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Abstract

:

Sensor nodes have been assigned a lot of tasks in a connected environment that is growing rapidly. The power supply remains a challenge that is not answered convincingly. Energy harvesting is an emerging solution that is being studied to integrate in low power applications such as internet of things (IoT) and wireless sensor networks (WSN). In this work an interface circuit for a novel fluttering wind energy harvester is presented. The system consists of a switching converter controlled by a low power microcontroller. Optimization techniques on the hardware and software level have been implemented, and a prototype is developed for testing. Experiments have been done with generated input signals resulting in up to 67% efficiency for a constant voltage input. Other experiments were conducted in a wind tunnel that showed a transient output that is compatible with the target applications.
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1. Introduction


The internet of things (IoT) is a hot topic that is evolving daily with the advancing technology, and the recent crisis raised interest and awareness in remote platforms and automotive tasks, giving the IoT an edge and pushing further towards more integration in this world. Numerous applications and fields are recently pivoting towards a common umbrella in IoT. Wireless sensor networks (WSN), automotive vehicles, smart homes and cities are all applications that define the future paired with the big investments in networking and next generation communication systems such as 5G.



Although data collection and communication by itself is not as challenging nowadays, especially in connected objects where data are limited in size and sparse in transmission time, the biggest challenge remains in power consumption and computational complexity.



As the connected objects are physically constrained in size and deployment location, reliable power sourcing becomes challenging. In fact, solutions that are based on battery charging are not reliable for many applications due to the high cost and effort of charging and changing the batteries periodically, mainly in applications where a huge number of nodes is present, or where the nodes are deployed in wild, random, or hard to reach locations. A good solution for this problem would be using energy harvesters to generate electrical energy from different energy sources present in nature. The main advantage is that the energy is unlimited in nature and can be present in different forms. When designed properly, and taking into consideration the spatial constrains, the energy harvesters can provide a long-term power source that is reliable and automatic, without the need for any human interaction.



Some challenges are present as the energy sources can also be a limited due to the fact that the environmental changes are random, and their availability could vary from one place to another (irradiation change, wind speed, etc.)



Historically, the energy of nature was made use of to perform important tasks, like agriculture and transportation. Nowadays many techniques have been developed to make use of the green energy such as wind turbines [1,2], solar panels [3,4], thermal energy harvesters [5] and even hybrid systems [6,7]. These harvester devices are used to transform energy from the source into an electrical form; and each harvester produces a different electrical signal with characteristics depending on its nature. This signal in its turn needs to be conditioned in order to be used in various applications that require a power source.



Some criteria need to be satisfied for the generated signal to useful: it needs to be regulated to the needed voltage level, stabilized, and be able to sustain certain load of the application of interest.



Energy harvesting can be separated to two types, high power and low power. The margin between them is defined by the point where the generated power reaches the same order of magnitude of the power consumed by the conditioning circuit.



High power harvesters such as wind turbines and large PV cells have more room for control and optimization, due to the fact that no hard constraints in size, weight or complexity are crucial to respect. On the other hand, low power harvesters are constrained by these factors, shifting the priority from optimizing and control into ensuring that the power is transferred and delivered to the output. The circuit has to be supplied from the source and maintain its supply at all cost.



The scope of this work is to design an electronic system to condition the signal generated by the novel wind harvester named Fluttering Energy Harvester for Autonomous Powering (FLEHAP) shown in Figure 1 [8]. This harvester is based on the fluttering instability effect as an alternative method to harvest energy from low wind speeds. It consists of a rigid wing that can freely rotate around an axis connected to the middle of tow elastomers, creating a self-sustained excitation of a two-degrees-of-freedom.



Locally, the variations in wind speed over time can be considered of a random nature. Since such variations induce electromechanical changes to the operation of the harvester, in order to obtain the maximum possible power, it is necessary to adapt the behavior of the electronic circuit so that it can suitably follow the variations induced on the system by environmental variations.



Switching converters are often used to perform this task, as their equivalent input resistance (i.e., the impedance they present at the harvester output) depends on the duty cycle of the switching signal and can be controlled to automatically match the optimal value of the output resistance of the harvester.



Different algorithms are often used and many researchers suggest various ways to implement such algorithms, as well as their variations, using customized circuits [1,2,3,4,5,6,7,8,9,10], or by programming a microcontroller [11]. However, the freedom of choice among such algorithms is not allowed in low-power systems, due to the inherent trade-off between computational complexity and power consumption.



