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Abstract:



Due to its fast charge and discharge rate, a supercapacitor-based energy storage system is especially suitable for power smoothing in renewable energy generation applications. Voltage equalization is essential for series-connected supercapacitors in an energy storage system, because it supports the system’s sustainability and maximizes the available cell energy. In this paper, we present a high-efficiency voltage equalization scheme for supercapacitor energy storage systems in renewable generation applications. We propose an improved isolated converter topology that uses a multi-winding transformer. An improved push-pull forward circuit is applied on the primary side of the transformer. A coupling inductor is added on the primary side to allow the switches to operate under the zero-voltage switching (ZVS) condition, which reduces switching losses. The diodes in the rectifier are replaced with metal-oxide-semiconductor field-effect transistors (MOSFETs) to reduce the power dissipation of the secondary side. In order to simplify the control, we designed a controllable rectifying circuit to achieve synchronous rectifying on the secondary side of the transformer. The experimental results verified the effectiveness of the proposed design.
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1. Introduction


In recent years, a growing interest has been seen in renewable generation systems; the most common renewable energy sources are solar and wind energy [1]. The naturally intermittent properties of wind speed and sunlight cause power fluctuations in wind turbines and photovoltaic systems, so it is difficult to store the renewable energy for future use [2]. Thus, an energy storage system (ESS) is needed in renewable generation systems to manage the power flow [3].



Conventionally, there are two popular ESSs for renewable generation systems: batteries and supercapacitors [4,5]. Batteries feature location flexibility and scalable capacity, which make them a suitable ESS technology for integration with renewable generation systems [6,7]. A major drawback of batteries is their slow dynamics. Because the power output is heavily weather dependent and changes rapidly, the battery lifetime and state-of-charge (SOC) are greatly degraded [8]. A promising new ESS technology is to use supercapacitors, which have excellent characteristics, such as a large power density, fast charge/discharge rate, high efficiency and a long cycle life [9,10,11].



Because of the relatively low voltage and capacity of a supercapacitor cell, hundreds of supercapacitors are typically connected in series to satisfy the large voltage and power requirements of renewable generation applications. When multiple supercapacitors are connected in series, the cell imbalance is a serious problem [12,13]. The cell imbalance of supercapacitors is typically caused by manufacturing and environmental factors [14,15,16]. In an unbalanced supercapacitor ESS, cells with a small capacity may be overcharged or over-discharged during operation, which is harmful to the system [17,18]. In order to ensure the safety of the ESS while improving its efficiency, the voltage needs to be actively equalized [19].



There are many papers [20,21,22,23,24] concerned about the renewable energy storage system. Figure 1 shows the typical structure of the supercapacitor ESS in a renewable generation system.


Figure 1. The structure of the supercapacitor energy storage system (ESS) in renewable generation systems.
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In [20], the authors presented an original control algorithm for a hybrid energy system with a renewable energy source. A supercapacitor module functioned by supplying energy to regulate the DC-bus energy, and the fuel cell supplied energy to the supercapacitor module in order to keep it charged. The literature [21] presented a power smoothing strategy based on a supercapacitor for power conditioning of distributed renewable generation. The power smoothing controller generated the power reference for the DC/DC converter, which has a power tracking control implemented with sliding-mode techniques. In [22], the authors presented a method of improving battery lifetime in a small-scale remote-area wind-power system by the use of a battery/supercapacitor hybrid energy storage system. The supervisory control algorithm and hardware implementation were described, and the projected long-term benefits of the proposed system were assessed by simulation. In [23], a hybrid control strategy was designed and analyzed for a hybrid energy storage system (HESS). In the proposed method, batteries were used to balance the slow changing power surges, whereas supercapacitors (SC) were used to balance the fast changing power surges. In [24], the authors considered a renewable energy hybrid power plant, fed by photovoltaic (PV) and fuel cell (FC) sources with a supercapacitor (SC) storage device. They designed an intelligent fuzzy logic controller based on the flatness property for DC grid voltage regulation, and the authors proposed a simple solution to the fast response and stabilization problems in the power system.



