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Abstract

:

A single-inductor, low-voltage, three-step self-starting boost converter is proposed for photovoltaic (PV) energy harvesting. In order to enhance energy transfer efficiency, a variable-step Perturb and Observe (P&O) Maximum Power Point Tracking (MPPT) scheme has been devised based on a novel pulse multiplication technique. Upon overcoming the speed and accuracy limitations, the maximum power point (MPP) of the PV model is accurately tracked. In the boost converter, the average inductor current is utilized to implement closed-loop control of the MPPT loop, enhancing the stability of the tracking process and enabling efficient energy transmission. Finally, the boost converter is implemented using a 0.18 μm CMOS process, which is capable of self-starting and maintaining stable operations at input voltages ranging from 90 mV to 300 mV, achieving a peak efficiency of 93%.
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1. Introduction


With the rapid development of Internet-of-Things (IoT) technology in recent years [1,2], the proliferation of wearable devices and wireless sensors [3] for preventive medicine and continuous vital sign monitoring has surged [4,5,6], marking a trend towards increased integration. Energy harvesting technology enables the conversion of various forms of energy, such as thermal [7], solar [8], and radio frequency [9], into electrical power, thereby providing a continuous and stable energy supply for these devices. Solar energy is favored due to its abundant distribution in nature, highest power density [10], and relatively stable energy, facilitating its relatively simple harvesting and integration. However, in more integrated application scenarios, centimeter-scale photovoltaic (PV) modules can only provide milliwatt or even microwatt-level energy, with their open-circuit output voltage measuring only a few hundred millivolts. Photovoltaic cells are influenced by ambient temperature and solar irradiance [11], resulting in a non-linear relationship between output power and voltage. Consequently, a maximum power point (MPP) exists during the operation of the PV element. In order to achieve the most efficient transmission of energy, the impedance matching of maximum power point tracking (MPPT) technology further reduces the input voltage of the DC–DC boost converter, which makes efficient power conversion particularly challenging.



For PV modules with an open-circuit voltage of around 90–300 mV or even lower, the output voltage is insufficient to drive the MOS tube for energy harvesting as it falls below the threshold voltage of the MOSFET in the energy harvesting circuit. To enable self-starting energy harvesting at such low open-circuit voltage levels, various starting circuits have been proposed [12,13,14]. Inductive switching-type DC–DC converters are favored for their higher energy transmission efficiency [15]. Consequently, several architectures based on boost converters have been proposed to address the challenge of low-voltage self-starting. A Hartley oscillator structure is utilized for enabling low-voltage self-starting when the open-circuit output voltage of the energy conversion device is as low as 60 mV [16]. However, this configuration necessitates the assistance of an external inductor element to initiate circuit start-up, which poses challenges for integration. Conversely, the boost converter, relying on a single inductor, achieves low-voltage self-start at a marginally lower voltage of 57 mV [17]. Nonetheless, to address the issue of threshold MOSFET switch conduction voltage drop, a low-threshold MOS device is employed. However, the absence of MPPT technology restricts the energy transmission efficiency to a maximum of 40%.



To achieve maximum transmission efficiency of PV energy, various MPPT algorithms have been successively proposed. Among them, although the fractional open-circuit method [18] boasts a simple structure, it can only track the operating point near the MPP rather than the true maximum power operating point. Conversely, the short-circuit current method [19] necessitates short-circuiting the PV module for a period, resulting in energy loss during this interval, rendering it unsuitable for microwatt or even milliwatt-level energy supply equipment. Furthermore, the conductance incremental method [20], due to its circuit complexity and higher power consumption, is ill-suited for IoT systems requiring micro-energy harvesting. The perturb and observe (P&O) method’s [21] ability to accurately track the MPP has a relatively simple circuit structure that is easy to implement, exhibiting moderate power consumption. As a result, a widespread application for P&O algorithm is carried out in PV energy harvesting systems. Nonetheless, this algorithm is influenced by the magnitude of the disturbance voltage, impacting the tracking accuracy and speed of the system. A larger disturbance voltage results in faster tracking speed but diminishes tracking accuracy, potentially leading to oscillation near the MPP and consequent energy wastage.



