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Abstract

:

In this paper, the concept of a forward balancing technique fed by a buck converter for lithium-based batteries in Electrical Vehicle (EV) applications is investigated. The proposed active topology equalizes eight cells in a series in a battery pack, by using a forward converter for each battery pack and the whole battery packs, using a buck converter. The battery bank consists of four battery packs, which are in series. Therefore, the proposed system will equalize 32 cells in series. In this paper, the proposed circuit employs a single transistor used in a Zero Voltage Switch (ZVS) for the forward converter. In practice, this means a capacitor in parallel with the switch at the same time a demagnetizing of the transformer is obtained. The circuit realizes a low Electromagnetic Interference (EMI) and reduces ringing. To overcome the problem of many pins on a coil former, the transformer secondary windings are made by using hairpin winding, on a ring core. It permits, e.g., having eight secondaries and uniform output voltages. Each secondary winding is made by two hairpin turns using two zero-Ohm resistors in series. The proposed topology has less components and circuitry, and it can equalize multiple battery packs by using a single buck converter and several forward converters for each battery pack. Experimental and simulation results are performed to verify the viability of the proposed topology.
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1. Introduction


Notwithstanding the evidence that traditional fuel such as petrol, gasoline, and diesel is necessitated in order to supply automobiles, the source of fossil fuels is limited and decreasing rapidly, and it will be depleted in the future [1,2,3,4]. Furthermore, the world is becoming opposed to incomparable problems such as global warming and sea level rising. Therefore, the demand for electrical vehicles is increasing [5]. They can achieve low pollution and low noise. In electrical vehicles, the cost of the batteries is often more than 50% of the vehicle. As a consequence, batteries with a longer life cycle are desired. Many types of batteries have been proposed for electrical vehicles during the last few decades such as lead acid, nickel-cadmium, lithium-ion (Li-ion), and lithium iron phosphate (LiFePO4) batteries. The Lead acid battery is cost effective for short ranges. However, higher weight, higher volume, and low density are the disadvantages of these batteries [6]. In nickel metal hydride batteries (NiMH), a high discharge rate and a long life time are their advantages, but low energy density and low efficiency are their disadvantages. Lithium ion batteries have an improved energy density and have a long life time as compared to other types [7]. They have the greatest electrochemical potential and provide higher energy per weight.



Currently, lithium-based batteries are the most common electrical energy storage devices. They are widely used in many application such as electrical vehicles, motor bikes, and Uninterruptible Power Supplies (UPS) [8,9]. The greatest advantages of lithium batteries are high density, low self-discharge rate, lower weight, higher safety, and no memory effect [10,11,12,13,14]. In many applications, lithium batteries are connected in series due to the fact that the voltage of a single cell is low. The battery packs are assembled by connecting multiple cells in series in order to provide the desired voltage level [15]. These applications may employ hundreds of Lithium battery cells for modules, connecting them in series or in parallel to apply to high voltage and high capacity systems. The capacity of the battery is gradually reduced due to erosion, passivation, outgassing, temperature, decomposition of materials and changes on the electrode surface during its operation [16,17].



In lithium-based batteries, voltage differences exist between cells caused by the charging and discharging process. These unpreventable voltage differences are due to the chemical and electrical characteristics, such as asymmetrical degradation with aging, production tolerance, and internal impedance [14,18], and will reduce the life cycle and utilization rate of the battery [19,20]. The voltage imbalance is the main aspect that degenerates the proficiency and validity of the battery pack due to the reduction in the usable capacity and the explosion hazard because of overcharging. In addition, these imbalances result in a diminution in the charge storage potential and the life time of the battery pack.



Therefore, in order to overcome the problem of imbalances, a battery management system is introduced to monitor battery modules, and it provides early warning protection; thus, it increases the life cycle and available capacity of the battery. Moreover, it detects battery voltage, battery charge, battery temperature, and discharge current and has over-voltage protection, under-voltage protection, over-current protection, over-temperature protection, and short-circuit protection.