These studies investigated different aspects of the supercapacitor energy storage system in renewable generation applications. However, they did not consider the voltage equalization of supercapacitors in the application. In fact, the voltage equalization is an important topic in supercapacitor applications.



In renewable energy applications, supercapacitors are typically divided into several modules, where each module consists of several cells connected in series [25]. The equalizer can be divided into two stages: controlling the voltage balance within the module and balancing the voltages among modules. The first-stage and second-stage equalizers can be designed to share the same circuit topology. This modular design method can reduce the complexity and voltage stress of equalizers. Moreover, a modular supercapacitor ESS is scalable and easy to maintain [26].



In renewable generation applications, supercapacitors are usually used to deal with the quick power fluctuations [27]. Thus, the ESS is charged and discharges very rapidly [21], which places severe demands on the voltage equalizer. The system needs to supply a large equalization current to equalize the voltage in a short amount of time. Moreover, with the increased equalization current, the equalization circuit needs to be at a high level of efficiency. Hence, both the equalization rate and equalization efficiency should be considered in the design.



Generally, existing voltage equalization schemes can be divided into two categories, i.e., the passive scheme and the active scheme. In the passive scheme, a resistor is connected in parallel with a supercapacitor cell to absorb the extra energy [28]. The implementation of the passive scheme is simple and inexpensive, with lower efficiency due to the involvement of lossy resistors. The passive voltage balancing schemes are usually used for low power applications.



In the active scheme, the energy is transferred among supercapacitor cells with the help of power converters. As compared to the passive circuit-based approaches, higher efficiency can be achieved in the active voltage balancing circuits, since less loss is generated by the voltage balancing circuits. There are two types of energy transfer modes, which are cell to cell mode [29] and stack to cell mode [30,31] in an active cell balancing circuit.



The stack-to-cell mode is more suitable for the supercapacitor energy storage system in renewable generation applications, as a higher equalization current can be provided. An equalizer based on an isolation voltage converter is a common equalization scheme [30,31]. However, the use of a diode rectifier circuit will generate very large energy losses in the condition of high equalization current. Therefore, they are not suited for renewable generation applications.



In this paper, we present the design of a rapid and efficient supercapacitor voltage equalization scheme for renewable energy applications. We propose an improved isolated converter topology that uses a multi-winding transformer. This topology can transfer the energy from the supercapacitor stack to weak cells in order to produce a higher equalization current and rapidly equalize the voltage of supercapacitors to satisfy the application requirements. An improved push-pull forward circuit is applied on the primary side of a transformer. A clamping capacitor is added to reduce the peaking voltage and to improve the equalization current, which eventually improve the voltage equalization rate. In order to improve the efficiency of the equalizer, a coupling inductor is added on the primary side to allow the switches to operate under the zero-voltage switching (ZVS) condition, thereby reducing switching losses. Diodes in the rectifier are replaced with metal-oxide-semiconductor field-effect transistors (MOSFETs) to reduce the power dissipation of the secondary side; this significantly improves the rectifier efficiency. In order to simplify the control, we designed a controllable rectifying circuit to achieve synchronous rectifying of the secondary side of the transformer. A prototype was built to verify the equalization performance.



The contribution of this paper is two-fold. Firstly, an improved voltage equalization circuit is designed by considering the intermittent and volatility characteristics of renewable energy systems. The proposed equalization circuit based on the ZVS push-pull forward and zero current detection (ZCD) rectifying circuit can supply a large equalization current, which can achieve the rapid voltage equalization of supercapacitors. Secondly, the previous equalization schemes suffer a large power loss in rectifying diodes with heavy current. We propose a controllable rectifying circuit with MOSFETs to reduce the power dissipation of the secondary side. A coupling inductor is added on the primary side, which allows the switches to operate under the zero-voltage switching (ZVS) condition to reduce switching losses. All improvements are helpful to improve the energy transfer efficiency.



The rest of this paper is organized as follows. Section 2 introduces the principle and control strategy. Section 3 gives the scheme and experiments of the equalizer. We conclude the paper in Section 4.