While such objectives generally raise some challenges, concerning the search for energy sources capable of satisfying energy needs and guaranteeing the correct functionality of the control circuits, further challenges in our case derive from the nature of the harvester itself and, consequently, from the shape of the signal it generates under different operating conditions, which entails some difficulties in monitoring the available power in real time and in optimizing its exploitation.



In our work, the main focus was performing the optimization considering both hardware and software, in contrast with other systems that only optimize through software [12,13].




2. Methodology


The main goal of the energy harvesting system is to provide sufficient power to a given sensor node, so that it is able to perform its task normally. This sufficient power depends on the node itself, its radio communication protocol and the scheduling of its operations. A voltage regulation at the target level needs to be applied, while sustaining all the expected variations in the target load current and in the wind speed sweeping the harvester.



This goal requires the system to perform two tasks simultaneously:




	
Ensure and optimize the power transfer from the harvester.



	
Regulate and control the output supply current to satisfy the needs of the target node.








The block diagram in Figure 2 describes the function of different stages of the signal flow between them.



A low power microcontroller is used here for three purposes. The first is to deliver a Pulse Width Modulated (PWM) signal to the DC/DC converter [14]. The second is to monitor the input power and run a maximum power point tracking (MPPT) algorithm for optimization. The third is to communicate the power state with an external device via serial communication [15,16].



The input signal is split into two paths after being rectified. The auxiliary circuit consumes a small part of the power that can vary depending on the consumption of the microcontroller and the different active components used in the circuit. The rest of the power goes into the main DC/DC buck-boost converter that has the main purpose of dynamically adapting the input resistance to compensate for the weather conditions variation. The output energy is stored in the supercapacitor and then regulated to the required level using a second switching DC/DC converter. The choice of switching converters was made due to the fact that they provide high efficiency compared to passive regulators [17,18,19].



The green box is targeted in this work, while the second DC/DC boost converter is a conventional voltage regulator on a separate integrated circuit (IC) with the control mechanisms integrated.



DC/DC Buck-Boost converter: This type of converter uses a switching mechanism to charge an output capacitor. The topology in Figure 3 presents a non-inverting buck-boost DC/DC converter using three MOS transistors (MOSFETs) as switches. A PWM signal is applied to the switches to alternate between two electrical loops (S1 and S3 are in phase and S2 is in reverse phase with the PWM signal), the input loop that increases the inductor current and the output loop where the inductor plays the role of a current source that charges the super capacitor. The duty cycle of the PWM decides the ratio of the input to output voltage.



Auxiliary circuit: This part of the system is responsible of powering all the active components in the circuit, including the Micro Controller Unit (MCU) and MOSFETs. The rectified input signal is regulated passively to deliver a stable DC voltage as shown in Figure 4. Although passive regulators cannot provide a high efficiency, it is necessary for the functioning of the system. For this reason, the load on the auxiliary circuit must be as low as possible.



Super capacitor: The super capacitor is a more flexible storage unit than batteries, with a main drawback that is leakage current. In this system, the output current is not sufficient to charge commercial batteries like Li-Ion, and therefore a supercapacitor can fit here. With the correct configuration the supercapacitor can charge up during a fixed time period, which is the idle period for the sensor node, to store sufficient energy that can be delivered to the node during its active period.




3. Power Optimization


Power optimization is crucial in low power energy harvesting systems, and the gained advantages are what makes such systems useful and competing in the power supply field.



The optimization must be done either on the hardware where the loss in different hardware components should be minimized while maintaining a good performance, or it could be done on the software level where different algorithms kick in to minimize the power consumption by the computations and to dynamically match the circuit impedance for a better power transfer using MPPT algorithms.



3.1. Hardware Optimization


Power loss occurs in all components of the circuit, and there are no ideal components that one can make use of in practice. However, some conventional electronic parts can be substituted with small circuits that keep the same functionality while consuming less power. The diodes have been always perceived as a source of power loss and have been actively substituted in low power circuits. A mathematical model based on equations from [8] was developed and simulated in MATLAB to simulate the power consumption of different parts in the converter circuit with only the switches, coil, diode and output capacitor. The following equations represent the average power dissipated in the diode and switches and the output energy stored in the capacitor during one PWM cycle. Ip,k is the peak inductor current during the cycle k, Rsw is the switches ON resistance, VL,k is the inductor voltage and Vout,k is the voltage across the capacitor.


