under dynamic load conditions. 

SCs exhibit high capacitance, long cycle life, and excellent power density, making them ideal for 

backup, pulse, and hybrid energy applications. Recent innovations [46] have incorporated SCs as 

auxiliary energy sources in hybrid energy storage systems (HESS), particularly alongside proton-

exchange membrane fuel cells (PEMFCs), improving system adaptability and transient response. The 

integration of SCs enables rapid power delivery, enhancing both efficiency and stability during high-

demand operation. Researchers in [47], [48]  combined multiple energy source as hybrid system such 

as wind turbine, batteries and SC. Alongside with advanced control and power conversion techniques 

which aim to enhance energy reliability, efficiency, and system performance by coordinating diverse 

sources. The integration of SCs within the energy storage system (ESS) further enhances overall 

drivetrain performance by improving transient response and energy utilization efficiency [49]-[51]. 

Such hybrid configurations facilitate energy recovery during braking events and redistribute stored 

energy to support acceleration phases. Nevertheless, torque ripple, transient current variations, and 

speed fluctuations often arise in these systems, occasionally leading to performance inconsistencies 

[52]. 

In BLDC motor-driven systems, the discharge current is strongly influenced by motor dynamics, 

converter switching, and control actions. Models developed for self-discharge or open-circuit 

conditions fail to capture these interactions, leading to inaccurate current prediction and limited 

applicability for control design. Furthermore, physics-based models require extensive 

parameterization and are difficult to adapt for real-time control implementation, especially when 

operating at specific motor speeds. The present study focuses on a comparative analysis of SC and 

battery discharge characteristics under closed-loop control. By applying ARX and ARMAX modeling 

techniques, this research aims to identify and characterize system performance in steady-state 

operation and evaluate model accuracy using best-fit criteria. Experimental validation is performed 

through a hardware platform that emulates an EV motor drive, with control inputs and feedback 

signals managed via Simulink interfacing. Unlike physics-based electrochemical models, which 

require extensive parameterization and are difficult to adapt for real-time control, black-box 

ARX/ARMAX models offer a control-oriented and computationally efficient alternative for steady-

state operation. This work contributes toward improved ESS modeling for electrical mobility 

applications by offering reliable prediction tools in real-time energy management to improve control 

efficiency and operational reliability. Although ARX and ARMAX models have seen widespread use 

in control system identification, few have questioned their relevance to the modeling of SC and battery 

discharge during closed-loop steady-state operation of BLDC motors. The available models cover 
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mostly dynamic or transient regimes. This paper therefore addresses this gap by suggesting and 

validating ARX and ARMAX models of steady-state discharge behavior. The manuscript is organized 

into four main sections: Introduction, Research Method, Results, Discussion and Conclusions.  

2. Research Method 

2.1. Experiment Setup and Research Design 

The experimental setup features a BLDC motor system powered by a 188 F, 51-volt SC and 48-

volt battery connected to a 500-watt, 48-volt BLDC motor via a 48-volt DC-DC converter. This setup 

is utilized to study and validate the battery and SC's discharge behavior and the motor’s performance. 

The hardware system is designed to simulate a real BLDC motor in a scooter, with a standard wheel 

attached for authentic load operation. Fig. 1 illustrates the experimental configuration in which SC 

and battery are employed as power source to drive a BLDC motor, serving as the system load. A 

current sensor ACS712 rated 5-A was utilized to monitor the discharge behavior of the hybrid power 

sources, while MATLAB/Simulink interfaced with the Digital Signal Processor (DSP) Launchxl-

F28379D to execute signal processing and control tasks. As shown in Fig. 2, the hardware 

configuration represents a laboratory-scale prototype of an electric scooter, replicating the BLDC 

motor load while allowing flexible data collection and parameter adjustment. Several hardware 

modifications were made to ensure reliable communication between the DSP microcontroller and the 

input manipulation circuitry, thereby maintaining signal accuracy and system responsiveness 

throughout the tests.  