2. Voltage Equalizer Design


2.1. Schematic


Figure 2 shows the proposed voltage equalizer circuit, where [image: there is no content] is n series supercapacitors in a stack and [image: there is no content] is the terminal current. When supercapacitors are being charged by renewable sources, [image: there is no content] is positive; when supercapacitors are discharging, [image: there is no content] is negative.


Figure 2. The proposed voltage equalization circuit schematic.
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An improved push-pull forward topology with clamping capacitors is used on the primary side of the transformer. The input voltage of the converter is used as the voltage of the supercapacitor stack. The improved push-pull forward topology adds a clamping capacitor to the traditional push-pull converter. This clamping capacitor can absorb the energy of the leakage inductance and feedback to the input, so the peak voltage can be constrained when the main switches [image: there is no content], [image: there is no content] turn off and the switch requirement is lowered. Applying clamping capacitors couples the two windings of the primary side. When the equalizer is working, the two windings of the primary side transmit energy to the secondary side at the same time. In other words, two forward converters transmit energy to the secondary side in parallel to increase the output current of the equalization circuit. By adding the coupling inductances [image: there is no content] and [image: there is no content] to the primary side, the switches of the primary side are turned on under the ZVS condition, which decreases the switching loss.



The secondary side of the transformer consists of n identical controllable synchronous rectifiers. The output side of each rectifier is connected with a supercapacitor cell. The rectifier uses MOSFETs with low internal resistance to replace the ordinary rectifier diodes. This increases the equalization current and decreases the loss of the rectifier.



For the sake of simplicity, the following assumptions were made.



(1) There are n supercapacitor cells in a stack, where the cell capacitance is [image: there is no content] and the cell voltage is [image: there is no content]. The stack voltage [image: there is no content] is constant within a single switching period.



(2) The turn ratio of the multi-winding transformer is [image: there is no content]. The multi-winding transformer has two primary windings, where [image: there is no content], and n secondary windings, where [image: there is no content]. The magnetizing inductance and leakage inductance of the transformer are ignored.



(3) The coupled inductors comprise [image: there is no content] and [image: there is no content]. The equivalent inductance of coupled inductors is [image: there is no content], where L is the self-inductance of the inductors and M is the mutual inductance between [image: there is no content] and [image: there is no content]. The equivalent inductances of [image: there is no content] and [image: there is no content] are equal, where [image: there is no content].



(4) The voltage of the clamp capacitor [image: there is no content] is equal to the stack voltage [image: there is no content] in the steady state.



(5) The switches and diodes are ideal.



Figure 3 shows key waveforms of the proposed equalization circuit in the steady state, where [image: there is no content] are the corresponding driving signals of [image: there is no content] and [image: there is no content], [image: there is no content] is the drain-source voltage of [image: there is no content], [image: there is no content] is the drain-source voltage of [image: there is no content], [image: there is no content] is the voltage across the inductor [image: there is no content], [image: there is no content] is the voltage across the inductor [image: there is no content], [image: there is no content] and [image: there is no content] are the winding currents of the transformer on the primary side and [image: there is no content] is the equalization current supplied to the supercapacitor cell.


Figure 3. Key waveforms of the proposed voltage equalization circuit.
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Suppose that the supercapacitor [image: there is no content] is the cell with the lowest voltage and that the rectification circuit connected to [image: there is no content] works first. There are six modes within one switching period. Figure 4 shows the equivalent circuit of each mode.


