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A B S T R A C T 

Electric storage systems like solar systems and electric vehicles use batteries for storing electricity due to 

their simplicity, efficiency, considerably small size, and dispatchability. These batteries operate on the 

principle of charging/discharging and require equalization for voltage balance, especially in series-

connected batteries. In this research, a novel technique is presented for enhancing batteries’ voltage 

equalization, which is based on the variable duty cycle, D, of pulse width modulation (PWM) in the dynamic 

capacitor technique. This method controls two energy storage elements: an inductor and a dynamic capacitor 

via variable D of PWM. The presented technique was implemented on lead-acid batteries connected in series 

using MATLAB/Simulink. The simulation results showed that increasing D to 80% can reduce the 

equalizing process time from 500 seconds to just 125 seconds, with voltage differences decreasing from 

800mV to just 2.2mV, equalized by 99.98%. For comparison, a well-known fixed switched-capacitor 

technique was used, and results showed that variation of D had no effect even after 500 seconds of the 

equalizing process, and the batteries’ terminal difference voltages still were above 220mV (less than 72% 

equalizing). Thus, the presented technique demonstrates superior performance, highlighting the significant 

contribution of variable duty cycle PWM in balancing batteries’ terminal voltages 

 

© 2024 University of Al-Qadisiyah. All rights reserved.    

1. Introduction  

    In the last decades, global warming issues and increasing greenhouse 

emissions have led increasingly to depend more on renewable energies for 

supplying electricity. The major drawback of these energies is 

unavailability all the time [1]. Therefore, energy storage is necessary to 

keep supplying electricity to customers as well as store energy when there 

is a surplus of production. Using batteries, in general, is a promising 

solution to overcome the drawbacks of renewable energies [2]. The rapid 

charging/discharging cycles of the batteries make them suitable for most of 

today's applications such as PV power systems, electrical vehicles, 

uninterrupted power systems, etc. Currently, there are many manufacturers 

around the world working on designing and developing different 

technologies of batteries: lead-acid and lithium-ion batteries are among the 

most used batteries [3,4].  

In general, the battery has low voltage and low capacity and to increase its 

voltage and capacity it needs to be connected with other batteries in 

combinations of series-parallel strings. Batteries in these combinations 

should have equal voltages, capacity (ampere-hours), types, and the same 

manufacturers otherwise lead to unbalancing in terminal voltages. 

Consequently, reduces their lifetime However, due to chemical materials 

and manufacturing processes, these batteries may not have the same 

terminal voltages [5,6]. A voltage balance that refers to an equalizer is 

needed to maintain their terminal voltages [7]. In the literature, there are 

many proposed techniques and commercial equalizer devices. Switch-

capacitor methods are the most common and oldest techniques in batteries’ 

voltage equalizers [8, 9]. 
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These techniques although they are modernized still not efficient and time-

consuming, especially for large-capacity batteries [10,11]. A passive 

equalizer technique is based on connecting a pure resistance between all 

batteries’ terminals, even though, this method is practically simple, it has a 

huge waste of energy [12,13]. On the other hand, an active equalizer 

technique that uses an inductor, capacitor, or coupling transformer performs 

better than a passive technique in less wasted energy but requires a 

complicated controlling circuit [14-17]. Monitoring and controlling the 

battery state of charge is another technique that is applied for balancing the 

batteries that are connected in series, however, implementing this technique 

requires sensors to measure the state of charge in each battery [18]. A buck-

boost converter also is used for equalizing the series-connected batteries. In 

this technique, an inductor is connected to each battery through multiple 

MOSFETs which is considered a drawback of this technique especially 

when there are many batteries in the system [19 - 21]. 