 

Fig. 1. Flow of experiment setup with power sources 

The overall experimental framework, shown in Fig. 3, was organized into three main phases: (i) 

development of the experimental platform, (ii) identification of the system model, and (iii) validation 

and analysis of system performance. The flowchart outlines the procedure for developing a closed-

loop SC and battery discharge model for BLDC motor operation. A preliminary tests to establish the 

current-PWM relationship. Linear modelling is then applied and evaluated in a closed-loop 

framework, followed by steady-state verification through PWM adjustment. Once stable operation is 

achieved, the discharge model is designed and analyzed using validated input-output data. 
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Fig. 2. Experimental hardware setup 

 

Fig. 3. Block diagram of research design 

The control of BLDC motor speed primarily depends on the manipulation of Pulse Width 

Modulation (PWM) signals generated within the DSP controller [53], [54]. To evaluate performance, 

various duty cycle values were applied to observe motor response across a range of speeds. Although 

the battery offers a more stable energy output than the SC, a DC-DC boost converter was integrated 

into the battery line to maintain a consistent 48 V output [55]. The current supplied to the BLDC motor 

driver originating either from the battery or the SC is continuously monitored using the ACS712 

current sensor [56], This sensor was calibrated to ensure that the floating current value corresponded 

closely with multimeter measurements, thereby improving accuracy. Because the analog sensor 

readings are often noisy or ambiguous, the signal must be converted into a digital form interpretable 

by the DSP. A key consideration in this process is the offset current value, which is determined 

according to the expression provided in Equation (1), 

 Float Current (i)= 
Offset reading-analogue reading

*Sensitivity
 (1) 

Current sensor *Sensitivity for ACS712/05BT = 185 [57]. 

BLDC motor 

SC & Battery 

Clamp meter 

DSP C2000 

DC-DC Booster 

Simulink coding 

Current Sensor 
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2.2. Closed-Loop System Setup 

In this experiment, a closed-loop control configuration was employed to obtain discharge current 

profiles and PWM input data for both the battery and the SC. All tests were conducted with a sampling 

time of 0.01 seconds to ensure adequate temporal resolution. The dominant current dynamics of the 

closed-loop BLDC system were observed to lie below 20 Hz based on the measured rise and settling 

times. Therefore, a sampling rate of 100 Hz satisfies the Nyquist criterion for control-oriented system 

identification. High-frequency switching effects were attenuated through digital filtering prior to 

model identification. Fig. 4 illustrates the Simulink model used in the setup, which interfaces with the 

hardware through a real-time controller for instruction transfer and data acquisition. The 

implementation integrates MATLAB/Simulink with the Texas Instruments (TI) C2000 platform, 

allowing program execution within the Digital Signal Processor (DSP) environment. In the control 

framework, Simulink generates PWM signals that act as input commands to the ePWM module, while 

the Analog-to-Digital Converter (ADC) module simultaneously records current feedback from the 

energy storage unit. After signal conditioning through a digital filtering process, the processed current 

feedback is transmitted back to the controller input, thereby completing the closed-loop regulation 

cycle. 

For example, when a reference input current of 0.4 A is specified, it is continuously compared 

with the measured feedback current. The ePWM module then adjusts the duty cycle to produce the 

appropriate PWM signal, ensuring that the BLDC motor operates at the corresponding target speed. 

This operating speed directly defines the current demand from the power source. On the output side, 

the ADC module captures the current readings from the ACS712 sensor and converts them into 

floating-point values, as represented in Equation (1). The measured data are subsequently filtered in 

discrete form and fed back into the control loop, ensuring stable and accurate closed-loop operation 

throughout the experiment. 

 

Fig. 4. Simulink design close loop system 

2.3. Linear Polynomial ARX and ARMAX Analysis  

The operation of a BLDC motor can generally be classified into two distinct conditions, steady-

state and dynamic-state operation, which together define the motor’s overall performance 
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characteristics [58]. Under steady state, constant speed and torque improve efficiency and energy 

lifespan, while dynamic state analysis evaluates transient responses crucial for robust control and 

system stability [59]. This study focuses on steady-state experiments to accurately characterize motor 

electrical and mechanical parameters under controlled, repeatable conditions. 

