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Abstract

:

The battery pack is at the heart of electric vehicles, and lithium-ion cells are preferred because of their high power density, long life, high energy density, and viability for usage in relatively high and low temperatures. Lithium-ion batteries are negatively affected by overvoltage, undervoltage, thermal runaway, and cell voltage imbalance. The minimisation of cell imbalance is particularly important because it causes uneven power dissipation by each cell and, hence, temperature distribution that adversely impacts the battery lifetime. Several papers in the literature proposed advanced cell-balancing techniques to increase the effectiveness of basic cell-balancing approaches, reduce power losses, and reduce the number of components in balancing circuits. The new developments and optimisations over the last few years have been particularly intense due to the increased interest in battery technologies for several end-use applications. This paper reviews and discusses recent cell-balancing techniques or methods, covering their operating principles and the optimised utilisation of electrical components.
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1. Introduction


Globally, battery-powered electric vehicles (EVs) have become a very efficient and practical form of clean transportation. The safety and proper operation of lithium-ion (Li-ion) battery packs, composed of series-connected cells, require an advanced battery management system (BMS) [1]. This system controls every aspect of the battery pack, including temperature [2,3], safety [4,5], charging and discharging, cell voltage and current monitoring [6], fault diagnosis, data acquisition [4], battery state of charge (SOC) and state of health (SOH) [4,7], and cell balancing [8,9,10,11,12,13,14]. The latter ensures that all cell voltages are within the desired range, thus optimising usage and lifetime. Cell balancing is one of the most important and challenging parts of the BMS and is based on efficient algorithms to balance either the cell voltages or the SOC.



In fact, it is well known that cell imbalance has a detrimental effect on the performance, safety, and overall lifespan of Li-ion battery systems [15]. When cells are not balanced, some cells may become overcharged, while others remain undercharged. On one hand, overcharged cells can lead to accelerated ageing, reduced capacity, and safety hazards such as thermal runaway and cell failure. On the other hand, undercharged cells reduce the battery pack’s overall energy storage capacity, resulting in decreased system performance and reduced reliability [16]. The voltage or SOC imbalance between the cells increases after multiple charge and discharge cycles, progressively damaging the cells and shortening battery service life [17]. Cell imbalance can be caused by a variety of conditions, including variations in cell capacity, internal resistance, self-discharge rates, and different ageing characteristics. The imbalance may happen during battery production or grow over time because of changes in cell usage and ageing [18,19].



Cell balancing can be carried out through energy dissipation, charge transfer across cells, or cell bypass as discussed in [20,21]. In general, the traditional cell-balancing topologies are classified as passive and active cell balancing, as shown in Figure 1.



Numerous methods for cell balancing were suggested to increase battery pack efficiency and achieve cell equilibrium. Each method has merits and drawbacks of its own in terms of performance, efficiency, and cost. The advantages and disadvantages of traditional cell-balancing approaches are covered in many review papers in the literature [22,23,24,25,26,27,28,29,30,31]; however, these studies do not concentrate on current developments or the optimisation of cell-balancing techniques.



In [22], the authors compared the basic cell-balancing methods focusing on energy storage components and discussed the advantages and limitations of passive and active cell-balancing topologies. Within the context of EVs, Ref. [23] discussed different types of EV technologies and drivetrain architectures, as well as various types of batteries used in EVs. The authors also noted that existing charging equalisation circuits made significant contributions to the safe and efficient operation of EVs, but there are still challenges to overcome to achieve efficient equalisation and enhance battery performance and lifespan. Article [24] examined the general features of Li-ion batteries and made comparisons with alternative battery types. The article also explained the basic cell-balancing techniques and concentrated on the features of BMS. In [25], the effects of variation in temperature and vibration on the cell-balancing performance over an extended period were examined. Article [26] explained the fundamental cell-balancing topologies but with a primary focus on Li-ion battery inconsistencies, which is an important issue to identify and make suitable recommendations for the design of BMSs that are safe, long-lasting, and reasonably cost-effective. Article [27] covered an in-depth examination of EV systems and drivetrain architectures, as well as the fundamental charge-balancing circuits along with their benefits and drawbacks. This article also discussed a few other EV powertrain architecture-related issues, including raw material and supply chain, driving range efficiency, the need for a sensitive BMS, and the power electronics interface. An overview of the fundamental cell-balancing circuits based on capacitors, inductors, and transformers is presented in [28], which compared all topologies in terms of number of components, cost, circuit volume, control complexity, and balancing current flow. Article [29] described the main features of cell-balancing topologies, including their limitations, and covered the control schemes utilised in battery cell balancers. A detailed examination of active cell balancing using DC/DC converters is covered in [30]. This reference provides comprehensive information about DC/DC converter control principles in addition to SOC estimation, which has an impact on balancing performance. In [31], the authors provided a comprehensive examination of all aspects of BMS, including various battery models, cell-balancing methodologies, BMS issues, and suggestions for solving these issues. Additionally, many factors for modelling the batteries and cell balancers are demonstrated in the paper, including the simulation of eight battery cells connected in series via MATLAB/Simulink software (R2023a) for testing basic active and passive cell-balancing strategies.