Many battery equalizers have been proposed during the last few years [10,11,15,19,21,22,23]. These techniques are mainly divided into two major categories: active balancing and passive balancing. A passive balancing technique uses resistors that shunt the charging current around each cell as they become fully charged. The objective is to remove excess energy from the higher voltage cells by bypassing the current of this cell, until it is the same level as low voltage cells. On the other hand, an active cell balancing employs an active charge shunting element to remove energy from one cell to another cell. It equalizes the voltage of the battery cells by transferring charge from the higher cells to the lower cells. They are divided into some categories such as inductor balancing, Switched Capacitor Converter balancing (SCC), Resonant Switched Capacitor Converter balancing (RSCC), flyback or forward balancing, and single/multi-winding transformer balancing.



The resistor balancing technique is a passive method and can be divided into two categories: fixed shunt resistor and switched shunt resistor. The first method uses a continuous path, by passing the current for all cells. The advantages is simplicity, but the disadvantage is more losses [24,25]. The second method uses switches to control shunting resistors. This method removes energy form high cells in a controlled manner. When unbalancing occurs, it decides which resistor should be shunted. The disadvantages of this method are the requirement for a large power dissipating resistor and high current switches [26,27].



The capacitor balancing technique is an active balancing technique and employs an active charge shunting element to remove energy from one cell to another cell. It mainly can be divided into three categories: single switched capacitor, switched capacitor, and double-tiered switched capacitor. The switched capacitor has two conditions, charging and discharging operation. A group of capacitors is used to shift charge among batteries. The switched capacitor type has a simple control because it has two states that can be applied in both recharging and discharging operation [28,29]. The disadvantage is long equalization time. A single switched capacitor requires one capacitor to equalize cells [25,26]. The third type uses two capacitors for energy transferring. The advantage is that the extra capacitor reduces the equalizing time [23,30]. However, resonant switched capacitor balancing improves the balancing time [11].



The transformer balancing technique is an active method to transfer energy from a cell to another cell, and it has a magnetic core with one primary and multiple secondary windings for each cell. The advantages of the transformer balancing method are fast balancing time and being easy to control because it decreases the number of voltage sensors and facilitates the control strategy. Furthermore, straight energy transfer is possible between non-neighbor cells [31,32,33]. However, because of the non-uniform turn-ratio of secondary winding leakage inductance, the voltages of the secondary windings are not equal.



The inductor balancing technique transfers energy from one cell to other cells by using inductors. It has a fast equalization time and low cost as compared with capacitor balancing [10,34]; however, the main disadvantage of the conventional method is the long balancing time, because the energy transfer from the first cell to the last cell is long [35].



The forward balancing technique has a fast balancing time and is easy to control. It has one magnetic core with one primary winding, and based on the desired application, it can have multiple secondaries [36,37,38]. When the switch is on, the energy is transferred to the secondaries, unlike the flyback balancing, which is designed to store energy for a fraction of time in the switching period, and after being switched off, the energy will be transferred to the secondaries. The core of the flyback has an air gap to store energy. In the forward balancing type, the core of the transformer could be saturated, if there is no supplement circuit. Therefore, the energy stored in the transformer should be reset in order to avoid transformer saturation. It can be implemented by an extra reset winding, RCDsnubber circuit, or a two-switch forward type [39,40]. An extra demagnetizing winding results in more complexity. Similarly, an RCD circuit has a low efficiency, because the magnetic energy will be dissipated through a resistor. The two-switch type also requires more switches and provides more losses.



In this paper, a non-dissipative Zero Voltage Switch (ZVS) is used for the forward converter with a single transistor design. The paper is focused on the minimum and maximum voltage equalizing, which can be easily done using dissipative techniques. The circuit requires only one MOSFET as a switch and one capacitor in order to reset the transformer and has no extra demagnetizing winding. The conventional forward converter circuit has two diodes and one inductor at the output. In addition, to overcome the problem of the non-uniform voltage of the secondaries, in the proposed topology, the transformer secondary windings are made by using hairpin winding, on a ring core. The secondary windings are made by two zero-Ohm resistors in series for each secondary winding. The battery packs consist of four packs, and each pack includes eight cells in series. The forward converters equalize each individual pack, and the buck converter equalizes whole packs because all forward converters are fed by the buck converter from the battery packs. In the proposed forward converter, in the output, a diode and no inductor are used for each cell.




2. The Conventional Forward Balancing Circuit


The conventional forward balancing circuit has a fast balancing time, a simpler structure, and high efficiency as compared to a multi-winding transformer. It has one magnetic core with one primary winding and multiple secondaries. The forward converter can be controlled with one switch; thus, the number of components is decreased. They are mainly used for low voltage and high current applications [36,37,38].