ARX and ARMAX models are commonly employed to analyze and predict the static and 

dynamic behavior of control systems. These models align input and output data to facilitate accurate 

system identification, enabling researchers to capture the system’s transient and steady-state responses 

for subsequent validation and performance evaluation. The black-box approach is employed to 

identify systems based solely on input and output data. With no prior knowledge of the system's 

internal dynamics, various combinations of poles and zeros were tested to determine the configuration 

that achieved the highest best-fit to the system. Experimental input-output data is used for system 

identification, estimating the system's response. Polynomials are fitted to represent the numerator and 

denominator of the transfer function, generating the discrete-time model 𝐺(𝑧) that links input 𝑈(𝑧) to 

output 𝑌(𝑧). The transfer function from ARX or ARMAX is directly interpreted as: 

 𝐺(𝑧) =
𝑂𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙

𝐼𝑛𝑝𝑢𝑡 𝑝𝑜𝑙𝑦𝑛𝑜𝑚𝑖𝑎𝑙
    (2) 

The z-transform is used to represent the system in the discrete-time domain, where the 𝑧−1 operator 

denotes one-sample delay. The ARMAX model extends ARX Equation (3) by incorporating a moving 

average (MA) term to account for noise dynamics Equation (4). Both equations can be converted into 

the z-domain to obtain the discrete-time transfer function, represented as: 

 
𝑌(𝑧)

𝑈(𝑧)
=

𝑏1𝑧−1 + 𝑏2𝑧−2 + ⋯ + 𝑏𝑚𝑧−𝑚

1 + 𝑎1𝑧−1 + 𝑎2𝑧−2 + ⋯ + 𝑎𝑛𝑧−𝑛
  (3) 

 𝐻(𝑧) =
1 + 𝑐1𝑧−1 + 𝑐2𝑧−2 + ⋯ + 𝑐𝑘𝑧−𝑘

1 + 𝑎1𝑧−1 + 𝑎2𝑧−2 + ⋯ + 𝑎𝑛𝑧−𝑛
 (4) 

Where, (𝑌(𝑧))/(𝑈(𝑧)) represents the transfer function 𝐺(𝑧), 𝑎, 𝑏 and 𝑐 represent the input, output 

and noise value. While, ARMAX provides a noise model 𝐻(𝑧) to describe how disturbances influence 

the system. The System Identification Toolbox efficiently estimates coefficients for both 𝐺(𝑧) (system 

dynamics) and 𝐻(𝑧) (noise dynamics), enabling comprehensive system modeling. Whereas, input 

variable inside system identification MATLAB, value of [na], [nb], [nc] for moving average and [nk] 

for error terms determine the order of transfer function and this value are being tested to obtain the 

highest best-fit to the system identification toolbox. 

3. Results and Discussion 

In the closed-loop system, current feedback acquisition, regulated by proportional control (𝐾𝑝) 

[60], adjusts the input to achieve target output currents. Reference currents of 0.4 A and 0.6 A were 

selected to evaluate PWM responses under low and high-speed conditions. At idle, where the BLDC 

motor operates without load, the maximum current is approximately 1.0 A. Several tests with 

repeatability were conducted to identify suitable values, with 0.4 A representing lower speeds and 0.6 

A higher speeds, ensuring stable and reliable readings. Fig. 5 shows the battery's PWM input for 0.4 

A, where duty cycle reaches around 80% to maintain output. Fig. 6 demonstrates the PWM input for 

0.6 A increased fluctuations in output current, demanding a maximum 100% duty cycle. 

For the SC, at Fig. 7, when a reference current of 0.4 A is applied, the measured output current 

fluctuates between approximately between 0.37 A and 0.47 A. But there are certain spikes reaching 

0.49 A indicate that unstable burst of current.  The corresponding PWM input varies from 0% up to 

an average duty cycle of around 85% and at current 0.49 A shows 100% duty cycle. This variation 

reflects the SC’s rapid charge/discharge characteristics and its limited capacity to sustain a constant 

output under load conditions. For a 0.6 A reference shown in Fig. 8, output current fluctuates from 

0.55 A to 0.67 A, and PWM input peaks from 0% to 100% duty cycle, indicating a greater adjustment 
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requirement for maintaining output stability at higher current settings. Hence, 0.6 A reference current 

yield the 100% duty cycle represent the high speed of motor operation. 