With the novel pulse multiplication technique, a variable step-size P&O MPPT circuit is proposed in this paper. The step size can be dynamically adjusted to meet the requirements for tracking speed and accuracy during the energy harvesting process, enabling the most efficient transmission of energy. Furthermore, a three-step low-voltage self-starting DC–DC boost converter structure is designed, allowing the system to self-start at low PV output voltage.



The rest of this paper is organized as follows. In Section 2, the architecture and operation principles of PV energy harvesting are introduced. Specific circuit implementation details are provided in Section 3. In Section 4, the experimental results are presented and discussed, and a brief conclusion is provided in Section 5.




2. Architecture and Operation Principles for PV Energy Harvesting


The architecture of the PV energy harvesting system proposed in this article is shown in Figure 1. A three-step low-voltage self-start mechanism based on a single inductor and a variable-step P&O MPPT boost converter utilizing a novel pulse multiplication technique is designed. In order to expedite the start-up process and enhance energy harvesting efficiency, a variable-step P&O MPPT module employing an inductor average current closed-loop control is integrated into the boost converter structure. The component enclosed in the black dotted box within Figure 1 is implemented within the chip, while the blue dotted box denotes the cold start module of the system. Once the start-up process is completed, the MPPT module initiates operation, ensuring that the entire energy harvesting process operates at MPP, thereby achieving efficient energy transfer.



2.1. Three-Step Low-Voltage Self-Starting Design


In order to achieve low-voltage self-starting and maintain efficient energy harvesting during steady-state operation, the start-up process of the energy harvesting system is designed as three consecutive steps: boost converter start-up preprocessing, boost converter auxiliary path enablement, and MPPT enablement.



The distinguishing features of these stages are the specific values of the output voltage VC of the charge pump and the output voltage VOUT of the energy harvesting system. When the voltage detection circuit detects that the output voltage VC of the charge pump reaches 500 mV, it signifies the completion of the first stage, indicating that boost converter start-up preprocessing has been accomplished. Similarly, when the voltage detection circuit detects that the VOUT output reaches 1 V, it indicates the completion of the second start-up stage, namely, the enabling of the boost converter’s auxiliary path. Subsequently, the system transitions to the third stage, where MPPT is enabled. The three stages of the self-starting energy harvesting system are illustrated in Figure 2.



In order to rapidly initiate the system under low-voltage conditions and achieve maximum energy transfer efficiency, the previous structure relying on switched capacitor voltage multipliers, charge pumps, and voltage multipliers to boost the initial output voltage of energy components has been abandoned due to limitations in conversion efficiency. A three-step starting process is designed in this paper, which achieves a balanced compromise between low-voltage self-starting and energy conversion efficiency. During the cold start process, as illustrated in Figure 2a, an auxiliary starting power transistor MA with a smaller width-to-length ratio is employed to facilitate rapid initiation. However, given that the output voltage of the PV module is substantially lower than the turn-on threshold voltage of the auxiliary power transistor MA, a low-voltage ring oscillator and gate cross-coupled charge pump are utilized to augment the initial output voltage. Specifically, a low-voltage ring oscillator generates dual clock signals to drive the gate cross-coupled charge pump while enhancing its load capacity. The voltage detection circuit, triggered when the input voltage VIN gradually rises to 500 mV, is employed to detect the VC voltage. Simultaneously, the pulse signal VPULSE is generated via the voltage pulse trigger, regulating the activation and deactivation of the auxiliary power transistor. When VPULSE is high, MA is switched on, initiating the charging of the inductor L by the PV module, thereby signifying the completion of the first step.