Even though the forward converter has magnificent features, the main disadvantage is that the core of the transformer could be saturated, if there is not an accessory circuit. The energy stored in the magnetizing inductor should be reset in order to avoid transformer saturation when the switch is off [41].



A supplement circuit can be implemented by either an extra reset winding (lossless), RCD snubber circuit (loss-reset) [39,40], or a two-switch forward type. An additional demagnetizing winding results in a bulky size and more complexity. Comparably, an RCD circuit has a low efficiency, due to the magnetic energy being dissipated through a resistor. In Figure 1a,b, the schematic of a forward converter with an extra reset winding and a forward converter with an RCD circuit is presented, respectively.



The extra reset winding circuit is a lossless circuit. When the switch is on, the energy is transferred to the secondaries. The reset winding diode is reverse biased. When the switch is off, the negative voltage will be induced in the reset winding; thus, the core will be reset through the diode, which is forward biased.



The RCD circuit consists of a reset resistor, capacitor, and diode. When the switch is turned on, the higher cell will be discharged because of the increase in the current, but the lower cells start to charge. The voltage of the reset capacitor and resistor decreases, because the capacitor voltage will be discharged through the resistor; therefore, the efficiency of this circuit is low.



Similarly, two-switch forward converter types require one more switch and two extra diodes, resulting in more components. In Figure 2, the schematic of a two-switch forward is shown. When the switches Q1 and Q2 are turned on, the energy will be induced to the primary, and this energy will be transferred to the secondaries. In the next mode, when the switches are turned off, the voltage polarity of the primary and secondary will be reversed; therefore, the diodes D1 and D2 will be forward biased and will reset the transformer core. Therefore, the magnetizing energy is recovered.



In order to investigate the difference between a conventional forward converter and the proposed forward converter with ZVS, the simulation results of the two-switch forward converter are presented.



The switching frequency was 50 kHz. The battery cells were modeled with the capacitors in series with the value of 0.5 F. The cell voltages were chosen from 3.1 V–3.6 V to present voltage differences. The switch was a MOSFET with a body diode, and it was controlled with PWM generated by a pulse generator. The transformer was a multi-winding transformer with one primary and eight secondaries. In Figure 3a, the cell voltages after balancing are presented. The transformer primary and secondary voltages are presented in Figure 3b. The primary current is shown in Figure 3c. The MOSFET and diode voltages are shown in Figure 3d.




3. The Proposed Forward Converter Circuit


In this section, the proposed forward balancing topology for lithium-based batteries will be given. The schematic of the forward circuit is presented in Figure 4. It consisted of eight cell in a series for a battery pack. The forward converter balancing method poses a fast balancing time, a simpler structure, and higher efficiency. The conventional forward balancing methods require an extra reset winding or RCD circuit in order to demagnetize the primary winding. The objective of the reset winding is to avoid the core of the transformer being saturated. Thus, more primary winding results in more circuitry and bulky size.



In the proposed circuit, a capacitor was implemented in parallel with the switch in order to demagnetize the transformer. The nominal voltage of each cell was 3.3 V, and the whole battery pack consisted of eight cells. Therefore, the whole battery voltage was 26.4 V. The voltage drop across each Schottky diode was considered as 0.3 V.



The operational principle can be divided into two stages.



In Stage 1, when the switch is turned on, the voltage will be transferred to the secondaries through the diodes. The primary and secondary voltage can be expressed as:


VPrimary=VBuck(output),Vsecondary=VBuck(output)×NsNp



(1)




where N is the turn ratio Ns/Np, which can be calculated as:


Vcell(1−8)=N×VBuck(output)−Vdiode



(2)






N=Vcells(1−8)+VdiodeVBuck(output)=0.09



(3)




For the forward converter, energy is transferred from the source to the load while the switch is closed. Therefore, magnetizing inductance Lm was not a parameter included in the input-output relationship, and it was considered to be large.