In view of the increased demand for Li-ion batteries and EVs in recent years, cell balancing has become a timely topic for scientists, engineers, and scholars. In the past few years, several research publications on new cell-balancing techniques have been released. However, to the author’s knowledge, no recent publications provide a comprehensive summary of research studies over the last five years that address the developments and optimisation of cell-balancing techniques. These articles have been searched on Scopus, IEEE, and Google Scholar. The authors technically reviewed and filtered out these articles by finding the articles which provided a clear description of methods, results analysis, data, and balancing control strategies.



This paper is organised in the following manner. Section 2 explains the closed-loop switched-capacitor structure, whilst Section 3 introduces the parallel resonant switched-capacitor equaliser. In Section 4, a description of a single inductor bidirectional active equalisation technique is covered. Section 5 explains the coupled inductor cell-balancing topology, whilst Section 6 presents the structure of a single inductor cell balancing with an auxiliary battery. In Section 7, the double-layer inductive equalisation circuit is explained in detail, while Section 8 illustrates the advanced switched-capacitor equaliser circuit. Section 9 covers the aspects of push–pull converter-based cell-balancing circuits, and Section 10 describes the dual DC-DC converter-based cell-balancing technique with an auxiliary battery. Section 11 reviews the latest articles concerning the single resonant converter balancing circuit, whilst Section 12 provides a summary of optimisation in basic cell-balancing topologies. In Section 13, the conclusions are drawn.




2. Closed-Loop Switched-Capacitor Structure


The switched-capacitor techniques can be classified into two categories. To provide precise balancing paths between cells, the first category includes a large number of switches in chain structures of equalisers with multiple switches and series and parallel equalisers [31,32]. However, the techniques within this category have some drawbacks due to the need for more switches, more voltage stress on the switches, bulkiness, poor dependability, and extra cost. The charging capacitor that connects the balancing circuit structure, like a parallel-structured switched capacitor [33], and the double-tiered switched-capacitor equaliser [34] fall into the second category. This approach reduces the number of switches but has the drawback of decreasing the balancing current, which results in a slower cell-balancing time, and hence the overall battery cell-balancing efficiency can be reduced.



In [35], a cell-balancing technique based on a closed-loop switched-capacitor structure (CLSCS) was developed, utilising PI control to address the above-mentioned problems. Two major contributions are made by the research reported in the paper. Firstly, a CLSCS architecture is used to provide voltage equalisation between any two cells. This structure is small, less expensive, and highly effective in achieving fast voltage equalisation under any voltage imbalance scenario. Secondly, optimal switching frequencies can be achieved by verifying the battery cell voltage performance under various switching frequency conditions.



The circuit diagram of a proposed CLSCS cell-balancing approach for a battery string with four series-connected cells is shown in Figure 2. The switches (S1, S2, …, S8) connect the capacitors (C1, C2, …, C6) to each battery cell (B1, B2, B3, B4). Strong balancing, robustness, and ease of modularization are achieved by the symmetrical structure that connects all the capacitors. As compared with the basic double-tiered capacitor cell balancing, this topology adds one extra capacitor to join the first and last cells.



The proposed CLSCS topology was implemented using four Li-ion cells connected in series, and the suggested scheme provided an acceptable performance for cell balancing, as the voltage difference between cells was reduced to less than 0.1 V at the end of the balancing process during the charging stage. Several switching frequencies were used to test the suggested approach. The optimal switching frequency for this circuit was considered to be 28.57 kHz which provided a higher balancing power-efficiency of 95%. The proposed method can be implemented on a high number of cells connected in series; however, in such cases, it will require a greater number of switches and capacitors associated with each cell.