The second step of start-up, illustrated in Figure 2b, commences with the activation of the auxiliary start-up path of the boost converter. At the falling edge of VPULSE, the magnetically induced overshoot voltage of inductor L triggers the conduction of the auxiliary rectifier diode MD, leading to the discharge of inductor L through MD. Meanwhile, the capacitor CA designated for auxiliary starting undergoes charging, and after several VPULSE pulses, VA reaches 500 mV. Upon detection by the voltage detector that VA exceeds 500 mV, the oscillator (OSC) initiates the generation of a clock signal with a large duty cycle to drive the switching power transistor Mn. As VA increases, the supply voltage of OSC gradually rises, enhancing its capability to drive Mn and accelerating the system start-up speed. Concurrently, the EN signal transitions from 0 to 1, deactivating the low-voltage ring oscillator and gate cross-coupled charge pump. Subsequently, the voltage pulse trigger is also disabled, signifying the conclusion of the second step.



In the third step, depicted in Figure 2c, upon triggering the OSC, switch S2 is closed, and rectifier MP initiates operation. Subsequently, the inductor current begins to charge the load capacitor. When the voltage detector detects that VOUT exceeds 1 V, switch S3 is closed to short-circuit capacitor CA and load capacitor CL. At this point, other modules, such as MPPT, also commence operation, transitioning the circuit into a closed-loop working mode. With this, the start-up process concludes, and the system begins steady energy harvesting at the MPP.




2.2. MPPT Control Loop and Small Signal Model


In order to achieve MPPT tracking stably, closed-loop control is essential. In a PV energy harvesting system utilizing a DC–DC converter, the variation in photovoltaic current aligns with the modulation of the duty cycle in the power switching signal governing the DC–DC converter. Hence, boost converters utilizing current mode control are highly suitable for MPPT in PV energy harvesting. To mitigate rapid tracking far from the MPP and prevent oscillation near it, this paper proposes a variable-step P&O algorithm based on a novel pulse multiplication technique. Through small-signal modeling of the boost converter based on variable-step P&O MPPT, the transfer function between the inductor current and the duty cycle of the boost converter switch control signal is derived. This facilitates the design of the MPPT control loop.



Figure 3a shows the equivalent circuit model of the PV module, and Figure 2b shows the volt-ampere characteristic curve of the PV module. According to the volt-ampere characteristics of Figure 3b, the small signal resistance rpv of the PV module can be obtained using the following Formula (1):


    r   p v   =   d v   d i   ≈       v   p v    ^        i   p v    ^     



(1)







Through analysis, it is evident that when the PV module operates near the maximum power point, its small signal resistance assumes a negative value. At the same time, employing the state space averaging method to analyze the boost converter yields the state space equation of the system, represented by Formula (2):


        d     i   L    ^    d t       d     v   p v    ^    d t       =       −   R   L     L       −   1     C   i n                           1   L       1     r   p v     C   i n                 i   L    ^        v   p v    ^      +         V   D   +   V   P V     L     0      



(2)







In Equation (2), VPV denotes the output voltage of the PV module, VD represents the forward conduction threshold voltage of the boost converter’s rectifier diode, RL stands for the parasitic resistance of the inductive device (which is typically small), and Cin signifies the input capacitance.



Solving the matrix Equation (2) yields the transfer function between the inductor current and the duty cycle of the control signal, which is expressed as Formula (3):


        i   L    ^      d  ^    =         V   D   +   V   P V       R   L   −   r   p v         1 +   s     ω   z         a   2       s   2   + 2 a b s +   a   2      
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  a =    −   r   p v   +   R   L     −   r   p v   L   C   i n       
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  b =     r   p v     R   L     C   i n   − L   2 a   r   p v   L   C   i n      
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    ω   z   = −   1     r   p v     C   i n      



(6)







By analyzing Formula (3) and balancing the trade-off between loop speed and stability, MPPT loop control is achieved through the implementation of PI compensation.




2.3. Pulse Multiplication


The novel pulse multiplication proposed in this paper is shown in Figure 4. This principle utilizes the output voltage of the PV module to regulate the width of a pulse signal while simultaneously using the output current of the PV to modulate the pulse signal’s amplitude. Consequently, the total area under the pulse signal curve directly corresponds to the output power of the PV module. Subsequently, the acquired pulse signal undergoes normalization, facilitating the representation of the PV module’s output power as pulse signals with uniform voltage amplitudes but varying widths. The normalized pulse signal is then processed through an XOR gate, with the output determining the direction of change in the PV module’s output power. This mechanism enables the implementation of the P&O MPPT with variable step size.