In this research, a novel method is proposed for the series-connected 

batteries' voltage equalization process. The method is based on a dynamic 

capacitor and an inductor. A variable duty cycle, D, of PWM, is applied in 

switching modes for the dynamic capacitor and the inductor [22,23]. The 

variation of D in PWM changes the amount of stored energy in both the 

capacitor and the inductor. For the purpose of implementation, a complete 

circuit of the dynamic capacitor with variable D is designed and simulated 

using a MATLAB/Simulink environment for two lead-acid batteries 

connected in series with their standard 12V terminal voltages. The 

technique is tested on batteries having 800mV terminal difference voltages 

with variations of values of D, from 20% up to 80%. Furthermore, the 

results of the presented technique are compared for comparison purposes 

with a well-known switched-capacitor equalizer technique. Although PWM 

is also used in the switched-capacitor technique, variation of D does not 

affect reducing the equalizing process time or reducing the differences in 

terminal voltages. Meanwhile, the dynamic capacitor shows a significant 

improvement in the equalizing process both in terms of time and balancing 

terminal voltage when D is increased. This is the major contribution of the 

presented technique in this research for enhancing the equalizing process of 

terminal battery voltages by reducing the differences between terminal 

voltages in a shorter timespan, which is a major requirement for the battery 

equalization process. 

2. Battery Equalizer System  

 

 

 

 

 

 

 

 

 

A typical series-connected battery system which was used in this research 

is shown in Fig. 1.  

 

Figure 1. Battery Equalizer System 

 

The system consists of three main parts: battery bank, voltage 

measurement, variable duty cycle of PWM, and the equalizer. The equalizer 

in this research is a dynamic capacitor technique. 

 

3. Dynamic Capacitor Circuit Analysis  

The electrical circuit diagram of the dynamic capacitor is shown in Fig. 2. 

The main components are an inductor, L, a capacitor C, and two switches, 

S1 and S2. Both elements L and C act as storage components in which their 

energies are controlled through the operation modes of two switches. These 

switches open and close their circuits in opposite to each other, that is, when 

S1 is open S2 is closed, and vice versa [7,24].   

Nomenclature: 

PWM Pulse Width Modulation 

L Inductor (H) 

C Capacitor (F) 

Vb Battery Voltage (V) 

iL  Inductor Current (A) 

RL Inductor internal resistance (Ω) 

D Duty cycle of PWM 

RLC Inductor-Capacitor Resistance (Ω) 

t Time (s) 

iLC Inductor-Capacitor current (A) 

Cf Filter Capacitor (F) 
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Figure 2. Main dynamic capacitor electrical circuit diagram 

 

For simplicity, four modes are taken to describe the operation of the 

dynamic capacitor operations. 

Operation Mode 1 

In the first mode, S1 is closed (On) and S2 is opened (Off), and the equivalent 

circuit in this mode is an RL circuit as shown in Fig. 3. Under the assumption 

that elements in mode 1 are in states where their initials are zeros, therefore, 

the current passed in this circuit is given by the following expression: 

 

𝑖𝐿(𝑡) =
𝑉𝑏

𝑅𝐿
(1 − 𝑒−

𝑅𝐿
𝐿

𝐷𝑡)                                                                           (1) 

 

where Vb is battery voltage, iL is the inductor current, RL is the inductor 

internal resistance, and D is the duty cycle of PWM. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Switch operation mode 1 equivalent circuit. 

 

 

Operation Mode 2 

In the second mode, switch S1 is Off, and switch S2 is On, and the equivalent 

circuit diagram that represents this mode is an RLC circuit as shown in Fig. 

4. 

The stored energy in the inductor in mode 1 during time t will be the initial 

current condition to the circulating current iLC in mode 2.  Thus, the current 

in this mode is simplified by the following expression: 

𝐼𝐿𝐶(𝑠) =
(𝑠𝐿+𝑅𝐿𝐶)𝑖𝐿(0)+𝐿 𝑖𝐿(0)

′

𝐿 (𝑠2+
𝑅

𝐿
𝑠+

1

𝐿𝐶
)

                                                                          (2) 