 

Fig. 5. Battery's PWM input for 0.4 A current 

 

Fig. 6. Battery's PWM input for 0.6 A current 
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Fig. 7. SC's PWM input for 0.4 A current 

 

Fig. 8. SC's PWM input for 0.6 A current 
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3.1. Battery Close-Loop ARX and ARMAX Analysis 

The closed-loop analysis compares battery and SC discharge characteristics using ARX and 

ARMAX models. Batteries, with higher energy density but lower power density than SCs, deliver 

smoother output with minor current fluctuations. Table 1 demonstrates the ARX and ARMAX model 

applied to battery discharge currents for 0.4 A and 0.6 A reference values, achieving best-fit 

percentages of 89.11% and 85.06%, respectively, using ARX structures [10 9 1] and [10 10 1]. While, 

for ARMAX with the delay parameter [nk] set to 1, [na nb nc nk] represents the ARMAX order. 

Repeated tests of different orders showed that higher orders produce better best-fit results such as 

order [10 8 8 1] achieved a 91.96% best-fit for the 0.4 A reference-current and 90.84% best-fit for 

the 0.6 A reference-current using 100-sample data. The selection of ARX and ARMAX model orders 

was performed using a guided and systematic procedure rather than arbitrary trial-and-error. Model 

identification started with low-order structures to maintain computational efficiency and suitability 

for closed-loop control. The orders were then gradually increased, and each candidate model was 

evaluated based on prediction best-fit accuracy and residual behavior. The order selection was 

constrained by two main criteria. First, lower-order models were prioritized to reduce computational 

burden and to maintain suitability for real-time control implementation. Second, the model providing 

the highest best-fit accuracy to the measured output was selected. This approach ensures a balanced 

trade-off between model simplicity and prediction accuracy. By progressively increasing the model 

order within these constraints, the selected ARX and ARMAX configurations were able to achieve 

reliable representation of the discharge behavior without unnecessary model complexity. 

Fig. 9 and Fig. 10 present measured vs. simulated ARX. While, Fig. 11 and Fig. 12 present 

ARMAX model outputs for the respective current references, highlighting the steady state response 

differences between battery models. The discrete-time model was sampled at 0.01 second intervals, 

producing an experimental dataset of roughly 8,000 data points, equivalent to a sampling frequency 

of 100 Hz. Each 100-point segment therefore represents one second of data, which was found to be 

adequate for capturing the system’s dynamic behavior without excessive redundancy. While higher 

sampling rates may capture switching-level dynamics, the objective of this study is control-oriented 

steady-state discharge modelling. Therefore, the selected sampling rate prioritizes relevant system 

dynamics rather than high-frequency switching behavior. To investigate the influence of dataset size, 

larger windows containing 300-data and 500-data points were also evaluated shown in Table 1. 300-

sample data and 500-sample data are not performed as 100-sample data testing. Interestingly, the 

results showed that using 100-data points yielded the highest model fit accuracy. Increasing the dataset 

size beyond this threshold did not enhance the model’s predictive performance and, in some cases, 

introduced unnecessary computational overhead due to redundant information. The ability of high 

accuracy prediction of steady-state discharge makes smooth current sharing between SC and battery 

possible using effective energy management policies in EVs, enhancing the reliability of the system. 

Table 1.  ARX and ARMAX close-loop analysis for Battery 

Reference 

Current (A) 

Number of 

Sample 

Data 

Testing 

Polynomial 

ARX order 

structure [na 

nb nk] 

ARX 

Percentage 

of Best-Fits 

(%) 

Polynomial ARMAX 

order structure [na 

nb nc nk] 

ARMAX 

Percentage 

of Best-Fits 

(%) 

0.4 

100 

[10 9 1] 

89.11 

[ 10 8 8 1] 

91.96 

300 82.74 88.85 

500 64.00 72.07 

0.6 

100 

[10 10 1] 

85.06 

[ 10 8 8 1] 

90.84 

300 76.19 78.88 

500 50.95 64.02 

 

The best-fit value is used to evaluate how well the developed mathematical model represents the 

actual system output. It compares the model-predicted output current with the measured discharge 

current obtained from the experiment. A higher best-fit percentage indicates that the model output 

closely follows the real system behavior, while a lower value indicates larger prediction errors. In this 



ISSN 2775-2658 
International Journal of Robotics and Control Systems 

1207 
Vol. 6, No. 2, 2026, pp. 1197-1217 

  

 

Azri A. Aziz (Control-Oriented Steady-State Discharge Modelling of Supercapacitors and Batteries for Closed-Loop 

BLDC Motor Systems Using ARX and ARMAX Model) 

 

study, the best-fit result is calculated based on the difference between the measured current and the 

current estimated by the ARX or ARMAX model over the same data segment. The value reflects the 

model’s ability to capture the dominant discharge dynamics of the energy storage system supplying 

the BLDC motor under steady-state conditions. Models with higher best-fit values are considered 

more accurate and reliable for representing the discharge behavior at the selected operating point. 