3. Parallel Resonant Switched-Capacitor Equaliser


Recently, resonant switched-capacitor (ReSC) converters have drawn more interest than pure switched-capacitor (PSC) converters because of their higher efficiency [36,37,38,39]. The power density of the circuit is improved because the switching frequency can be substantially reduced by approximately the quality factor of the circuit [40,41]. As a result, the ReSC has been used in resonant switched-capacitor equalisers (ReSCE) as proposed in [37]. The advantage of the ReSCE topology is to limit the inrush current flowing through the components by using the LC circuit for energy transfer that operates at a certain resonant frequency. However, the ReSCE can only transfer energy between two adjacent cells. A star-structured circuit using ReSC converters was proposed in [39], which aimed at reducing the inrush current and improving balancing speed, but there is no direct way to transfer energy from the first cell to the last cell.



Resonant switched-capacitor equalisation was proposed in [42], which used ReSC to eliminate the inrush current to achieve minimal output impedance by using the ReSC at a lower switching frequency. The extra energy supplied to the parallel ReSC, was directly transferred to the low-voltage battery cell. The proposed ReSCE method added an inductor in series with the capacitor to limit the capacitor inrush current that otherwise can be high without the inductor as in the PSC method. The addition of this inductor allows the capacitor to charge to a higher voltage/energy level, permitting more energy transfer between cells while avoiding inrush current issues. This accelerates the balancing speed compared with the PSC topology implemented in [36]. Two complementary PWM signals at fixed frequency were used to control each switch in the system.



Figure 3 illustrates the circuit diagram of the suggested ReSCE for a series-connected battery string. Each battery cell (B1) relates to four MOSFETs (S11, S12, S13, S14), an inductor (L1), and a capacitor (C1) to form an ReSC converter, connected in parallel with each battery cell. For the n-th cell, Sn1 and Sn2 create a series connection between the cell and converter, whereas a parallel connection is created by Sn3 and Sn4. The positive pulse of PWM controls Sn1 and Sn2, while the negative pulse controls Sn3 and Sn4.



The findings demonstrated that the proposed ReSCE circuit resulted in a cell-balancing speed three times higher than that of the basic PSC equaliser, in addition to inrush current elimination. However, the ReSCE equaliser generally costs more than the conventional PSC balancers because the PSC uses a single capacitor while ReSCE uses one inductor and a capacitor per cell.




4. Single Inductor Bidirectional Cell Balancing


Conventional balancing circuits with single inductors have recently been improved in several ways, for example, with the cell-to-cell (C2C) balancing approach [43,44], adjacent cell balancing (ACB), cell-to-pack (C2P) balancing [45,46], C2P and pack-to-cell (P2C) balancing [47,48], and pack-to-pack (P2P) balancing. These approaches have the potential to produce suitable equalisation speed, efficiency, and flexibility. However, the increase in circuit size and components adds more complexity to the circuits and their controllers.



A single inductor bidirectional (SIB) cell-balancing technique utilising an inductor with multiple channels for balancing current was proposed in [49], with the objective to achieve fast balancing speed, depending on the switching duty cycle. The proposed balancing circuit provides flexibility in terms of energy transfer modes of operation, as the energy can be transferred from any cell to any cell, cell to pack, and pack to cell. This circuit offers multiple balancing routes for cell balancing; however, the controller complexity will be increased to handle unbalanced states using multiple routes.



Based on the design found in references [50,51], the balancing circuit with low internal resistance bidirectional switches is depicted in Figure 4. To optimise the cell-balancing rate and minimise the balancing time, the different modes of operation, C2C, C2P, and P2C that include multiple balancing paths for balancing current were suggested. The battery pack has N cells (B1, B2, …, Bn) connected in series; each cell is connected to two bi-directional pairs of switches (e.g., S1, S2, S3, S4 for B1).



The proposed topology was tested for the same initial voltage imbalance of 0.118 V between four connected cells but with different duty cycles (0.6 to 0.85). The results show that the average balancing current went up when the duty cycle increased from 0.6 to 0.75. However, when the duty cycle increased further from 0.75 to 0.85, the average balancing current was reduced. As this current is directly proportional to the balancing speed in this method, faster balancing can be achieved when the duty cycle between 0.6 and 0.75. The effect of the duty cycle on the overall efficiency of the cell balancing was tested, demonstrating that the increase in duty cycle led to a lower power efficiency for the C2C balancing topology.