𝑖𝐿𝐶(𝑡) = 𝑖𝐿(0)𝑒−
𝑅𝐿𝐶
2𝐿

(1−𝐷)𝑡  [cosh
√0.25𝐶𝑅𝐿𝐶

2 −𝐿

𝐿√𝐶
(1 − 𝐷)𝑡 −

  
√𝐶(

𝑅

2𝐿
−

𝐿𝑖𝐿(𝑜)
′ +𝑅𝐿𝐶𝑖𝐿(𝑜)

𝐿𝑖𝐿(0)
)𝑠𝑖𝑛ℎ

√0.25𝐶𝑅𝐿𝐶
2 −𝐿

𝐿√𝐶 
 (1−𝐷)𝑡

√0.25𝐶𝑅𝐿𝐶
2 −𝐿

    ]                                              (3) 

where RLC is the combination of inductor and capacitor resistors, iL(0) is the 

inductor current just before switching mode 2, and i'L(0) is the first derivative 

of the inductor current which is given by the following expression: 

𝑖𝐿
′ (𝑡) =

𝑉𝑏

𝐿
𝑒−

𝑅𝐿
𝐿

𝑡                                    (4)                                                                          

 

Figure 4. Switch operation mode 2 equivalent circuit. 

 

Operation Mode 3 

This mode is similar to mode 1 but with energy storage in the inductor due 

to circulating current, iLC, in mode 2. Let represent this current in mode 3 

as iLC(0), then (1) becomes as: 

𝑖𝐿(𝑡) =
𝑉𝑏

𝑅𝐿
(1 − 𝑒−

𝑅𝐿
𝐿

𝐷𝑡) +  𝑖𝐿𝐶(0)𝑒−
𝑅𝐿
𝐿

𝐷𝑡
                                                      (5) 
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Operation Mode 4 

This mode is similar to mode 2 but energy storage, which is represented by 

the circulating current in the previous mode, is the effect of iL in (5). 

Therefore, iL(0) and i'L(0) are taken from (5). 

𝑖𝐿
′ (𝑡) =

𝑉𝑏

𝐿
𝑒−

𝑅𝐿
𝐿

𝐷𝑡 − 𝑖𝐿𝐶(0)
𝑅𝐿

𝐿
𝑒−

𝑅𝐿
𝐿

𝐷𝑡
                                                      (6) 

 

Continuous Modes 

      

After mode 4, the circulating current in RL and RLC circuits continues as 

long as PWM controls the operations of the sequence of operation for both 

switches, S1 and S2. 

4. Variable PWM Duty Cycles  

PWM generates two pulse trains for controlling the operation of both 

switches, S1 and S2. These two pulses are in reverse to each other such that 

S1 is On and S2 is Off, simultaneously and vice versa in each cycle. The 

PWM duty cycle D is the pulse period the output is On. The duty cycle is 

defined by the following expression [25]: 

𝐷 =  
𝑡𝑜𝑛

𝑡𝑜𝑛+𝑡𝑜𝑓𝑓
                                                                                      (7) 

where ton and toff are switching times for both switches accounted when S1 

is On, S2 is Off, and vice versa. Fig. 5 shows the PWM pulses when D is 

50%, that is the pulse periods are equal, that is ton equals to toff.  Fig. 6 and 

Fig. 7 show the PWM pulses for D are 20% and 80%, respectively. 

Figure 5.  PWM waveform for D is 50%. 

 

 

Figure 6. PWM waveform for D is 20%. 

 

 

 

Figure 7. PWM waveform for D is 80%. 

 

 

5. Dynamic Capacitor Operation under Variable Duty 

Cycles  

Fig. 8 shows the five-mode operations of the dynamic capacitor circuit 

(shown in Fig. 1) for D is 50%, and the values of elements in the circuit are 

given in Table 1. The current is substantially decreased when the duty cycle 

is decreased, and the current is raised as the duty cycle is increased. The 

current in five mode operations for duty cycles 20% and 80% are shown in 

Fig. 8, Fig. 9 and Fig. 10, respectively. As shown in Fig. 8, Fig. 9, and Fig. 