Figure 5 presents the structural block diagram of the MPPT. As the boost converter’s inductor is connected in series with the PV component, the output current of the PV corresponds to the current flowing through the inductor L. When the MPPT module is activated, the average current sampling circuit detects the output current of the PV module to regulate the pulse amplitude. Upon enabling the MPPT_EN signal, the pulse multiplier computes the output power of the PV component. Following computation, the results are forwarded to the XOR gate and SR flip-flop for power comparison. The comparison result is indicated by the VCO signal, where a value of 1 denotes increasing output power, while any other value indicates a decrease. Subsequently, the comparison result is transmitted to the voltage-tracking transmission rotation circuit to charge and discharge the CMPP capacitor, achieving variable step-size perturbation. For further insight into the circuit structure, refer to Section 3.2.





3. Circuit Implementation


The primary objective of this article is to enable energy harvesting from low-power miniature PV modules. However, it is important to note that the output power of PV modules diminishes as solar irradiance decreases. Even under optimal irradiance conditions, the output voltage of these miniature PV modules remains significantly below the threshold voltage required for MOSFET activation. Hence, the first step of low-voltage self-starting is designed in this article. It achieves low-voltage self-starting without relying on other forms of power sources.



3.1. Low-Voltage Cold Start-Up


Due to the insufficient voltage directly output by the PV source, the transistor fails to enter the strong inversion region and thus cannot conduct adequately. To address this issue, the output voltage of the PV must be elevated to surpass the threshold voltage of the transistor. Accordingly, a two-stage circuit comprising a voltage ring oscillator and a gate cross-coupled charge pump is employed to boost the initial voltage of the PV, as illustrated in Figure 6. The voltage gain of the gate cross-coupled charge pump is expressed by Equation (7):


    V   C   = ( N + 1 )   V   P V    



(7)




where N represents the number of charge pump stages. Upon analyzing the power loss of the charge pump, it becomes evident that the primary losses encompass the switching and conduction losses of the MOS tube, along with the static power consumption of the charge pump. The switching loss and conduction loss are delineated by Formulas (8) and (9), respectively:


    P   S   = C × f ×   V   2    



(8)






    P   C   =     I   L o a d   2     μ   C   o x     W   L   (   V   g s   −   V   t h   )    



(9)




where f represents the clock frequency of the charge pump drive, C denotes the pump capacitance of the charge pump,   μ   signifies the carrier mobility of the transistor, Cox denotes the gate oxide capacitance per unit area, and W/L represents the width-to-length ratio of the transistor. Equation (8) illustrates that the switching losses of the charge pump are directly proportional to the clock frequency that drives it. Moreover, the drive capability of the charge pump also correlates with the clock frequency, as depicted in Equation (10):


  P =   4 ×   V   2     ( 1 +   T     R   L o a d   C   +   T     4 R   L o a d     C   o u t       )   2   ×   R   L o a d      



(10)




where RLoad represents the on-resistance of the charge pump, T signifies the clock cycle that drives the charge pump, and Cout denotes the load capacitance of the charge pump. Equation (8) indicates that the switching losses of the charge pump are proportional to the clock driving it. Furthermore, Equation (10) demonstrates that the driving capability of the charge pump is also correlated with the clock frequency. Therefore, a novel low-voltage inverter is designed in this paper, as illustrated in Figure 7. During the charging phase, the input signal transitions from VDD to 0. Utilizing a PMOS transistor P3 with a reduced width-to-length ratio can further elevate the Y node voltage to VPV. This action significantly mitigates the VDS of the N2 transistor within the inverter structure, consequently lowering VGS and suppressing the leakage current Ioff. As a result, the output signal of the inverter achieves a high VH at a low power supply voltage. Conversely, during the discharge stage, when the input signal shifts from 0 to VDD, implementing an NMOS transistor N3 with a reduced aspect ratio facilitates further pulling down of the X-node voltage to GND. This action notably reduces |VDS| and |VGS| of the P2 transistor within the inverter structure, thereby suppressing the leakage current Ioff. Consequently, the inverter’s output signal attains a low VL at the supply voltage. Consequently, the new inverter exhibits faster turn-on and turn-off characteristics at low voltages and yields a higher output swing.