5. Coupled Inductor Cell Balancing


The idea behind this active cell-balancing method is to transfer energy between cells and a battery pack and to minimise power loss [52,53], as it provides a faster balancing time because of the comparatively high balancing current [54]. However, the method has drawbacks like high cost and magnetic losses, and the high number of circuit components required to achieve greater accuracy of control. The basic inductor-based cell-balancing technique transfers energy throughout the entire pack using a single inductor, whilst, in traditional multi-switched inductor balancing, N cells need to be balanced using N − 1 inductors [55].



In [56], the authors proposed a coupled inductor cell-balancing topology that can achieve faster equalisation whilst requiring fewer inductors than the conventional multi-switched inductor balancing approach. The conventional coupled inductor topology requires two inductors while the proposed topology requires one inductor per two cells. Figure 5 shows the circuit diagram of the proposed approach, which consists of four coupled inductors, eight MOSFETs, and eight battery cells (B1, B2, …, B8). The mutual inductance of inductor L1 with other inductors are M12, M13, and M14. The circuit operating principle can be explained in two steps. In step one, the inductors that connect to the cells through one of the switches S1, S3, S5, and S7 transfer and store the energy from high voltage cells. In the second step, this energy is then distributed to the nearby cells using one of the switches S2, S4, S6, and S8, when they are turned on while the other switches are off. For example, if cell 1 is the high energy/voltage cell in the battery pack, then the energy from cell 1 will be transferred to inductor L1 through switch S1, then this stored energy will be transferred from the inductor to cell 2 through switch S2. The proposed system used the same switching frequency (45.5 kHz in the paper) for all switches with a 45% duty cycle to avoid short circuits. To verify the reliability of the proposed topology, two cases of different initial voltage imbalances (0.8 V and 1.2 V) were considered for experimental testing. The results show zero residual voltage imbalance on average, with a variation band of ±0.2 V due to noise. The feasibility of the proposed topology was verified using the outcomes of the simulation study and experiments.




6. Single Inductor Cell Balancing with an Auxiliary Battery


This topology was proposed in [53] which is a single inductor cell-balancing circuit utilising an auxiliary battery. The SOC-based control strategy was applied to this topology for cell balancing, which was based on SOC estimation through an adaptive extended Kalman filter. To activate the cell-balancing process during charging, the strategy first calculates the average cell SOC, then compares this SOC with the SOC of each cell considering an SOC threshold. The aim of using the average SOC as a reference was to avoid repeating energy transfer between two lower SOC cells with an SOC difference lower than the threshold.



The circuit diagram of this cell-balancing topology is simple and straightforward, as depicted in Figure 6. The four battery cells (B1, B2, B3, B4) are connected in series, whilst the diodes are connected in series with MOSFET switches (S and M) to prevent short circuits. The auxiliary battery (Baux), linked to the inductor (L) through a power MOSFET switch (Z), forms an inductive energy storage element. The control system then regulates the corresponding power switches and performs cell balancing that transfers energy from the cell to the pack. The energy transfer rate between cells during the cell-balancing process can be controlled by modulating the switch pulses or control signal, whilst the equaliser adjusts the balancing current and hence the balancing rate.




7. Double-Layer Inductive Equalisation Circuit


The research reported in [57] suggested a double-layer inductive equalisation circuit (DLIEC) to address the balancing of cells, and also implemented the coupled inductor equaliser as presented in [58] to compare the results of cell-balancing time. The DLIEC is depicted in Figure 7. A group of switches (S11, S22, …, Sn1, Sn2) are connected to inductors (L11, L22, …, Ln1), where switches (S1, S2, …, Sn) of the balancing submodules are connected to the inductor L1. Individual cells within each module can be balanced first when the equalisation circuit is activated, and after that, the modules can be balanced, and the switches are controlled accordingly to obtain the equilibrium state. The control algorithm of this circuit is based on SOC estimation using the particle filter (PF) algorithm. The controller was initialised with random particles that represent the open circuit voltages and SOC relationships, then the mean value of each particle was estimated by updating its weight accordingly to attain the estimated SOC.