Figure 4. The operation modes of the equalizer circuit. (a) Mode 1: [image: there is no content]; (b) time [image: there is no content]; (c) Mode 2: [image: there is no content]; (d) Mode 3: [image: there is no content]; (e) Mode 4: [image: there is no content]; (f) time [image: there is no content]; (g) Mode 5: [image: there is no content]; (h) Mode 6: [image: there is no content].
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Mode 1 ([image: there is no content]; Figure 4a): Before [image: there is no content], the body diode of the switch [image: there is no content] is still conducting. The voltage across [image: there is no content] is nearly zero. At [image: there is no content], the switch [image: there is no content] is turned on under the zero-voltage condition. The body diode of the switch [image: there is no content] turns off. The energy stored in the leakage inductor of the winding [image: there is no content] is released to the clamping capacitor through [image: there is no content], while the energy stored in the leakage inductor of the winding [image: there is no content] is released to the supercapacitor stack. The primary current [image: there is no content] flows through the path [image: there is no content], and [image: there is no content] flows through the path [image: there is no content]. [image: there is no content] and [image: there is no content] remain on.



The corresponding currents can be calculated as follows:


[image: there is no content]



(1)







During this process, the balancing current [image: there is no content] drops to zero when [image: there is no content]. [image: there is no content] and [image: there is no content] are turned off at [image: there is no content].



Mode 2 ([image: there is no content]: Figure 4c): As shown in Figure 4b, the primary current is [image: there is no content] at time [image: there is no content]. At this point, the current through [image: there is no content] is zero. The primary windings of the transformer are connected in series with the clamping capacitor. The primary current flows through the path [image: there is no content]. It is called the circulating current [image: there is no content], where [image: there is no content].



After the time [image: there is no content], the stack voltage and clamping capacitor voltage are added to the primary windings [image: there is no content] and [image: there is no content], respectively. The current [image: there is no content] increases linearly. The current [image: there is no content] changes from negative to positive. Energy is transferred to the secondary side.



The secondary winding [image: there is no content] generates an induced voltage. The switches [image: there is no content] and [image: there is no content] turn on quickly. The equalization current of the secondary side [image: there is no content] increases and charges the supercapacitor [image: there is no content].



When the switches [image: there is no content] and [image: there is no content] turn on, the voltage of the secondary side is clamped at the voltage [image: there is no content]. Because the turn ratio of the transformer is K, the voltage of the two primary windings is [image: there is no content].



The current flowing through the primary windings is given by:


[image: there is no content]



(2)







At the time [image: there is no content], the equalization current of the secondary side [image: there is no content] reaches its maximum [image: there is no content]:


[image: there is no content]



(3)







Mode 3 ([image: there is no content]: Figure 4d): This figure shows the circuit working state in Mode 3. At the time [image: there is no content], [image: there is no content] turns off and [image: there is no content] and [image: there is no content] stay on. Then, the inductances [image: there is no content] and [image: there is no content] generate a reverse induced voltage, and [image: there is no content] turns on. The leakage energy of the coupled inductor [image: there is no content] is absorbed by the clamping capacitor. The coupled inductor [image: there is no content] also releases leakage energy to the supercapacitor stack through [image: there is no content]. Meanwhile, the current [image: there is no content] of the primary windings decreases quickly, and [image: there is no content] decreases to zero and then reverses to quickly increase. The equalization current of the secondary side [image: there is no content] decreases quickly.



During this process, the current flow though the two primary windings is given by:


[image: there is no content]



(4)







At the time [image: there is no content], the switch [image: there is no content] turns on. Modes 4–6 are similar to Modes 1–3, so their description is omitted here.




2.2. Controllable Rectifier Circuit


In order to achieve rapid equalization, the equalization current through the transformer’s secondary side becomes very large. Because diode-based rectifiers produce very high heat loss, we decided to replace the diodes with low on-resistance MOSFETs to effectively improve the rectifier efficiency.



In order to satisfy the operation requirements of a supercapacitor equalizing system, we chose MOSFET IRFS7434-7PPBF designed by IR Company. The on-resistance is about 0.7 mΩ with a maximum value of 1 mΩ. The leakage current is as much as 240 A. Figure 5 shows a schematic of the proposed rectifier.


Figure 5. The schematic of the controllable rectifier.
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Figure 6 describes the circuit architecture of the MOSFET driver. The proposed MOSFET driver features a high current gate driver along with high-speed logic circuitry to provide appropriately-timed drive signals to a MOSFET for synchronous rectification. Zero-current detection (ZCD) is applied to reduce the power loss of the parasitic diode. Once the current flowing through the MOSFET is detected, the MOSFET turns on; this efficiently avoids parasitic diode conductance.