Compared with stacked low-voltage inverters, this structure is better suited for low-voltage ring oscillators used to generate clock signals for driving the charge pump. Furthermore, the gate cross-coupled charge pump necessitates a two-phase clock signal. However, overlapping of the two-phase clock signals driving the charge pump may induce a reverse leakage current. To mitigate dynamic losses of the charge pump and enhance its efficiency, the clock signal produced by the ring oscillator undergoes shaping, resulting in the generation of two-phase non-overlapping clock signals, labeled as   ϕ   and     ϕ  ¯   . Simultaneously, to optimize energy transfer post-system start-up, the low-voltage ring oscillator and charge pump circuit should be deactivated upon completion of start-up. Hence, to achieve this, a low-voltage inverter was substituted with a low-voltage NAND gate in the low-voltage ring oscillator, as depicted in Figure 8a. Ultimately, when the PV output voltage reaches 200 mV, the resulting clock frequency amounts to 124 kHz.



Figure 8b illustrates the structure of the voltage pulse trigger utilized in this study, with the voltage detection mechanism referenced from the literature [22]. As the ring oscillator initializes, the PV output voltage gradually rises. Upon detecting the charge pump output voltage reaching 500 mV, the voltage pulse trigger is activated, causing VPULSE to transition to a high level. This action turns on the auxiliary power transistor MA in Figure 6, thereby initiating PV charging of the inductor L. Concurrently, the EN signal of the ring oscillator transitions from 1 to 0, disabling the ring oscillator and causing the output voltage VC of the charge pump to gradually decline. Once VC drops below 500 mV, the EN signal shifts from 0 to 1, reactivating the ring oscillator. Subsequently, VPULSE transitions to 0, generating a pulse signal. During this step, MA is turned off, and the inductor current is discharged through the auxiliary starting circuit. To amplify the swing of the output voltage, an inverter is incorporated based on the voltage detector outlined in [22].




3.2. MPPT Circuit Based on Pulse Multiplication


In order to address the oscillation problem occurring near MPP with the traditional P&O MPPT method, a variable-step P&O MPPT circuit is designed in this paper. This circuit samples the output voltage and current of the PV source. Subsequently, the PV output power is calculated using pulse multiplication. Then, an XOR gate is employed to compare the current output power with that of the previous cycle, utilizing the high-level output time of the XOR gate to implement variable step perturbation for tracking MPP.



Figure 9 shows the structure of the MPPT circuit, which comprises a voltage-to-pulse signal circuit, an average current sampling circuit, and a voltage-to-time circuit. The green dashed box highlights the voltage-to-pulse signal section. The signal width of VP_CLK is directly proportional to that of VPV, denoted as


    T   p _ c l k   =     C   3       I   1       V   P V   ∝   V   P V    



(11)







When the MPPT_EN signal is activated, transitioning from 0 to 1, VP_CLK similarly transitions from 0 to 1. During this time, M4 is turned off, and M3 is turned on. Consequently, capacitor C3 begins charging through the bias current I1. As VC3 gradually rises, when it reaches VPV, VP_CLK transitions from 1 to 0, generating a pulse signal. While VP_CLK is at 1, the transmission is turned on, allowing the sampling current to charge capacitor C4. This process normalizes the pulse signal representing the output power of the PV module. The average current sampling circuit of the PV module is depicted in the blue dotted box. The orange dashed box depicts the circuit responsible for converting the voltage signal into a time domain signal. When VP_CLK is 1, capacitor C5 charges to VDD through M15, causing the output VP to be 0. At this point, the total charge stored in capacitors C4 and C5 is calculated as


  Q =   Q   4   +   Q   5   =   C   4   ×   V   C 4   +   C   5   ×   V   C 5    



(12)




When VP_CLK transitions to 0, and VP jumps to 1, the charges stored in the two nodes are discharged through M11 and M12. As the VC5 node reaches a low level through the discharge circuit, VP transitions back to 0. At this stage, the remaining charges on the two nodes are represented by Equation (13),