The overall designed system of the DLIEC can firstly be built using a combination of the layering concept and the inductance balancing circuit principle, which can achieve equilibrium within the series-connected cells as well as between the modules of the battery pack. Secondly, the SOC is selected as a control variable for the balancing process, then the balancing control algorithm can be implemented for the series-connected cells and modules. In this article, eight Li-ion cells were connected in series to perform testing of the cell-balancing process with three modes of operation, charging, discharging, and static mode. According to the reported simulation results, the proposed DLIEC succeeded in fast cell balancing, as compared with those reported in [58] to demonstrate the performance of the proposed topology, particularly in terms of balancing speed. The results showed that the initial maximum SOC imbalance between eight cells was 20%, which reduced to zero residual imbalance in both topologies. However, DLIEC balances the cells in 3172 s, while the coupled inductor topology takes 5001 s for static mode.




8. Advanced Switched-Capacitor Equaliser Circuit


An innovative cell-balancing mechanism for series-connected cells was implemented and reported in [59] by integrating Cuk and buck-boost converters. Its main goal was to minimise the number of switches and management of the balancing circuit by two complementary switching signals at a 50% duty cycle. Typically, the buck-boost or the Cuk converter needs (2N − 1) switches while the proposed topology combines the two converters and requires only N switches for N battery cells. However, this balancing mechanism has three shortcomings:




	
At the switching instances, the capacitor charging and discharging currents are extremely high.



	
The voltage of the cells does not change significantly throughout one or more switching cycles. Here, if a fixed duty cycle of 50% is used with cells having different voltages and linked to a single inductor through the switches, the inductor volt-second balance law will not be satisfied, leading to a rise in the average inductor current.



	
The balancing speed will drastically decrease if the number of series cells increases due to the utilisation of traditional switched-capacitor (SC)-based topology, which can only offer adjacent cell balancing.








The authors of [60] have provided an advanced cell-balancing circuit that combines series LC converters and buck-boost converters in an attempt to find a solution for the first shortcoming, but this article does not address the other two problems. However, in [61], an advanced switched-capacitor equaliser circuit (ASCEC) was proposed, considering the effects of parasitic resistance (RC and RL) of capacitor (C) and inductor (L) and the principle of SC and a buck-boost cell-balancing system, to resolve the above shortcomings 2 and 3. The proposed balancing topology is composed of two tiers: the first tier is formed by the SC topology while the second tier is generated from the buck-boost topology, which was used to equalize the submodules connected in series.



In Figure 8, cells (Bn1 and Bn2) are connected in series to create a module and these modules (B1, B2, …, Bn) are further connected in series to make up a battery pack. The common switch array between the two tiers has the same number of switching transistors as the battery cells. This balancing topology uses the same number of capacitors and inductors, which are equal to the number of modules. A simple control algorithm is used to control the switches to connect or disconnect the cells with the balancing structure, using complementary PWM switching signals to control the switching transistors.



Considering the influence of parasitic resistance of the magnetic components, the cell-balancing topology based on the SC and buck-boost converter cell balancer was implemented in this proposed circuit. The parasitic resistance adversely affected the balancing speed; thus, the value of this resistance must be decreased to reduce the balancing time. According to the simulation and experimental findings, the proposed cell-balancing method effectively addressed the issue of voltage imbalance for series-connected battery cells and the imbalance was reduced to 18 mV from 132 mV. When compared with earlier converter-based topologies, this method significantly requires fewer switches and achieves fast balancing, as only two complementary PWM signals are needed to operate the entire system.




9. Push-Pull Converter-Based Cell-Balancing Circuit


In article [62], a push-pull converter was introduced to transfer the energy between cells using relays instead of using MOSFETs to reduce the cost while adopting simple control implementation. The control strategy of the suggested method is straightforward and simple for implementation. The voltage gain of the push-pull converter needs to be adjusted precisely to maintain the balancing current when the voltage difference becomes smaller, and thus fast cell balancing can be achieved.



In [62], the suggested C2C balancing topology consists of three primary blocks, as depicted in Figure 9. The switching network is the first block that connects each battery cell to each converter terminal so that charge can be transferred. The second block consists of the push-pull converter and is used to transfer the charge from the strong cell to the weak cell. The digital signal processor (DSP) and a monitoring integrated circuit (IC) are the third block, which controls the operation of the converter’s power switches and regularly updates the information of each cell voltage.