10, the maximum current reaches around 200A when D is 50% and it 

decreases to just above 100A for 20% of D. The current reaches around 

250A when D becomes 80%.  

Changing duty cycles change the energy storage energies in both inductor 

and capacitor, this will affect the batteries' voltage (energy) when they are 

connected to the dynamic capacitor circuit. 

 

Table 1. Dynamic Capacitor Element Values 

Element Value Element Value 

RL 0.04Ω L 0.3 H 

RLC 0.05Ω  C 200μF 

PWM Frequency 50mHz Vb 12V 

 

Figure 8. Current in five mode operations when D is 50%. 
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Figure 9. Current in five mode operations when D is 20% 

 

 

Figure 10. Current in five mode operations when D is 80%. 

6. Equalizing Battery Voltages Simulation and Results  

In this research, two batteries are used for implementing the 

aforementioned technique. Both batteries are the same type and the same 

capacity, and they are connected in series. The type of battery has been 

chosen to be a lead-acid battery rated 12V and 200Ah, this type of battery 

is used for most domestic PV energy systems for their affordable price and 

acceptable charging/discharging rates. The model of this battery has been 

taken from the MATLAB/Simulink library, and the test bench for the 

aforementioned technique of dynamic capacitor with variable PWM duty 

cycles was carried out using MATLAB/Simulink. Fig. 11 shows the 

simulation diagram of the dynamic capacitor and the two lead acid batteries. 

 

Figure 11. MATLAB simulation diagram. 

 

The model was applied on 800mV different voltages of batteries. The 

parameters are the same as they are given in Table 1 except the PWM 

frequency was changed to 1kHz. Cf1 and Cf2 are used as filters and their 

values are set to 10μF. The simulation results for duty cycles 20%, 50%, 

and 80% are shown in Fig. 12, Fig. 13, and Fig. 14, respectively. 

As shown in simulation results, when D is 20%, the equalizer can balance 

both battery voltages up to 540mV difference (equalizing up to 95.5%) 

(Vb1=12.95V and Vb2 =12.41V) after 500 seconds. When D was increased 

to 50% the difference in voltages between the two batteries was reduced to 

30mV (equalizing up to 99.75%) (Vb1 = 12.69V and Vb2 = 12.66V) after 500 

seconds. The difference falls below 2.2mV (equalizing up to 99.98%) (Vb1 

= 12.6422V and Vb2 = 12.64V) when the duty cycle has been increased to 

80% and it took just 125 seconds and becomes 0V (100% equalizing) in 

500 seconds. Overall, by increasing D to 80%, the equalizing process has 

been improved by more the 99.98%. Furthermore, increasing the duty 

cycle, D, of PWM has reduced the settling time for reaching the promised 

equalizing goal in a much shorter time, almost by 75%. As depicted in Figs. 

13 and 14, the equalizing voltage reached its promised value in just 125 

seconds when the duty cycle was 80%, while after 500 seconds, it still did 

not reach the best equalizing value when the duty cycle was 50%.  

For comparison and validation of the proposed technique, a switched-

capacitor technique was applied to the same type and size batteries. The 

capacitance size was chosen to be 2000μF, and the PWM frequency was set 

at 1kHz. The duty cycles used were 20%, 50%, and 80%, respectively. 

These results are shown in Fig. 15. The differences after 500 seconds of 

equalizing process are as follows: at a duty cycle of 20%, the difference is 

290V (equalizing up to 97.6%) (Vb1 =12.83V and Vb2 = 12.54V), and at D 

= 50%, the difference is 270mV (equalizing up to 97.75%) (Vb1 = 12.82 and 

Vb2 = 12.55). The difference reaches 220mV (equalizing up to 98.2%) (Vb1= 

12.79V and Vb2 = 12.57V) when D is 80%. As it is clear from the difference 

values, the variation of the duty cycle does not have much impact on 

reducing the equalizing process, and the difference in voltages between the 

two connected batteries is not much reduced even after a long time of the 

switched-capacitor equalizing technique process. 