Figure 6. The structure of the MOSFET driver.
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2.3. Voltage Equalization Control Algorithm


The proposed equalizing scheme involves transferring energy from the supercapacitor stack to cells with low voltage. Then, the voltages among supercapacitors can be equalized. A controller measures the voltages of cells and computes the maximal voltage difference among supercapacitors. If the lowest voltage is [image: there is no content] and the highest voltage is [image: there is no content], [image: there is no content] represents the voltage difference between the j-th and i-th supercapacitor cell, i.e., [image: there is no content]. When [image: there is no content] is larger than a small threshold [image: there is no content], the corresponding rectifier connected to the i-th supercapacitor cell is enabled, and an equalizing current is supplied to the i-th cell, which transfers energy from other cells to the i-th cell. At the same time, the voltages of other cells decrease because of the energy transfer.



Because the equalization current is very large, the voltage drop for the equivalent resistance of the supercapacitor is large. Then, the terminal voltage [image: there is no content] cannot accurately represent the capacitor voltage when the supercapacitor is charged with the equalization current. In order to avoid this shortcoming, we adopted a pulse equalizing method, i.e., the equalizer only works for a small duration and then stops until the current ripples disappear. The equalizer then measures the voltage of the supercapacitors again and starts the next equalization cycle.



Note that there is noise in the voltage measurements. Thus, it is difficult to ensure that all supercapacitor voltages are completely the same. When all of the supercapacitor voltage differences are within the threshold [image: there is no content], the voltages are considered to be equalized. The voltage equalization control algorithm is as follows:



	
Algorithm 1: Voltage equalization control




	
1:

	
Initialization.




	
2:

	
Measure the voltages of all supercapacitors.




	
3:

	
Find the highest voltage cell j and lowest voltage cell i.




	
4:

	
Calculated the voltage difference between ui and uj: Δuij = uj − ui.




	
5:

	
If Δuij > u*, then




	
6:

	
 Enable the i-th rectifier.




	
7:

	
 Enable the remaining rectifier for a short time.




	
8:

	
 Disable the i-th rectifier.




	
9:

	
End if.




	
10:

	
Go to step 2.




	
11:

	
End.











3. Implementation and Experimental Results


In this section, we introduce the implementation of the voltage equalizer for supercapacitors. The experiment setup is shown in Figure 7. Figure 7a shows the voltage equalizer test bench that is comprised of eight parts: a control board, a push-pull forward converter, a multi-winding transformer, eight controlled rectifiers, a current measure board, a supercapacitor stack, a discharge load and a current charger. Figure 7b shows the controlled rectifier, which is the fourth part in Figure 7a. Figure 7c shows the control board, which is the first part in Figure 7a.


Figure 7. The experiment setup. (a) Voltage equalizer test bench; (b) controlled rectifier; (c) control board.
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As shown in Figure 7a, the hardware components of the proposed equalizer were divided into five parts: control board, push-pull forward converter, multi-winding transformer, controlled rectifiers and current measure board. The control board measured the terminal voltage of each supercapacitor cell and regulated the equalization circuit based on these measurements. The current measure board was used to measure and record the equalization current. The supercapacitor stack was connected with the equalizer and could be charged by the current charger and discharged through the discharge load, which was used to imitate the charging and discharging process of renewable energy storage systems. In what follows, we will introduce these components in detail.



Supercapacitor stack: The supercapacitor stack consisted of eight series supercapacitors. Each supercapacitor had a rated voltage of 2.7 V and a rated capacity of 3000 F.



Push-pull forward converter: The push-pull forward converter was the main power circuit of the voltage equalizer. The input of the push-pull forward converter was connected to the supercapacitor stack. The output of the push-pull forward converter was connected to a multi-winding transformer. During the equalization process, energy was transferred along the following path: stack → push-pull forward converter → transformer → rectifier → supercapacitor cell. In the experiment, the duty cycles of switches [image: there is no content] and [image: there is no content] were 0.5, i.e., the two switches were turned on alternately.