In Stage 2, when the switch is turned off, the diode will be reverse biased; therefore, the energy cannot be transferred to the secondaries. The primary and secondary voltage can be written as:


VPrimary=−VBuck(output),Vsecondary=−VBuck(output)×N



(4)




The voltage through the magnetizing inductance Lm is VBuck(output); therefore, the average current through Lm can be written as:


ΔiLm=VBuck(output)×D×TLm



(5)




It can be noted in Equation (5) that the current is increasing linearly in Lm when the switch is closed. The switch current can be expressed as:


i(switch)=i1+iLm



(6)




The transformer was a ferrite ring core (dimensions of R25 × 14.8 × 10) with one primary and eight secondaries. In order to avoid non-uniform voltages of the secondaries, the proposed transformer topology used hairpin winding, which was made with zero-Ohm resistors as secondaries to allow an automated inspection and to keep distance in order to avoid short-circuit.



Each two hairpins (resistors in series) formed one secondary, which were connected in series on a PCB. In total, 16 resistors were used in order to implement eight secondaries, as shown in Figure 5. A magnetizing inductance of the transformer with the value of 1 mH was measured with an LCRmeter.



The desired voltage at the output was 3.6 V, which is a 3.3-V nominal voltage of the battery plus 0.3 V the the diode voltage drop (Schottky diode), and the primary voltage was 40 V delivered from the buck converter. The secondary winding had two turns; therefore, the primary turn can be calculated as:


N1N2=V1V2=22turns



(7)








4. The Buck Converter


In order to equalize the battery packs, a buck converter was added to the circuit to balance the whole system. Each battery pack will be equalized by a separate forward converter and then the whole pack using a buck converter. The schematic of the buck converter and forward converters is presented in Figure 6. The duty cycle of the buck converter can be expressed as:


D=V(BatteryPacks1−4)V(Wholebatterypack)=37.87%



(8)




The inductor voltage can be calculated as:


VL=V(Wholebatterypack)−V(BatteryPacks1−4)



(9)






VL=105.6−40=65.6V



(10)




by choosing ΔiL, at 1% of the output current, which is 1 A. The inductance value can be calculated as:


Δt=Df=7.57μs



(11)






L=VLΔiL×Δt=4.96mH



(12)




The output capacitor for the buck with 1% of the full voltage ripple can be estimated as:


C=ΔiL×T8×ΔV=62.5μF



(13)







The buck converter switch was an N-channel MOSFET controlled by PWM with a frequency of 45 kHz and a duty cycle of 37.87%. The inductor was made by EE Ferrite Core Transformers with an air gap with a value of 4.96 mH. The input voltage was the voltage of the whole battery pack, which was 105.6 V, and the output voltage of 40 V.




5. Simulation Results


In this section, the simulation results are give to verify the viability of the proposed topology. The battery cells were modeled with the capacitors in series with the value of 0.5 F with different initial voltages, in order to model the cells. The cell voltages were chosen form 3.1 V–3.6 V to present significant voltage differences. The switch was a MOSFET with a body diode, and it was controlled with PWM generated by a pulse generator.



The switching frequency was chosen to be 50 kHz, with a 50% duty cycle. The diodes were considered to be ideal diodes. The transformer was a multi-winding transformer with one primary and eight secondaries.



The forward converter balancing had a fast balancing time and a simpler structure; however, the main disadvantage was that, the core of the transformer can be saturated without an accessory circuit.



A supplement circuit can be implemented by either an extra reset winding or RCD clamp circuit. The idea of additional demagnetizing winding results in a bulky size and a more complex implementation. Correspondingly, the RCD circuit has low efficiency, due to the fact that the magnetic energy will be dissipated through a resistor. Thus, the proposed forward converter employed neither an extra reset winding, nor an RCD snubber circuit.



The proposed topology applied the Zero Voltage Switching (ZVS) topology, which required a capacitor in parallel with the switch in order to demagnetize the transformer.



The gate to source voltage of the MOSFETs for the forward and buck converter is presented in Figure 7a,b, respectively. The forward had a duty cycle of 50%, and the transformer primary voltage was 40 V, while secondary was 3.6 V.



The buck had a duty cycle of 36.63% in order to deliver 40 V for the forward converters. The buck should feed four forward converters, which were connected to the battery cells. Each pack consisted of eight cells. The number of packs can be extended for the desired application.



In Figure 8a, the cell voltages of the circuit with imbalances are presented. As can be seen, the voltage imbalances were chosen from 3.1 V–3.6 V, in order to verify the balancing time. The figure shows that all cells were equalized around 0.025 s (with 0.5 F). The primary and secondary voltages of the transformer in the steady state are shown in Figure 8b. The figure presents that the ZVS was achieved.