 

 

 

Figure 12.  Battery voltages for D is 20% 
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Figure 13. Battery voltages for D is 50%. 

 

Figure 14. Battery voltages for D is 80%. 

 

Figure 15. Variation of duty cycles of the switched-capacitor technique. 

 

7. Conclusion  

The research introduces a novel approach to enhancing the equalization of 

two series-connected lead-acid batteries through a variation in duty cycle. 

Comparing two techniques: the dynamic capacitor technique (proposed in 

this research) and the switched-capacitor technique (the most commonly 

used technique). The simulation results indicate that the dynamic capacitor 

technique generally achieves faster equalization. Furthermore, 

manipulating the duty cycles of PWM, which govern the switches' 

operations, improves the equalization process. Specifically, the simulation 

results demonstrate a direct correlation between the duty cycle variation of 

PWM and the performance of the dynamic capacitor technique, resulting 

in nearly fourfold acceleration of the equalization process with higher duty 

cycles. Moreover, increasing the duty cycle enhances the voltage balances 

by minimizing the voltage differences between the series-connected 

batteries; for instance, at duty cycle, D, of 80%, the voltage difference was 

merely 2.2mV. Notably, this enhancement is exclusive to the dynamic 

capacitor technique, showing negligible impact when employing the 

switched capacitor technique. This is considered the major contribution of 

the proposed technique. By addressing the limitations of traditional 

methods and demonstrating superior performance in reducing voltage 

differentials and accelerating the equalization process, our approach has 

the potential to significantly enhance the longevity and overall 

performance of battery systems. Thus, it represents a substantial 

advancement in battery management in power system backup technologies, 

and it is encouraged to implement the proposed technique for future work 

on other types of batteries like lithium-ion batteries.   

Authors’ contribution 

All authors contributed equally to the preparation of this article. 

Declaration of competing interest 

The authors declare no conflicts of interest. 

Funding source 

This study didn’t receive any specific funds. 

Data availability  

The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

 

REFERENCES 

 

[1] Qazi et al., Towards Sustainable Energy: A Systematic Review of Renewable 

Energy Sources, Technologies, and Public Opinions, in IEEE Access, v7 (2019) 

63837-63851. https://doi.org/10.1109/ACCESS.2019.2906402   

[2] T. Shiramagond and W. -J. Lee, Integration of Renewable Energy into Electric 

Vehicle Charging Infrastructure, 2018 IEEE International Smart Cities 

Conference (ISC2), Kansas City, MO, USA, (2018)1-7.  

https://doi.org/10.1109/ISC2.2018.8656981 

[3] Townsend and R. Gouws, A Comparative Review of Lead-Acid, Lithium-Ion 

and Ultra-Capacitor Technologies and Their Degradation Mechanisms, 

Energies, 15(13)(2022) 4930. https://doi.org/10.3390/en15134930 

[4] R. Dufo-López, T. Cortés-Arcos, J. S. Artal-Sevil, and J. L. Bernal-Agustín, 

Comparison of Lead-Acid and Li-Ion Batteries Lifetime Prediction Models in 

Stand-Alone Photovoltaic Systems, Applied Sciences, 11(3)(2021) 1099. 

https://doi.org/10.3390/app11031099 

[5] Kiehne, H.A., Battery Technology Handbook (2nd ed.), CRC Press, 2003. 

https://doi.org/10.1201/9780203911853 

[6] Hamid Khashan, M., Mohammad, A. K., Comparative study for Pb2+ 

adsorption from simulated wastewater of battery manufacture on activated 

https://doi.org/10.1109/ACCESS.2019.2906402
https://doi.org/10.1109/ISC2.2018.8656981
https://doi.org/10.3390/en15134930
https://doi.org/10.3390/app11031099
https://doi.org/10.1201/9780203911853