There are two strings of relays in the switching network: the converter primary side which is connected to one side of the battery cells through the DC buses (dc1 and dc2) via a single chain of relays (R1, R2, …, Rn), and the converter secondary side which is connected to the other side of the battery cells via the DC buses (dc11 and dc22 through another chain of relays (Z1, Z2, …, Zm). The proposed topology can transfer charge from any cell to any other cell within the battery pack. The switching transistors are used as driving circuitries for connection to the relays, which can help in lowering the cost of the balancing topology when compared to other topologies that use MOSFETS. To lower the cost of the entire system further, the IC and controller may utilise the same power source.



The simple design, controllability, and high efficiency of the isolated push-pull converter make the converter a preferred choice for balancing. The transformer’s turns ratio can be set to 1:1 if the converter’s parts are in ideal condition. However, the voltage drops of these parts must be considered while designing the converter to increase the voltage. To compensate for the voltage drops, the transformer structure shown in Figure 9 was designed with a 1:1.2 turns ratio. The duty cycle of the converter switches was also set to 50% to provide minimal voltage and current ripples during the charging or discharging of the Li-ion cells.



The IC of voltage measurement checks each cell voltage and sends the values to a digital signal processor (DSP) via a serial    I 2   C communication link, whilst the measurement of the balancing current can be taken using a current-sensing resistor on the primary side of the transformer.



The experimental findings demonstrate that the suggested method performed exceptionally well in terms of balancing time, taking only 50 min to finish the balancing of 12 cells while charging was taking place. In the proposed topology, the cells shift energy directly from high-voltage cells to low-voltage cells.




10. Dual DC-DC Converter-Based Cell Balancing with an Auxiliary Battery


The structure of the dual DC-DC converter-based cell balancing with an auxiliary battery is reported in [63]. This topology is based on both voltage and SOC-based control algorithms which are more efficient due to the precise control for selecting the high-voltage cells, albeit SOC estimation requires a complex control algorithm. As such, it eliminates P2C energy transfer during the process of cell balancing, and further, the architecture allows the energy produced by the regenerative braking to be utilised for charging the auxiliary battery, which will make the balancing efficiency even better.



Figure 10 depicts the circuit structure of the proposed DC-DC converter-based cell balancing topology. The proposed circuit contains, 2n + 2 MOSFET power switches and diodes, one transformer (T), one inductor (L), and a freewheeling diode (FD) connected to an auxiliary battery. The constant current constant voltage (CCCV) charger and load are connected to the terminals of the battery pack, which is accordingly used for charging and discharging processes. Since the inductor is used for C2P balancing, a transformer with a turns ratio of 1: n is necessary. This strategy was proposed to offer C2P balance during charging whilst utilising an auxiliary battery during discharging. The inductor and affiliated MOSFET switches (Z2 and Z3) construct a flyback converter while the auxiliary battery is connected to the inductor through the MOSFET switches (Z1 and Z2) to create a buck converter. The flyback converter here is responsible for C2P balancing during charging, while the buck converter is used to charge the auxiliary battery from the regenerative braking recovered during discharging. The balancing speed of the switch can be regulated by adjusting its pulse width modulated (PWM) signal, which can also control the balancing current.



The suggested system employed a traditional buck-converter cell-balancing technique during the discharging phase and a flyback converter cell-balancing technique during the charging phase. When a series of simulation tests was performed using four Li-ion cells using the Matlab/Simulink software, the cell-balancing system demonstrated the difference between the SOC/voltage-based control methods. The connected Li-ion cells were tested with a maximum 20% SOC and 0.11 V voltage difference. The imbalance was reduced to 1% SOC and 0.01 V voltage at the end of the charging or discharging process. However, it was noticed that the balancing time for the SOC based controller was 1984 s, while for the voltage-based controller, it was 2486 s for the same initial imbalance. Although the SOC-based control gives a faster balancing speed, the correct SOC estimate is difficult to obtain and, therefore, voltage-based equalisation approaches are preferred in practice.




11. Single Resonant Converter Balancing Circuit


In article [64], a single resonant converter active balancing circuit is proposed, shown in Figure 11. The paper mainly reports on an active balancing circuit, which is based on a single resonant converter, where the energy transfer method improves cell-to-cell (C2C) balancing. The proposed topology optimises the balancing circuit presented in [65] by reducing the number of switches from 4N to 4(N − 1). The switching and resonant frequency become equal to attain soft switching to reduce switching loss, where all switches are controlled in near zero current switching (ZCS).