   {       P  D , k   =    I  P , k    2   V T  l n  (  1 +    I  P , k     2  I s     )         P  s w , k   =  R  s w      (     I  P , k    2   )   2         E  o u t , k   =  C 2     (   V  o u t , k    )   2  =  C 2     (    L  I  p , k  2      2 C  V  L , k     +  V  o u t , k − 1    )   2         



(1)







Figure 5 shows that the diode in the output loop of the DC/DC buck-boost converter consumes a relatively high amount of power that is supposed to reach the super capacitor, especially when the output voltage is low.



In previous works where hardware optimization had proven useful, is it suggested to replace the diodes in the bridge rectifier with N and P channel MOSFETs driven by the alternate (AC) input signal [20]. A similar approach is taken in this system to replace all diodes with MOSFETs. For the diode in the output loop, a MOSFET is used with a smart diode driver integrated circuit, to prevent reverse polarity current from flowing in the super capacitor and therefore discharging it on every cycle.




3.2. Input Matching


In this article, the term software optimization is used to describe the optimization algorithm that is ran by the software in the MCU on the conditioning system, and not the power optimization on the host node.



A common issue in energy harvesters is that some characteristics vary with the change of weather conditions. Due to the inductive nature of the harvester, a reverse induced force applies a brake effect on the wing whenever current runs through the coil. To generate more voltage, the current must be decreased resulting in a lower power generated. Thus, a tradeoff between the generated voltage and current exists and needs to be controlled to find the optimal power transfer point.



The graph in Figure 6 shows the variation of maximum generated power in respect to the load resistance, and it shows that the characteristics and the maximum power point changes with the variation of wind speed. The graph is an interpolation of the data collected by the experiment in [21], where the dots are the experimental values, and the lines are a Gaussian interpolation; different curves represent different wind speeds.



The choice of the DC/DC buck-boost converter is due to the ability to control its equivalent input resistance by changing the PWM duty cycle. In DCM mode, the input resistance can be independent of the load on the output of the DC/DC converter, and it can be expressed with the following equation [8]:


   R  E Q   =   2  L H     D 2   t  C K      



(2)




where    L H    is the harvester’s inductance, and  D  and    t  C K     the duty cycle and the period of the PWM clock signal, respectively. The MCU controls  D , and consequently    R  E Q   ,   using a MPPT algorithm to adapt the equivalent input resistance, where the goal is to find the optimal power point following the modifications the overall system undergoes due to wind speed changes.





4. Algorithm


Energy harvesting systems have been relying on MPPT algorithms to control many factors leading to power optimization. Depending on the nature of the system, the algorithms can change and become more or less complex. Many researchers suggested solutions and algorithms for the maximum power point tracking (MPPT) such as Hill Climb Search (HCS) algorithms including:




	
Perturb and Observe (P&O) [4,22,23]. This algorithm works by introducing small perturbations in a control variable, and adapting these perturbations depending on the direction of the monitored power.



	
Incremental Conductance (INC) [24]. The principle of this algorithm is defined by the relation:










   i v  +   d i   d v   = 0  



(3)







This tangent slope should be zero on the MPP, while positive on the left, and negative on the right of such a point.



	
Lookup tables and pre-obtained models [2]. This method simply works by doing experiments on the system before-hand, and deducing the maximum power transfer point of the system by monitoring some parameters and searching the lookup table.



	
Fuzzy logic [25]. This algorithm is defined for wind turbines and takes multiple parameters then calculates the output control parameters by using the rule base and defuzzification method.



	
Neural networks [26]. The neural network is trained on a dataset that is collected from experiments, consisting of input data being the different test points and the output data being the control variables.






The possible computational complexity of such algorithms is not a concern when they are intended to operate on large plants, but it becomes a serious problem in low-power systems, when the harvested power may be in the order of magnitude of that consumed by the control circuits.



Consequently, we have decided to adopt the P&O algorithm, which is one of the simplest and consumes less energy.