  Q =    Q   4   ′  +    Q   5   ′  =   C   4   ×    V   C 4   ′  +   C   5   ×    V   C 5   ′   



(13)




which determines the duration of the high voltage of the VP pulse signal. Pulse width TP can be expressed as


    T   p   =   (   C   4   ×   V   C 4   +   C   5   ×   V   C 5   ) −   ( C   4   ×    V   C 4   ′  +   C   5   ×    V   C 5   ′  )     I   M 11      



(14)







Figure 10 illustrates the MPPT turning circuit. Utilizing the VP signal generated in Figure 8, the VP signal obtained by sampling twice is output through an XOR gate to obtain VCO. When VP1 and VCO output high levels simultaneously, VC1 transitions from 0 to 1, and VCO’ transitions from 1 to 0, indicating a decrease in the output power of the PV module. Likewise, when VP2 and VCO output high levels simultaneously, VC2 outputs 1 and V CO’ outputs 1. This indicates an increase in the output power of the PV module. VCO’ is used to adjust the value of VMPP during tracking. The Qn of the D flip-flop represents the adjustment direction of VMPP in the current period, while Qn+1 represents the adjustment direction of the next period. If Qn+1 is 1, M19 is turned on to discharge through the current source controlled by VC1, reducing VMPP. Conversely, if Qn+1 is 0, M18 is turned on, and capacitor CMPP is charged through the current source controlled by VC2 to increase VMPP. The charging and discharging of CMPP are controlled by a voltage-controlled current source regulated by two signals. The charging time is determined by the difference in output power obtained by two samplings, enabling variable step size disturbance. This approach effectively mitigates oscillations near the MPP, thereby enhancing energy harvesting efficiency.





4. Results and Discussion


To validate the functionality of the proposed energy harvesting architecture, the system-on-chip was implemented using a 0.18 µm standard CMOS process and subjected to simulation and verification. The PV power source was substituted with an equivalent model comprising a current source, a diode, and two resistors. The PV module’s maximum open-circuit voltage was set to 250 mV, with a minimum output voltage of 80 mV and an output current range of 0.1–3 mA. To achieve a 1.2 V output from a 200 mV voltage source, the inductor L value of the boost converter was set to 1.5 mH. Considering the undershoot, overshoot, and ripple size of the output capacitor, a value of 12 pF was assigned to the output capacitor.



Figure 11 depicts the start-up sequence of the boost converter when the PV output voltage is 200 mV. In this scenario, MPPT activation occurs once the VOUT voltage reaches 1 V, indicating the completion of the cold start step. The cold start process spans 11 ms. The VPULSE signal governs the operation of the auxiliary power tube. Following five pulses, VA attains a voltage of 500 mV, transitioning into the second stage of the cold start step, thereby accelerating VA to 1 V. Upon VOUT reaching 1 V, the start-up process concludes, MPPT initiates, and the ultimate output voltage stabilizes at 1.2 V.



The tracking effect of the clock signal controlling the power tube MP and MPPT is depicted in Figure 12 when the output of the PV module changes. As the output voltage of the PV module gradually increases from 100 mV to 150 mV and the PV output voltage continuously transitions, the system can dynamically adjust the impedance of the energy collection system interface circuit to match the output impedance of the PV module, achieving MPPT. The input voltage Vin of the energy harvesting interface circuit is always equal to VPV/2.



Figure 13a illustrates the transient response of the output voltage when the load current abruptly transitions from 0 to 2.5 mA. Simulation outcomes demonstrate that despite a significant jump in the load current, the output voltage experiences only minor fluctuations, ensuring system stability. In Figure 13b, the MPPT process is depicted in response to load changes. While the load current remains constant, the system consistently operates at the maximum power point. Conversely, when the load varies, the system commences variable step-length tracking, swiftly converging to the maximum power point.