The purpose of the resonant tank is to store the energy from the strong battery cell, which is connected to both sides of individual battery cells through a bus wire (dc1 and dc2) and MOSFET switches (S1, S2, …, Sn), as shown in Figure 11. The energy transfer process is carried out in two stages; in the first half cycle, the energy is stored in the resonant tank from the strong cell, and in the next half cycle, the stored energy is transferred to the weak cell from the resonant tank. A cell monitoring IC is provided for each cell to sense the voltages of all cells connected in series and transfer the data to the microcontroller to perform the cell-balancing procedure. Complementary PWM signals are used to turn the MOSFET switches On or OFF throughout the balancing process, thus the proposed circuit requires simpler digital control. In the article, a simulation study was performed using the MATLAB Simulink program to confirm the theoretical analysis and to analyse the results before hardware implementation. The simulation results of two battery cells showed zero residual imbalance at the end of the cell-balancing process. The switching frequency used in this circuit was the same as the switching frequency of the resonant tank.




12. Summary of Optimisation in Basic Cell-Balancing Topologies


Recent advancements and optimisation in cell-balancing techniques are summarised and presented in Table 1. Their circuit topologies and optimised results have also been remarked. Determining the preferred techniques by comparison based on the available information, results, and data could not be performed with proper accuracy. All techniques reported in the literature were tested under different initial conditions, cell parameters, and even using switches at different power levels. However, in terms of cells’ residual imbalance voltage, the reported methods in [56,57,64] demonstrated 0 V residual voltages, or zero SOC at the end of the balancing process. Also, the methods documented in [61,62] approximately produced the same results. If the number of switching devices/relays is considered to increase the total cost of the balancing topology, then the methods reported in [56,61] are the ones which only employ one switch per cell.



In terms of cell-balancing speed, a comparison between the reported methods was not visible, as all available data were measured/evaluated with different levels of initial imbalance. However, the authors elicited an indicative balancing time by dividing the cell capacity in Ah by its balancing current used at each balancing method, as shown in Table 1. Physically, this time represents the time needed to balance a difference in energy capacity between cells equivalent to the cell capacity, as applied for all methods based on the available data. In this context, the method reported in [61] seems to have delivered the shortest indicative time of 0.52 h. Nevertheless, the performance for all methods, in terms of balancing speed, can always be enhanced by increasing the level of balancing currents or sharing power between the cells of the battery pack.




13. Conclusions


The main objective of this article is to review recent trends in cell-balancing methods for lithium-ion batteries. An in-depth study was undertaken to explain the operating principles and control algorithms of the cell-balancing methods published most recently in the literature. The review concluded that recent cell-balancing topologies are based mostly on inductors, capacitors, and a combination of both. Generally, the efficiency and cell-balancing speed are increased by adding a few extra inductors or capacitors to the basic cell-balancing topologies. However, adding more inductors or capacitors requires extra semiconductor switches, which slightly increase the power losses of balancing circuits. Some balancing topologies use an auxiliary battery to supply or draw energy during the cell-balancing process. Furthermore, DC-DC converters have also gained attention in recent years for cell-balancing circuits. Resonant converters have been used to reduce switching losses, as they operate near zero voltage/current switching. Other topologies, like buck-boost, push-pull, and Cuk converters are used in balancing circuits to stabilise the battery output voltage and decrease cell-balancing time. However, the size, volume and weight of the balancing circuits will increase when adopting such converters.
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Figure 1. A chart of the basic cell-balancing topologies. 
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Figure 2. Circuit diagram of the closed-loop switched-capacitor structure, redrawn from [35]. 
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Figure 3. Circuit diagram of the parallel resonant switched-capacitor equaliser, redrawn from [42]. 
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Figure 4. Circuit diagram of single inductor bidirectional cell balancing, redrawn from [49]. 
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Figure 5. Circuit diagram of coupled inductor cell balancing, redrawn from [56]. 
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Figure 6. Circuit diagram of a single inductor cell balancing with an auxiliary battery, redrawn from [53]. 
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Figure 7. Circuit diagram of the parallel resonant switched-capacitor equaliser, redrawn from [57]. 
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Figure 8. Circuit diagram of the advanced switched-capacitor equaliser circuit, redrawn from [61]. 
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Figure 9. Circuit diagram of push-pull converter-based cell balancing, redrawn from [62]. 
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Figure 10. Circuit diagram of a dual DC-DC converter-based cell balancing with an auxiliary battery, redrawn from [63]. 
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Figure 11. Circuit diagram of single resonant converter balancing, redrawn from [64]. 
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Table 1. Recent advancements and optimisations of cell-balancing techniques.
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	Ref.
	Type
	Reported Technique
	Initial Imbalance