The primary current waveform in the steady state is presented in Figure 8c. The switch voltage in the steady state is shown in Figure 8d. The drain to source voltage rating of the MOSFET should be at least two-times higher than the primary voltage.



To equalize the whole battery pack, a buck converter was designed. The buck converter will receive its input voltage from the battery pack, which was 105.6 V when all packs were fully charged. The output of the buck feed each forward converter to equalize every pack at the same time. In Figure 9, the battery pack (1–4) output voltages after balancing are shown. Each pack had different voltage imbalances.




6. Experimental Results


In this section, the experimental results of the proposed forward-buck converter are presented. The forward converter was implemented with a ferrite ring core transformer with 22 primary winding turns and two turns for the secondaries. The secondary windings were made in such way that they had the same output voltages. To avoid non-uniform output voltage, the secondary windings were made with two hairpins made by two zero-Ohm resistors in series for each winding.



The resistors were soldered on the PCB and were connected at the bottom layer of the PCB, which would result in less leakage inductance and easy insertion in manufacturing. A magnetizing inductance of 1.06 mH was obtained. The secondary output voltages are presented in Table 1. As can be seen in the table, the output voltages were almost the same.



The switch for the forward converter was a Surface-Mount Device (SMD) N-channel MOSFET with body diode. An N-channel MOSFET was chosen, in order to have less RDS(on), and it was controlled by a microcontroller with a frequency of 45 kHz and a duty cycle of 45%. A capacitor was implemented in parallel with the switch to reset the transformer by the ZVS technique. With the ZVS technique, an extra reset winding would be unnecessary, resulting in less circuitry and being easy to implement. The capacitor value can be calculated as:


ω0=2πf=1LC



(14)




With the switching frequency of 46 kHz and magnetizing inductance value of 1.01 mH, the 11 nF capacitor was calculated. However, according to the parasitic capacitance of the transistor, the value of 2 nF was chosen to give the best result.



When the switch is turned on, the primary will receive the energy from buck converter, and it will be delivered to the secondaries through the SMD diodes. Unlike the conventional forward converter, which uses an extra diode and inductor as an output, this method requires only one diode and capacitor as an output, resulting in less components, which makes it more efficient. The N-channel MOSFET characteristics are shown in Table 2.



All diodes were surface-mounted on a Schottky barrier rectifier in order to have less voltage drop across it, and this would waste less power, resulting in more efficiency. The diodes can be cooled via the PCB surface by increasing the copper area for each diode. The diode characteristics are shown in Table 3.



The output capacitors were an SMD multi-layer ceramic capacitor with the value of 100 μF, a voltage rating of 6.3 V DC, and an operating temperature range of −55–85 °C. As was discussed before, the forward converters were fed by the buck converter. This operated based on the current control topology. In order to control the buck converter, an LED driver constant current control IC(HV9861A) was chosen. The controller was a fast average current controller, which was programmable with constant off-time switching.



The IC was equipped with a current limit comparator for hiccup-mode output short circuit, and also, internal over-temperature protection was provided. The internally-regulated voltage (VDD) was 7.5 V. The IC can be powered from a 15 V–450 V supply. The output current can be programmed by an internal 270-mV reference and a shunt.



The IC employed a patented control scheme, achieving fast and very accurate control of average current in the buck inductor through sensing the switching current only. Therefore, no compensation of the current-control loop was required. The timing resistor connected to the RTpin determined the off-time of the gate driver. The equation governing the off-time according to the datasheet can be expressed as:


Toff(μs)=RT(kΩ)25+0.3



(15)




The desired off-time was 20 μs, according to a maximum switching frequency of 50 kHz. Thus, a value of 492.5 kΩ for RT was obtained. Therefore, finally, the nearest value of 500 kΩ was chosen for the resistor. The inductor value can be calculated as:


L=Vo(max)×T(off)Io



(16)




The desired output current was 1.5 A DC, 3 A (peak). Therefore, the inductance value can be obtained as 270 μH. In order to calculate the capacitor value, first the charge Q need to be estimated. The total time Δt was 20 μs, and the value of Q can be expressed as:


Q=Δt×I2



(17)




Therefore, with the charge value of Q = 15 μC, the capacitor value C = 37.5 μF can be calculated according to Equation (18).