Multi-winding transformer: The multi-winding transformer was mainly used for the energy transfer and used to maintain electrical isolation among rectifiers. The multi-winding transformer had two primary windings and eight secondary windings. The primary winding was connected to the push-pull forward converter. Each secondary winding was connected to a rectifier circuit. A toroidal core was used to simplify the transformer outgoing line design.



Controlled rectifier: As shown in Figure 7b, controlled rectifiers were used to convert the alternating current to a direct current. There were eight controlled rectifiers in the voltage equalizer. Each rectifier connected one secondary winding of the transformer and one supercapacitor cell. The rectifier circuit could reach dozens of amperes and even hundreds of amperes. In order to ensure a good cooling effect and increase system reliability, the rectifier circuit was formed on the base of a double-sided aluminum substrate.



The MOSFET driver was used to control the switching on or switching off of MOSFETs of the rectifier. The control port of the control board was connected to the control port of the rectifier. The control board could enable or disable the rectifier with a control signal through the control ports. The control board determined if the rectifier needed to be enabled. When the rectifier was enabled, the energy flowed into the corresponding supercapacitor.



Control board: As shown in Figure 7c, the control board was the core of the voltage equalizer. The control board was used to measure all supercapacitor voltages and to control the rectifiers. The control board consisted of a voltage measurement module, controller, communication module, CAN module and control port. The voltage measurement module used a high-precision voltage sampling chip to measure all supercapacitor voltages. A LPC1768 microcontroller was used as the controller to run the algorithm. The communication module was used to communicate with the computer. All supercapacitor voltage data were transmitted to the PC. The CAN module was mainly used for inter-module communication and data exchange between primary and secondary equalizers. In the experiment, the CAN module worked as the communication interface between the control board and current measure board. The control ports were connected to the rectifier boards. The control board determined which rectifier needed to be enabled based on the result of the control algorithm.



Current measure board: The current measure board was used to measure the equalization currents. There is a current sensor between each rectifier and the corresponding supercapacitor cell. The current measure board transmitted the sensor data to the control board through CAN module.



Current charger: The current charger was used to charge the supercapacitors. The charging process of supercapacitors with renewable energy sources, such as solar and wind energy, can be simulated by controlling the output current of the charger.



Discharge load: The discharge load was the load of the supercapacitors and was used to emulate the discharge process of supercapacitors. The discharge load was a 1.6 Ω resistor connected with the supercapacitor stack in parallel. The supercapacitor stack could discharge through the resistor load, which could emulate the discharging process.



Figure 8 shows the switching transitions of switches [image: there is no content], [image: there is no content] and [image: there is no content] when the controller enabled the first rectifier. [image: there is no content] is the gate-source voltage of switch [image: there is no content], and [image: there is no content] and [image: there is no content] are the gate-source voltages of switches [image: there is no content] and [image: there is no content]. When [image: there is no content] was on ([image: there is no content] was 15 V), the rectifier ensured that [image: there is no content] ([image: there is no content]) was on and [image: there is no content] ([image: there is no content]) was off. Otherwise, when [image: there is no content] was on, i.e., [image: there is no content] was off, [image: there is no content] ([image: there is no content]) was on and [image: there is no content] ([image: there is no content]) was off. Figure 8 shows the whole process.


Figure 8. Switching transitions of switches [image: there is no content], [image: there is no content] and [image: there is no content].