FADHIL T. AULA./AL-QADISIYAH JOURNAL FOR ENGINEERING SCIENCES   00 (0000) 000–000                                                                                      7 

 

 

carbon prepared from rice husk with different activation agents, Al-Qadisiyah 

Journal for Engineering Sciences, 15(3) (2022) 147-155.  

https://doi.org/10.30772/qjes.v15i3.827 

[7] F. T. Aula, Controlling the Unbalanced Voltages of a Series-Connected Lead-

Acid Batteries in a PV Power Storage System using Dynamic Capacitor 

Technique, Journal of Engineering, 29(10) (2023) 165–181. 

https://doi.org/10.31026/j.eng.2023.10.10 

[8] Alvarez-Diazcomas A, Estévez-Bén AA, Rodríguez-Reséndiz J, Carrillo-

Serrano RV, Álvarez-Alvarado JM, A High-Efficiency Capacitor-Based 

Battery Equalizer for Electric Vehicles, Sensors, 23(11) (2023) 

5009.https://doi.org/10.3390/s23115009 

[9] Xiaobing Zhang, Guohua Zhou, Shuyi Liu, Switched-capacitor equalizers using 

hybrid balancing paths for series-connected energy storage cells, Journal of 

Energy Storage, 63 (2023) 107112.  https://doi.org/10.1016/j.est.2023.107112 

[10] Sun, W., Li, Y., Liu, L. and Mai, R., A switched-capacitor battery equalization 

method for improving balancing speed, IET Electr. Power Appl, 15 (2021) 555-

569. https://doi.org/10.1049/elp2.12045  

[11] K.-C. Ho, Y.-H. Liu, S.-P. Ye, G.-J. Chen, and Y.-S. Cheng, Mathematical 

Modeling and Performance Evaluation of Switched-Capacitor-Based Battery 

Equalization Systems, Electronics, 10(21)(2021) 2629. 

https://doi.org/10.3390/electronics10212629 

[12] A.K.M. Ahasan Habib, Mohammad Kamrul Hasan, Shayla Islam, Musse 

Mohamed Ahmed, Azana Hafizah Mohd Aman, Ashish Bagwari, Sheroz Khan, 

Voltage equalization circuit for retired batteries for energy storage applications, 

Energy Reports, 8(10) (2022) 367-

374.https://doi.org/10.1016/j.egyr.2022.05.154 

[13] Sonu Kumar, S. Koteswara Rao, Arvind R. Singh, Raj Naidoo, Switched-

Resistor Passive Balancing of Li-Ion Battery Pack and Estimation of Power 

Limits for Battery Management System, International Journal of Energy 

Research, (2023), Article ID 5547603. https://doi.org/10.1155/2023/5547603 

[14] Sonu Kumar, S. Koteswara Rao, Arvind R. Singh, Raj Naidoo, Switched-

Resistor Passive Balancing of Li-Ion Battery Pack and Estimation of Power 

Limits for Battery Management System, International Journal of Energy 

Research, (2023), Article ID 5547603. https://doi.org/10.1155/2023/5547603 

[15] R. Di Rienzo, M. Zeni, F. Baronti, R. Roncella and R. Saletti, Passive balancing 

algorithm for charge equalization of series connected battery cells, 2020 2nd 

IEEE International Conference on Industrial Electronics for Sustainable Energy 

Systems (IESES), Cagliari, Italy, 2020,73-79. 

https://doi.org/10.1109/IESES45645.2020.9210643 

[16] H. Zhang, Y. Wang, H. Qi and J. Zhang, Active Battery Equalization Method 

Based on Redundant Battery for Electric Vehicles, in IEEE Transactions on 

Vehicular Technology, 68(8) (2019) 7531-

7543.https://doi.org/10.1109/TVT.2019.2925742 

[17] Song H., Lee S., Study on the Systematic Design of a Passive Balancing 

Algorithm Applying Variable Voltage Deviation, Electronics, 12(12) (2023) 