C=QΔV



(18)







The duty-ratio range of the current control feedback was limited to D ≤ 0.8. A reduction in the current may occur when the voltage Vo is greater than 80% of the input voltage. Therefore, there would be no problem, since the output voltage was 40 V. In the concept, it was taken into account that, the vehicle could operate using two packs instead of four packs, when two packs are discharged. The input voltage of the IC can vary from 15–450 VDC.



When this voltage was applied to the VINpin, it maintained a constant 7.5-V level at VDD. This voltage can also be used to power the IC and external circuitry connected to VDD. The VDD pin must be bypassed by a low ESRcapacitor to provide a low impedance path for the high frequency current of the gate driver.



The gate output was used to drive an external MOSFET. The gate charge, QG, of the switch should be less than 25 nC for the switching frequencies of ≤100 kHz. In Figure 10, the simplified schematic of the proposed buck converter is presented. The input was fed by the whole battery pack, which can vary from 105.6 V with all cells at nominal voltage to lower than this value. The sensing resistor R can determine the output current.



The schematic of the buck-forward converter with one forward converter is shown in Figure 11. The output of the buck converter will feed four forward converter in parallel, but for simplicity one of them is presented in the figure. All forward converter will be fed by a fixed 40 V voltage which is originated from the whole battery pack voltage.



If some battery cells are below the nominal voltage, the input voltage of the buck will be decreased, but the system had a fixed regulated output voltage; therefore, the input voltage to the forward converters will be a fixed voltage of 40 V.



Figure 12 shows the gate to source and drain to source of the buck-forward circuit. As can be found in the figure, the zero switching voltage was achieved. The red waveform is the gate to source voltage, while the blue is drain to source voltage. In order to measure the drain to source voltage, the oscilloscope probe ×10 was applied.



The primary and secondary voltage in the no-load condition is shown in Figure 13a,b, respectively. The oscilloscope probe ×10 and probe ×1 were applied to the primary and secondary side, respectively.



In order to verify the buck-forward circuit, the proposed circuit was tested on lithium-ion batteries with a nominal voltage of 3.3 V and 1000-mAh capacity. The cell voltages were measured with the isolated circuit to the Arduino in order to extract the data. To test the system, some conditions were considered to obtain the experimental results.



Firstly, the cell charging process without balancing circuit was tested, and the result is shown in Figure 14a. It can be noticed that the cells started with different voltage values and showed the beginning of the charging process.



In Figure 14b, the discharge process is presented. Firstly, all cells were fully charged and balanced to the nominal voltage. When the discharging was done, it can be seen that the cells were not discharged with the same voltage level, showing imbalanced cells with major voltage differences.



In order to test the balancing circuit, the cells with minor voltage differences were charged with the proposed buck-forward balancing circuit.



In Figure 14c, the charging with balancing circuit process is shown. It can be seen, during the charging/balancing process, that all cells were at the same voltage level, and they reached the nominal voltage at the end of the process with converging. Figure 14d shows the discharging process while the balancing circuit is present. It can be noticed that, at the end of the discharging, the cells were almost at the same value.



To verify the speed of the balancing circuit, the cells with major voltage differences were tested. The cell voltages were chosen from 2.74 V for the lower cell to 3.27 V for the higher one to have sufficient voltage differences. As can be seen in Figure 14e, all cells were fully charged and balanced at the same values with the balancing circuit.



Figure 14f shows the discharging and charging process at the same time. Firstly, all the cells were discharged with the balancing circuit, and then, they were charged again with the balancing circuit. As can found in the figure, during discharging and charging, all cells were converging at the beginning.



The efficiency of the buck-forward combination was calculated as an additional work, and the result is shown in Figure 15. In order to estimate the efficiency of the system, the circuit was tested with different loads. The output current varied from 0.11 A–0.92 A to achieve the result.



It has been found that the higher efficiency of 83.84% can be obtained with a 0.92-A output current for the buck-forward converter circuit.



The practical implementation of the whole battery balancing system and PCB prototype of the forward converter are presented in Figure 16a,b, respectively. As can be seen in Figure 16a, the buck converter was fed from whole battery packs, which was 105.6 V if all cells were at the nominal voltage and lower than this value for the imbalanced cells.



The proposed buck converter can operate from 80 V–150 V input voltage and delivered 40-V regulated output. In the next stage, the forward converters that were connected to each battery pack will be fed by the buck converter.