 

Fig. 9. Best-fit for battery’s ARX model outputs 0.4 A 

 

Fig. 10. Best-fit for battery’s ARX model outputs 0.6 A 



1208 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 6, No. 2, 2026, pp. 1197-1217 

 

 

Azri A. Aziz (Control-Oriented Steady-State Discharge Modelling of Supercapacitors and Batteries for Closed-Loop 

BLDC Motor Systems Using ARX and ARMAX Model) 

 

 

Fig. 11. Best-fit for battery’s ARMAX model outputs 0.4 A 

 

Fig. 12. Best-fit for battery’s ARMAX model outputs 0.6 A 

3.2. Supercapacitor (SC) Close-Loop ARX and ARMAX Analysis 

For SCs, Table 2 shows best-fit percentages of 82.42% for a 0.4 A reference current and 86.26% 

for a 0.6 A reference current with a [10 10 1] polynomial ARX structure, achieved using the same 

setup as the battery analysis. While, polynomial ARMAX model for SC analysis, covering two 

reference currents, 0.4 A and 0.6 A. The ARMAX order [9 6 6 1] achieved the highest best-fit values 
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of 89.84% for 0.4 A and 89.53% for 0.6 A within 100-sample datasets. Additional tests were 

performed using 300-sample and 500-sample datasets, and the outcomes exhibited behavior consistent 

with the battery’s response. Same as dataset in battery, 300-dataset and 500 data-set also not suitable 

as results shown lower best-fit value. 

Table 2.  ARX and ARMAX close-loop analysis for SC 

Reference 

Current 

(A) 

Number of 

Sample 

Data 

Testing 

Polynomial 

ARX order 

structure [na nb 

nk] 

ARX 

Percentage of 

Best-Fits (%) 

Polynomial 

ARMAX order 

structure [na nb 

nc nk] 

ARMAX 

Percentage of 

Best-Fits (%) 

0.4 

100 

[10 10 1] 

82.42 

[9 6 6 1] 

89.84 

300 83.16 86.27 

500 72.03 79.66 

0.6 

100 

[10 10 1] 

86.26 

[9 6 6 1] 

89.53 

300 79.12 80.69 

500  68.93 76.08 

 

Fig. 13 and Fig. 14 compare the measured discharge current from the experiment with the current 

predicted by the developed ARX model. In both figures, the measured current represents the actual 

behavior of the SC supplying the BLDC motor, while the simulated output represents the response 

generated by the mathematical model using the same input signal. In Fig. 13, the ARX model achieves 

a best-fit value of 82.42% at reference current 0.4 A. This means that the model is able to reproduce 

most of the measured current trend, including the general rise and fall pattern of the discharge current 

over time. However, small differences can still be observed, especially at the peak and valley regions, 

indicating that some dynamic effects are not fully captured by the model. In Fig. 14, the ARX model 

shows an improved best-fit value of 86.26% at reference current 0.6 A. The simulated output follows 

the measured current more closely, particularly during transitions between higher and lower current 

levels. This higher best-fit value indicates better agreement between the model and the real system, 

meaning the model can predict the discharge behavior more accurately at this operating condition. In 

contrast, prior work [61] focused on supercapacitor self-discharge modeling in simulation, whereas 

this study experimental models the complete discharge process driving a BLDC motor.  

 

Fig. 13. Best-fit for SC’s ARX model outputs 0.4 A 
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Fig. 14. Best-fit for SC’s ARX model outputs 0.6 A 

Meanwhile, Fig. 15 and Fig. 16 present the simulated outputs of the ARMAX model for the SC 

discharge, with best-fit values of 89.84% and 89.53%, respectively. Compared with the ARX results, 

these values indicate a clear improvement in model accuracy. The ARMAX model output follows the 

measured discharge current more closely over the entire operating period, particularly during 

transition regions where small fluctuations and disturbances occur. This improvement is mainly due 

to the inclusion of the moving average component in the ARMAX structure, which allows the model 

to account for measurement noise and unmodelled dynamics more effectively. As a result, the 

predicted current signal shows reduced deviation from the experimental data, especially near current 

peaks and during gradual decay regions. 