4.1. The Proposed P&O


The P&O method is one of the simplest methods used for the maximum power tracking. The advantages it offers are low computational requirements and low cost due to the independence on mechanical sensors and measurements. The input resistance of the switching converter follows the switching duty cycle, and by applying small perturbations to it, the received power changes and therefore it could be controlled to reach the MPP.



In the new modified P&O algorithms, an adaptive duty cycle step that is proportional to the power gradient is usually used instead of a fixed step, to speed up the convergence and to get rid of the ripples around the maximum point.



However, due to the lack of accuracy and relatively high noise in the voltage measurement, the modified MPPT algorithm seems to be highly inconsistent and mislead by the slightest of perturbations in this application. Therefore, the P&O algorithm that is shown in Figure 7 is proposed. The new algorithm uses a fixed step duty cycle and takes the case where dP is less than a specified threshold as a stop condition, to prevent losses caused by the ripples around the MPP.



The condition where the power differential is under threshold but on the downside of the power slope is considered separately (−thr < dP < 0), where the duty cycle is set to the previous value before skipping the maximum power point downwards. Dn and Dn−1 are the new and old duty cycle, Pn and Pn−1 the respective measured power and    dP  =    P   n  −  P  n − 1   .  



An experiment was conducted to emulate the effect of changing wind speed, by using a computer-generated voltage signal, and changing the series resistance of the input, forcing the algorithm to adapt and follow the maximum power. The two algorithms were used in this experiment. Figure 8 shows the difference in the performance of the MPPT using the variable step algorithm and the new proposed one.



An error on the equivalent resistance is present around the MPP due to the fixed step (sampling error). This error can be calculated depending on the step size and the duty cycle by


   ε D   ( m )  =   Δ R  ( m )   R  = 1 −    (   D  D + m    )   2   



(4)




where m is the step size and D is the duty cycle.



This relationship can be visualized in Figure 9; the error increases with step size and with the resistance value we want to emulate.



In the previous experiment on the FLEHAP harvester [19], the P(R) characteristic in Figure 6 shows that, as the wind speed decreases, the curve becomes flatter, the maximum widens, and consequently the resistance margin associated with a fixed error ΔP around the maximum increases as well. Therefore, higher errors on the equivalent resistance value, with respect to the optimal one, can be tolerated. Thus, the step size can be fixed in a way to achieve a bounded error on the input power Pin.




4.2. Voltage Reading


In the prototype used in this work, the output voltage of the harvester presents a fundamental frequency in the range of 10 Hz, with significant harmonics up to the fifth. Higher frequencies are also present, because of the switching mechanism in the DC/DC converter which operates at 5 kHz (Figure 10). All these facts induce possible errors (noise) in measuring such voltage. For consistent voltage reading, each analog to digital conversion (ADC) acquisition needs to be synchronized with the voltage ripples. The high frequency synchronization can be done by using the falling edge of the PWM as an interrupt signal, and acquiring the voltage inside the interrupt routine. This approach will limit the algorithm update speed to the period of the input signal. The algorithm tracks the variation of power and thus the instant value is not as important as the differential value. For this reason, it is sufficient to measure the peak AC voltage and rely on it to monitor the variation of power.



The maximum input power provided by this system is in the order of magnitude of a few tens of milliwatts, when the wind speed reaches around 5 m/s [8]. If the wind speed decreases, the extracted power can become insufficient to meet the needs of both active electronics and software calculations.



In this critical case, the system may need to sacrifice the optimal input power, and maintain a sufficient voltage for the circuit operation by decreasing the input current. For this purpose, two thresholds are set, namely Vth_min and Vth_max, thus establishing a hysteretic behavior. In this way the system enters the critical state whenever Vcore < Vth_min, and leaves the critical state when Vcore > Vth_max.



During the critical state, the MPPT algorithm is disabled, and the PWM is set to    D  M I N   ,   the lowest duty cycle possible that remains detectable by the external interrupt of the MCU. This mode of operation produces the highest equivalent resistance on the input. The optimization state is the normal operation state where the MPPT algorithm is running, starting from an initial condition with   D =    D  M I N    .





5. Experiments


For the sake of measuring the efficiency of the system, a PCB was manufactured containing the buck-boost converter, the MCU and the auxiliary circuit.