[image: Sustainability 08 00548 g008 1024]






Figure 9 shows the secondary side current of the transformer. [image: there is no content] is the gate-source voltage of switch [image: there is no content]. [image: there is no content] is the measured secondary side current of the transformer. Because [image: there is no content] and [image: there is no content] were turned on alternately, the durations of Mode 3 ([image: there is no content]-[image: there is no content]) and Mode 6 ([image: there is no content]-[image: there is no content]) were approximately zero. Based on the theoretical analysis in Section 2, when [image: there is no content] was off and [image: there is no content] was on, the leakage current of the primary side was fed back to the supercapacitor stack and clamping capacitor. The secondary side current rapidly decreased to zero. From [image: there is no content], the supercapacitor stack and clamping capacitor supplied energy to the secondary side, and the secondary side current increased. [image: there is no content] was off, and [image: there is no content] was on at [image: there is no content]; the secondary side current rapidly decreased to zero and then increased. Thus, the experimental results conformed well to the theoretical analysis.


Figure 9. The current through secondary side of the transformer in equalization.
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Figure 10 shows the equalization current from the equalization circuit to the supercapacitor cell during the equalization process. [image: there is no content] is the gate-source voltage of the switch [image: there is no content]. [image: there is no content] is the measured equalization current. The average equalization current was 60 A, which satisfies the requirements of renewable energy applications.


Figure 10. The equalization current supplied to the supercapacitor cell in the equalization process.
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The performance of the proposed voltage equalizer is evaluated under three different operating conditions.



	
Case I. All supercapacitor cells have different initial voltage values and are charged with a 10-A constant current source.



	
Case II. All supercapacitor cells have different initial voltage values and discharge through connecting a 1.6 Ω resistor in parallel.



	
Case III. All cells have different initial voltage values without charging and discharging.






The initial voltage of supercapacitor cells in different operating conditions is shown in the Table 1.



Table 1. The initial voltage of supercapacitor cells.







	
The Voltage of Cells

	
Case I

	
Case II

	
Case III






	
[image: there is no content]

	
1.693 V

	
1.749 V

	
1.814 V




	
[image: there is no content]

	
1.677 V

	
1.762 V

	
1.810 V




	
[image: there is no content]

	
1.682 V

	
1.761 V

	
1.820 V




	
[image: there is no content]

	
1.602 V

	
1.698 V

	
1.658 V




	
[image: there is no content]

	
1.702 V

	
1.766 V

	
1.833 V




	
[image: there is no content]

	
1.672 V

	
1.783 V

	
1.815 V




	
[image: there is no content]

	
1.673 V

	
1.742 V

	
1.767 V




	
[image: there is no content]

	
1.517 V

	
1.639 V

	
1.606 V




	
Maximum Difference

	
0.185 V

	
0.144 V

	
0.227 V










In order to emulate the supercapacitor charging process with renewable energy sources, a current charger was applied to charge the supercapacitors. The charging current was set to 10 A. Figure 11a shows the voltage curve of the supercapacitors during charging. The initial voltages of the eight cells were 1.693, 1.677, 1.682, 1.602, 1.702, 1.672, 1.673 and 1.517 V. The maximum initial voltage difference was 185 mV. Because [image: there is no content] had the lowest voltage, the control board enabled the corresponding rectifier, and the equalizer then supplied current to [image: there is no content]. The voltage of [image: there is no content] increased rapidly. When the voltage of [image: there is no content] was equal to [image: there is no content] (i.e., this had the second-lowest voltage), the voltages of the two supercapacitor cells increased alternately. This process repeated until the voltages of all cells were equalized. In practical applications, the measurement noise made precise equalization impossible. Thus, when the maximum voltage difference was less than 20 mV, the cells were assumed to have the same voltages. The first equalization was achieved at 28 s. During the charging process, the rates of increase in the cell voltages differed owing to the individual cell capacities. When the voltage difference was larger than 20 mV, the equalizer worked to equalize the cell voltages. When the charging process was over, the maximum voltage difference was 20 mV.


Figure 11. The voltage charging process. (a) The cell voltage profiles; (b) the equalization current profiles.



[image: Sustainability 08 00548 g011 1024]






The equivalent circuit of the supercapacitors contained an internal resistance. When the equalizer worked, the equalizing current was large, the resistor voltage was large and the terminal voltage could no longer be treated as the cell voltage. Figure 11b shows the equalization current [image: there is no content] of each cell. The equalization current of [image: there is no content] could be as high as 54 A, which resulted in an abrupt terminal voltage increase. Though the practical voltage of [image: there is no content] was the lowest, the terminal voltage of [image: there is no content] was the highest. In the experiment, a pulse equalizing scheme was applied to mitigate the internal resistance effect.