Table 3 summarizes the best-fit result with order for both battery and SC, while Table 4 and Table 

5 list the mathematical modeling with specific parameters detail according to experimental reference 

current.  

Table 3.  Summary of ARX and ARMAX close-loop analysis for battery and SC 

Energy System Reference Current (A) Model Order [na nb nc nk] Best-Fit (%) 

Battery 0.4 ARX [10 9 1] 89.11 

Battery 0.4 ARMAX [10 8 8 1] 91.96 

Battery 0.6 ARX [10 10 1] 85.06 

Battery 0.6 ARMAX [10 8 8 1] 90.84 

SC 0.4 ARX [10 10 1] 82.42 

SC 0.4 ARMAX [9 6 6 1] 89.84 

SC 0.6 ARX [10 10 1] 86.26 

SC 0.6 ARMAX [9 6 6 1] 89.53 

 

Table 4 shows discrete-time ARX equations for comparing battery and SC discharge, whereas 

Table 5 compared ARMAX model orders with their highest best-fit. For ARX model, battery analysis 

shows 0.4 A reference current give the highest best-fit 89.11%, while for SC, 0.6 A reference current 

shows highest best-fit 86.26%. Then, for ARMAX model, both battery and SC represent by 0.4 A 

reference current for highest best-fit 91.96% and 89.84% respectively. The greater precision of the 

ARMAX model (2–3% improved best-fit) confirms that the ability to better observe noise dynamics 
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is a requirement in real-time EV control systems where feedback signals are always noisy. Although 

the numerical improvement in best-fit is approximately 3%, this enhancement significantly improves 

current prediction accuracy, resulting in smoother duty-cycle adjustment and reduced steady-state 

oscillations in closed-loop operation. 

 

Fig. 15. Best-fit for SC’s ARMAX model outputs 0.4 A 

 

Fig. 16. Best-fit for SC’s ARMAX model outputs 0.6 A 
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The main finding of this study is that the discharge behavior of both SCs and batteries supplying 

a BLDC motor can be accurately represented using control oriented mathematical models. The results 

show that ARMAX models consistently provide higher prediction accuracy than ARX models, 

indicating their stronger capability to represent system dynamics influenced by switching and load 

variations. More importantly, the developed models can serve as reference models for optimizing the 

discharge rate of energy storage systems when powering BLDC motors. By associating specific 

discharge current levels with defined operating speeds, the models support controlled energy delivery. 

Table 4.  ARX Mathematical Equation for battery and SC with parameter 

Battery (0.4 A) SC (0.6 A) 
Best-fit =89.11% at (10,9,1) order Best-fit = 86.26% at (10,10,1) order 

𝐴(𝑧)𝑦(𝑡) =  𝐵(𝑧)𝑢(𝑡) + 𝑒(𝑡) 𝐴(𝑧)𝑦(𝑡) =  𝐵(𝑧)𝑢(𝑡) + 𝑒(𝑡) 