2587. https://doi.org/10.3390/electronics12122587  

[18] Turmandakh Bat-Orgil, Bayasgalan Dugarjav, Toshihisa Shimizu, Battery 

Module Equalizer based on State of Charge Observation derived from Overall 

Voltage Variation, IEEJ Journal of Industry Applications, 9(5) (2020) 584-596. 

https://doi.org/10.1541/ieejjia.9.584 

[19] Guo, X., Liu, Z., Xu, X., Geng, J. and Kang, L., Integrated balancing method 

for series-parallel battery packs based on LC energy storage, IET Electr. Power 

Appl, 15 (2021) 579-592. https://doi.org/10.1049/elp2.12047 

[20] S. Xu, K. Gao, G. Zhou, X. Zhang and S. Mao, A Novel Battery Equalizer Based 

on Buck-Boost Converters for Series-connected batteries, 2020 IEEE 9th 

International Power Electronics and Motion Control Conference (IPEMC2020-

ECCE Asia), Nanjing, China, 2020, 219-223. https://doi.org/10.1109/IPEMC-

ECCEAsia48364.2020.9367650 

[21] K. R. Sreejyothi, Balakrishnakothapalli, K. Chenchireddy, S. A. Sydu, V. 

Kumar and W. Sultana, Bidirectional Battery Charger Circuit using Buck/Boost 

Converter, 2022 6th International Conference on Electronics, Communication 

and Aerospace Technology, Coimbatore, India, 2022, 63-68. 

https://doi.org/10.1109/ICECA55336.2022.10009062 

[22] S. Das, K. M. Salim and D. Chowdhury, A novel variable width PWM 

switching based buck converter to control power factor correction phenomenon 

for an efficacious grid integrated electric vehicle battery charger, TENCON 

2017 - 2017 IEEE Region 10 Conference, Penang, Malaysia, 2017, 262-267. 

https://doi.org/10.1109/TENCON.2017.8227873 

[23] W. Yuliang, H. Chaozhi, C. Wensheng and D. Lixiang, Segmental PWM 

Variable Duty Cycle Control of Switched Reluctance Motor Based on Current 

Chopping, 2022 IEEE 5th International Electrical and Energy Conference 

(CIEEC), Nangjing, China, 2022, 417-422. 

https://doi.org/10.1109/CIEEC54735.2022.9846743 

[24] Hashim Almawlawe, M., Naji, H., Mushtaq Talib, A., Wali, W., A GWO-PID 

controller with advanced optimization features for DC-DC converters, Al-

Qadisiyah Journal for Engineering Sciences, 16(4) (2023) 228-232. 

https://doi.org/10.30772/qjes.2023.180482 

[25] Aula, F. T., Design a reactive power compensator in smart home under variation 

of supply voltage of low-level distributed power system, ZANCO Journal of 

Pure and Applied Sciences, 34(4) (2022)74-82.  

 https://doi.org/10.21271/ZJPAS.34.4.8 

 

 

 

 

 

https://doi.org/10.30772/qjes.v15i3.827
https://doi.org/10.31026/j.eng.2023.10.10
https://doi.org/10.3390/s23115009
https://doi.org/10.1016/j.est.2023.107112
https://doi.org/10.1049/elp2.12045
https://doi.org/10.3390/electronics10212629
https://doi.org/10.1016/j.egyr.2022.05.154
https://doi.org/10.1155/2023/5547603
https://doi.org/10.1155/2023/5547603
https://doi.org/10.1109/IESES45645.2020.9210643
https://doi.org/10.1109/TVT.2019.2925742
https://doi.org/10.1541/ieejjia.9.584
https://doi.org/10.1049/elp2.12047
https://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9367650
https://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9367650
https://doi.org/10.1109/ICECA55336.2022.10009062
https://doi.org/10.1109/TENCON.2017.8227873
https://doi.org/10.1109/CIEEC54735.2022.9846743
https://doi.org/10.30772/qjes.2023.180482