The conversion efficiency of the boost converter, as obtained through simulation, is depicted in Figure 14. Within the PV output voltage range of 90 mV to 300 mV, the converter achieves an overall efficiency exceeding 58%. Notably, at a PV output voltage of 220 mV, the peak efficiency of the boost converter reaches 93%. This remarkable efficiency is attributed to the variable-step P&O MPPT circuit proposed in this paper, which is based on the new pulse multiplication. This approach effectively resolves the trade-off between tracking speed and accuracy during maximum power point tracking. Moreover, the circuit’s simple structure contributes to lower energy consumption.



Table 1 shows the performance comparison with other previously developed PV energy harvesters. The proposed circuit achieves low-voltage self-starting while maintaining high energy transfer efficiency.




5. Conclusions


The self-starting technique with energy harvesting chips is interesting for research as it eliminates the need for additional external components. In this study, a three-step, low-voltage, self-starting boost converter has been developed with a remarkably low PV output voltage of 90 mV. By employing the variable-step P&O MPPT circuit based on the pulse multiplication, our system can accurately track the maximum power point. Additionally, the utilization of inductor average current for MPPT closed-loop control improves the stability during the tracking process. A peak efficiency of 93% is revealed in simulation tests when the PV output voltage reaches 220 mV. These features make it possible to perform energy harvesting at the milliwatt or even microwatt level for wearable IoT devices.
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Figure 1. Low-voltage self-starting boost converter architecture (The cold start-up circuit is inside the blue dashed box; the circuit inside the black dashed box is on-chip). 
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Figure 2. Illustrated three steps of operation: (a) boost converter start-up preprocessing; (b) boost converter auxiliary path enablement; (c) MPPT enablement (The cold start-up circuit within the blue dashed box is disabled). 
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Figure 3. Illustrated PV characteristics. (a) PV equivalent circuit model; (b) Current-voltage (blue line) and power-voltage (red line) characteristics of PV. 
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Figure 4. Novel pulse multiplication (The area within the blue dashed box represents the output power of the photovoltaic system). 
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Figure 5. Structural block diagram of MPPT. 
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Figure 6. Block diagram of the low-voltage start-up circuit for the first step. 
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Figure 7. Low-voltage inverter (In the charging and discharging phases, only the black portion is enabled, while the gray portion is disabled). 
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Figure 8. The first step is the critical circuit in the low-voltage cold start circuit. (a) Low-voltage ring oscillator (The detailed circuit structure within the blue dashed box is as indicated by the arrows); (b) voltage-triggered pulse circuit. 
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Figure 9. Implementation of pulse multiplication. 
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Figure 10. Direction decision and tracking circuit for MPPT (The circuit within the black dashed box represents the voltage-controlled voltage source; A–E represent the operating points of the PV during the MPPT process; the blue arrows indicate the variation of the PV operating points during the MPPT process). 
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Figure 11. Transient response of boost converter at 200 mV. 
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Figure 12. The MPPT tracking results and boost converter clock signal change when the PV output dynamically changes the transient response of the boost converter at 200 mV. 
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Figure 13. Transient waveforms: (a) when ILoad changes from 0 to 2.5 mA; (b) when IPV changes from 3 to 0.2 mA. 
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Figure 14. Estimated efficiency of the boost converter. 






Figure 14. Estimated efficiency of the boost converter.



[image: Electronics 13 01713 g014]







 





Table 1. Performance comparison with other previous PV energy harvesters.
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	Reference
	[23]
	[24]
	[25]
	[26]
	This Work





	Start-up Method
	Ring oscillator + voltage multiplier
	Ring oscillator +
	Auxiliary charge pump
	No
	Ring oscillator + charge pump + auxiliary path



	Technology (nm)
	180
	55
	180
	65
	180



	MPPT
	No
	Yes
	No
	No
	Yes



	Self-Startup Voltage (mV)
	155
	365
	250
	No
	90



	VPV (V)
	0.02–1.7
	0.365–0.8
	0.25–0.53
	0.35–0.6
	0.09–0.3



	VIN,min (mV)
	20
	365
	250
	N/A
	90



	VOUT (V)
	1.8
	0.7
	1.08
	2.5 V
	1.2



	Peak Efficiency
	92.8@1.2 V
	48.9%0.436 V
	21.9%@0.31 V
	18.6%
	93%@0.22 V
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