In order to emulate the discharging process of supercapacitor modules, supercapacitors were discharged with parallel resistors. Figure 12a shows the voltage curve during discharge. The initial voltage difference was 144 mV. Similar to the charging process, the voltage of the cell with the lowest voltage increased rapidly, and the voltages of the other cells decreased rapidly until equalization was achieved. Figure 12b shows the equalization current of cells during the discharging process.


Figure 12. The voltage discharging process. (a) The cell voltage profiles; (b) the equalization current profiles.
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Figure 13 presents the equalization process during steady state, i.e., there are no charging or discharging operations for supercapacitor energy storage systems. This case can happen when there are no power sources (e.g., no wind or no sunlight) and no loads of supercapacitors. The initial voltage difference was set to 227 mV. After about 40 s, all cells’ voltages reached equilibrium. The maximal voltage difference was 19 mV after equalization. Figure 13a presents the voltage curves of supercapacitor cells, and Figure 13b presents the equalization current through supercapacitor cells during equalization. From Figure 13b, it can be seen that the maximal equalization current could reach to 60 A. With the equalization process, the cell voltage increased and the equalization current decreased gradually. Because there exist differences in the equivalent inter-resistances and equivalent resistances among different supercapacitor cells and different rectifiers, the equalization currents were different. More total resistance leads to less output equalization current.


Figure 13. The voltage equalization process. (a) The cell voltage profiles; (b) the equalization current profiles.
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The efficiency of the equalization circuit could be obtained by calculating the ratio of output power and input power. For convenience, the 15-V constant voltage power supply was adapted to replace the supercapacitor stack as the input of the equalization system. At the same time, the rectifier circuit can be controlled to ensure only one supercapacitor cell participated in the voltage equalization operation during the steady state. Figure 14 presents the transfer efficiency under different equalization currents, which are obtained from a practical test.


Figure 14. The transfer efficiency under different equalization currents.
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From Figure 14, it is seen that the highest transfer efficiency of the proposed equalization scheme approaches 92%. With the increase of equalizing current, the system efficiency decreased. When the output current is 41 A, the system efficiency is 83%. The reason is that when output current increased, the energy loss of the secondary rectifier circuit was proportional to the square of the current.



As traditional rectifier diodes work with 0.7 V or a higher forward voltage drop, the conduction power loss of a single diode will reach 28 W when the equalization current is 40 A. This energy loss is unacceptable. In this paper, traditional diodes are replaced with MOSFET IRFS7434-7PPBF. The breakover resistance is about 0.7 mΩ with a maximum value of 1 mΩ. Therefore, the conduction power loss of a single MOSFET will be less than 1.6 W when the equalization current reaches 40 A. The power loss of the secondary side rectifier circuit is greatly reduced. In addition, there is a certain equivalent resistance between the rectifier circuit and each supercapacitor cell.



When the system is deployed in the experiment, the MOSFETs with low breakover resistance should be selected for secondary side rectifier circuit. Additionally, the wires between rectifier circuit and supercapacitors need to be shortened as much as possible to reduce the energy loss on output wires.




4. Conclusions


In this paper, we present a high-efficiency voltage equalization scheme for supercapacitor energy storage systems in renewable generation applications. We propose an improved isolated converter topology that uses a multiple-winding transformer. An improved push-pull forward circuit is applied on the primary side of the transformer. A clamping capacitor is added to reduce the peaking voltage and to improve the equalization current to eventually improve the voltage equalization rate. A coupling inductor is added on the primary side for ZVS and to reduce the switching loss. The diodes in the rectifier are replaced with MOSFETs to reduce the power dissipation of the secondary side. In order to accurately equalize the voltages of the supercapacitors, a simple pulse equalizing method is proposed. The experimental results verified the high efficiency of the proposed equalizing scheme.
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