(%)
	Residual Imbalance

(%)
	Capacity of Li-Ion Cell

(Ah)
	Balancing Current

(A)
	Indicative Cell-Balancing Speed

(Hour)
	No. of Switches
	Control Method
	Remarks





	[35]
	Switched capacitor
	Closed loop switched-capacitor equaliser
	34.86% voltage
	2.97% voltage
	2.6
	1.72
	1.51
	2N
	SOC based
	The experimental results only show the final residual difference between cells but can explain cell balancing. One extra capacitor was added, for joining the first and last cell.



	[42]
	Switched capacitor
	Parallel resonant switched-capacitor equaliser
	8.1% voltage
	0.01% voltage
	1.1
	0.4
	2.75
	4N
	Voltage based
	It gives a three times higher cell-balancing speed than the basic PSC equaliser by reducing inrush current.



	[49]
	Inductor based
	Single inductor bidirectional cell balancing
	6.3% voltage
	0.5% voltage
	20
	0.8
	25
	4N + 4
	Voltage based
	Achieved fast balancing speed by using optimal switching duty cycle and providing multiple balancing paths. However, continuous increase in duty cycle can reduce the balancing time and lead to lower efficiency.



	[56]
	Inductor based
	Coupled inductor cell balancing
	24.24% voltage
	Approx. zero
	n/a
	2
	n/a
	N
	Voltage based
	Used simulation for static balancing and experiment for charge balancing, but they used inductor voltage to prove cell balancing instead of battery cell—that is why the cell balancing took only 6 s. The number of switches compared with traditional coupled inductor topology is reduced by one switch per cell pair.



	[53]
	Inductor based
	Single inductor cell balancing with an auxiliary battery
	30.2% SOC
	0% SOC
	12.8
	6.4
	2
	2N + 3
	SOC based
	The average SOC was selected as a control variable to activate cell-balancing process. Use of an auxiliary battery to accept energy from high-voltage cells and transfer it to low-voltage cells.



	[57]
	Inductor based
	Double-layer inductive equalisation circuit with a resistor in parallel with each inductor
	25% SOC
	0% SOC
	n/a
	7
	n/a
	N + N/2
	SOC based
	The proposed system used dual-layer inductor topology and compared the results with a single layer inductor to provide better performance of the proposed system. Also tested at 0.5C, 1C and 2C rates, but the paper does not show the charging results, so illustrating identical results during both charging and discharging.



	[61]
	Capacitor and inductor based
	Advanced switched-capacitor equaliser circuit
	19.86% voltage
	Approx. zero
	2
	3.82
	0.52
	N
	Voltage based
	By considering the influence of parasitic resistance of the magnetic components, this cell-balancing topology was based on the switched capacitor, and a buck-boost converter for implementation.



	[62]
	Converter based
	Push-pull converter-based cell-balancing circuit
	6.75% voltage
	Approx. zero
	n/a
	1.5
	n/a
	4 switches, 2N relays
	Voltage based
	It used an isolated push-pull converter to directly transfer energy from one cell to another for balancing. The duty cycle of the converter switches is set to 50% to provide minimal voltage and current ripples.



	[63]
	Converter based
	Dual DC-DC converter-based cell balancing with an auxiliary battery
	20% SOC
	1% SOC
	n/a
	4
	n/a
	2N + 5
	SOC and voltage based
	The inductor and affiliated switches build a flyback converter, while an auxiliary battery connected with the inductor through switches creates a buck converter, known as dual DC-DC converter-based cell-balancing topology. The flyback converter is responsible for C2P balancing during charging, while the buck converter is used to charge the auxiliary battery from regenerative braking during discharging.



	[64]
	Resonant converter
	Single resonant converter balancing circuit with reduced resonant frequency
	5.4% voltage
	Approx. zero
	4.2
	1
	4.2
	4(N − 1)
	Voltage based
	A single resonant converter with reduced resonant frequency is used to improve balancing time and reduce power losses as compared with independent resonant tank topology. The proposed topology is also tested for supercapacitor and lead-acid battery cell balancing, other than lithium-ion battery cells.







N: number of battery’s cells, n/a: not available.
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