7. Conclusions


In this paper, a special multiple output forward converter equalizing circuit is proposed. It is fed by a buck converter from lithium-based batteries in ultralight electrical vehicles. The special arrangement makes it possible to equalizing eight cells or more in series in a battery pack. It can be repeated for the other battery packs in the full battery. A common 40-V buck converter is feeding them, so it is a solution for a full battery equalization. Each battery pack consists of eight cells in series, and the whole battery bank consists of four battery packs in series. The proposed method combines a simple structure with a fast balancing time. This method applies a single-transistor ZVS technique, which also avoids a demagnetizing winding. It needs only one transistor, has lower switching losses, and does not require a demagnetizing winding. The proposed circuit equalizes each battery pack starting from a common voltage, made by a buck converter. Hence, all cells are equalized in the same way, without sophisticated or sensitive voltage measurements. The buck converter is used in current mode, with a limited voltage. The proposed forward type uses only one diode per cell and one transistor, making it cost effective. The secondaries of the proposed transformer use hairpin windings, using two zero-Ohm resistors in series as secondaries. This permits a large number of secondaries and guaranties uniform voltage by symmetry. Each of the two hairpins form one secondary, which are connected in series at the bottom of the PCB. The system can also be used to finalize charging of the batteries or equalizing the cells after a replacement of a cell or a battery set. The number of cells or battery packs can be extended to the desired numbers. Experimental and simulation results were performed to testify the feasibility of the system.
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Figure 1. (a) Schematic of the forward converter circuit with reset winding; (b) schematic of the RCDforward converter circuit. 
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Figure 2. Schematic of a two-switch forward converter circuit. 
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Figure 3. (a) Cell voltages vs. time of the circuit; (b) primary/secondary voltages vs. time; (c) primary current vs. time of the circuit in the steady state; (d) MOSFET and diode voltages vs. time in the steady state. 
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Figure 4. Schematic of the proposed forward converter balancing circuit for eight lithium-based battery cells. 
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Figure 5. Schematic of the core with the primary and one secondary. 
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Figure 6. Schematic of the buck converter and forward converters. 
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Figure 7. (a) Gate to source voltage of the forward converter; (b) gate to source voltage of the buck converter. 
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Figure 8. (a) Cell voltages vs. time of the circuit; (b) primary and secondary voltages vs. time; (c) primary current vs. time of the circuit in the steady state; (d) switch voltage vs. time of the circuit in cells in the steady state. 
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Figure 9. Battery packs’ (1–4) equalized voltages (with 0.5 F/cell). 
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Figure 10. Schematic of the buck converter. 
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Figure 11. Schematic of the buck-forward converter. 
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Figure 12. Gate to source and drain to source voltages of the forward converter MOSFET Q1. 
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Figure 13. (a) Primary voltage waveform of the forward converter circuit; (b) secondary voltage waveform of the forward converter. 
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Figure 14. (a) Cell charging voltages vs.time without the balancing circuit; (b) cell discharging voltages vs. time without the balancing circuit; (c) cell charging voltages vs. time with the proposed balancing circuit; (d) cell discharging voltages vs. time with the proposed balancing circuit; (e) cell charging voltages vs. time with the proposed balancing circuit with significant voltage differences; (f) cell discharging and charging voltages vs. time with the proposed balancing circuit. 
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Figure 15. The efficiency of the forward-buck combination. 
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Figure 16. (a) Practical implementation of the forward-buck converter; (b) PCB prototype of the forward converter. 
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Table 1. Secondary voltages at no-load.
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	Secondaries
	Values





	S1
	3.611 V



	S2
	3.611 V



	S3
	3.612 V



	S4
	3.612 V



	S5
	3.611 V



	S6
	3.612 V



	S7
	3.611 V



	S8
	3.612 V
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Table 2. MOSFET characteristics.
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	Parameters
	Values





	VDD
	200 V



	RDS(on)
	64 mΩ



	ID
	24 A



	VGS
	±20



	VGS(th)
	3 V (min)



	Qg
	25 nC (typ)



	tr
	22.4 ns



	tf
	14.8 ns
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Table 3. Schottky diode characteristics.






Table 3. Schottky diode characteristics.





	Parameters
	Values





	IF(AV)
	4 A



	VRRM
	20 V



	IFSM
	150 A



	VF
	0.3 V



	Tjmax
	150 °C











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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