𝐴(𝑧) =  1 − 1.536𝑧−1 + 1.481𝑧−2 − 0.9278𝑧−3

+ 0.4543𝑧−4 + 0.1877𝑧−5 − 0.6036𝑧−6 + 0.093𝑧−7

+ 0.9888𝑧−8 − 0.3763𝑧−9 − 0.7258𝑧−10 

𝐴(𝑧) =  1 − 2.011𝑧−1 + 1.372𝑧−2 − 0.1048𝑧−3

− 0.2558𝑧−4 + 0.1518𝑧−5 − 0.1412𝑧−6

+ 0.6194𝑧−7 − 0.4129𝑧−8 − 0.3677𝑧−9

+ 0.1605𝑧−10 

𝐵(𝑧) = 0.0002719𝑧−1 − 0.0001434𝑧−2  − 0.0004292𝑧−3

+ 0.0002583𝑧−4 + 0.0004475𝑧−5 + 0.0001268𝑧−6

− 3.059𝑒−05𝑧−7 + 5.499𝑒−05𝑧−8 + 4.732𝑒−05𝑧−9 

𝐵(𝑧) = −9.043𝑒−05𝑧−1 + 0.0003819𝑧−2

− 0.0002872𝑧−3 + 2.36𝑒−05𝑧−4 − 0.0001304𝑧−5

+ 0.0001508𝑧−6 − 0.00029𝑧−7 + 7.136𝑒−05𝑧−8

+ 8.89𝑒−05𝑧−9 + 0.0002698𝑧−10 

Table 5.  ARMAX Mathematical Equation for battery and SC with parameter 

Battery (0.4 A) SC (0.4 A) 
Best-fit = 91.96% at (10,8,8,1) order Best-fit = 89.84% at (9,6,6,1) order 

𝐴(𝑧)𝑦(𝑡) =  𝐵(𝑧)𝑢(𝑡) + 𝐶(𝑧)𝑒(𝑡) 𝐴(𝑧)𝑦(𝑡) =  𝐵(𝑧)𝑢(𝑡) + 𝐶(𝑧)𝑒(𝑡) 

𝐴(𝑧) =  1 − 2.335𝑧−1 + 1.44𝑧−2 + 0.5633𝑧−3 − 0.3551𝑧−4

− 1.053𝑧−5 + 1.341𝑧−6 − 0.70425𝑧−7 + 0.04111𝑧−8

+ 0.08954𝑧−9 − 0.02515𝑧−10 

𝐴(𝑧) =  1 − 1.82𝑧−1 + 0.1737𝑧−2 + 1.11𝑧−3

+ 0.1019𝑧−4 − 0.713𝑧−5 + 0.2332𝑧−6

− 0.1588𝑧−7 + 0.08015𝑧−8 − 0.003194𝑧−9 

𝐵(𝑧) = −0.000467𝑧−1 + 0.001288𝑧−2 − 0.0009596𝑧−3

− 0.0002476𝑧−4 − 0.0003148𝑧−5 + 0.0004427𝑧−6

− 0.0005859𝑧−7 + 0.0002726𝑧−8 

𝐵(𝑧) = −0.0004292𝑧−1 + 0.0008667𝑧−2

− 6.758𝑒−05𝑧−3 − 0.0006112𝑧−4

− 4.272𝑒−05𝑧−5 + 0.0003341𝑧−6 

𝐶(𝑧) = 1 − 0.8975𝑧−1 + 0.2054𝑧−2 − 0.2632𝑧−3

− 0.007795𝑧−4 − 0.1491𝑧−5 + 0.1904𝑧−6

− 0.05254𝑧−7 + 0.3049𝑧−8 

𝐶(𝑧) = 1 − 0.7776𝑧−1 − 0.7062𝑧−2 + 0.08669𝑧−3

+ 0.7832𝑧−4 − 0.2742𝑧−5 + 0.06512𝑧−6 

4. Conclusion 

This study successfully obtained ARX and ARMAX models that could explain steady-state 

discharge behaviors of batteries and supercapacitors for a closed-loop BLDC motor drive. The 

ARMAX model had the highest fit of up to 91.96%, better than ARX models by approximately 3%. 

These findings confirm the validity of the use of ARMAX for realistic ESS modeling for real-time 

EV implimentation although the experimental is limited to the lab scale without real driving EV 

application. Practically, this improvement directly contributes to more stable current regulation and 

improved disturbance rejection, which are essential for reliable energy management in BLDC-driven 

EV systems. Moreover, this improvement also enhances system control performance by enabling 

more accurate current regulation through a universal modelling approach that can be applied at 

specific motor operating speeds. By designing models corresponding to defined reference currents, 

the controller can achieve reliable and consistent performance adapting to different speed regions. The 

limitation of the proposed approach lies in its operating-point dependency. The identified models are 

valid for specific speed conditions, represented by reference currents of 0.4 A for low-speed operation 

and 0.6 A for higher-speed operation. Behaviour outside these operating regions, including wide speed 

variation and fast transients, is not fully captured. Future research will extend modeling to nonlinear 

NARX/NARMAX structures under transient regenerative braking and load profiles, integrating 

adaptive control for real-time energy optimization. 
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