The used design was a non-inverting buck-boost converter containing three low-resistance MOSFET switches ADG801 from Analog Devices and a 2.3 mH inductor. On the input, a MOSFET full wave rectifier was used, for the reason that it showed an improvement in the efficiency over a Schottcky bridge rectifier in LTSpice simulation (an increase from 73% to 88%). The output diode was replaced with an N-channel MOSFET controlled by a Texas Instruments LM74810Q smart diode controller. A CSTORE electrolytic capacitor of 1 mF was placed on the output as an energy storage unit. This value was used in the prototype as a proof of concept while in different cases the values of the supercapacitor is calculated depending on the application’s energy need. This experiment used a pic16F1788 from Microchip as a microcontroller to run the MPPT algorithm.



	
DC Input






This experiment was done using a voltage source that has a 330 Ω series resistance. This value is the same as the series resistance of the “FLEHAP” harvester under maximum wind speed. The PWM duty cycle was fixed to give a matching input and a load of 120 Ω, connected in parallel with CSTORE. Figure 11a shows the Vcin and Vout at the transient phase for a VS = 6 V input, resulting in an output power of 18.25 mW and an efficiency of 67% after 0.2 s. The MCU here consumed 14.7% of the input power and this was measured through a small series resistor in the circuit with 1 Ω resistance. The power consumption of the MCU was measured in the circuit without performing any calculation regarding computational operations.



We calculated the efficiency using the following equation, where Rs is the input series resistance:


  e f f =    P  o u t      P  i n , m a x     =    P  o u t        V  c i n , m a x     2     R s      =   18.25   27.27   = 0.67  



(5)







	
AC Input






An input 20 Hz sine wave with 6 V Vp provided enough voltage at Vcore to power up the MCU and run the algorithm as shown in Figure 11b. The output power it could provide was around 5.824 mW, giving an efficiency of 54.7%.



	
Wind Tunnel Experiment






Several experiments were conducted on the whole system including the real FLEHAP harvester and using a DC/DC boost converter based on a Monolithic Power Systems (MPS) MP28164 voltage regulator to obtain 3.3 V at the output. The experiments were made in a controllable wind tunnel (Figure 12) that can be operated at different wind speed.



Figure 13 shows the super capacitor voltage along with the output voltage of the system under a wind speed of 2.4 m/s. The circuit operation was initiated with a load of 22 KΩ consuming 495 µW and after the super capacitor stored enough energy to trigger the output converter, a load of 6 KΩ was introduced, representing a power consumption of 1.815 mW. The super capacitor discharged in around 2 s following the relation:


  C =  I C    Δ t   Δ V    



(6)




where    I C    can be approximated from the rated efficiency of the DC/DC converter.



This experiment shows the mechanism on a small scale, while for typical application a correct super capacitor value must be calculated to sustain the needed current for the needed duration, the charging time can be also deduced respectively, and so on.




6. Conclusions and Future Work


This article presents an electronic interface for a novel fluttering wind energy harvester named FLEHAP. It can be described as a voltage conditioning system with the objective to power small wireless sensor nodes optimizing the power extraction from the environment and regulating its DC voltage at the output.



A detailed description of the system was presented, with an analytical study that allowed location of the source of power losses and its minimization. The system implements a technique called maximum power point tracking (MPPT) using a low power microcontroller on board, with a goal to match its input load with the harvester capabilities and optimize the power transfer. The MPPT algorithm is a standard Hill climb search algorithm that has been modified to fulfill the system requirements. Other software considerations were also mentioned that are essential to navigate the low wind speed conditions and thus the lack of sufficient input power, which often occurs due to the random environment.



A prototype of the system was produced and then tested in laboratory experiments, first with signal generators replacing the real harvester and producing different forms of signals mainly DC and AC sinusoidal signals. These laboratory tests were completed by experiments carried out inside a controllable wind tunnel with the real wind harvester. The results allowed estimation of the efficiency of the harvester, the ability to match the input using the MPPT algorithm, and the transient behavior that is useful to customize the system for different sensor nodes current requirements.



Future work aims to compensate for the downtime in the wind speed that results from a lack of input power, by the integration of another energy harvester (e.g., solar panel, temperature gradient, etc.) and therefore upgrading the system into a hybrid energy harvesting interface.
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Figure 1. The wind energy harvester Fluttering Energy Harvester for Autonomous Powering (FLEHAP) [8]. 
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Figure 2. Block diagram of the proposed system. 






Figure 2. Block diagram of the proposed system.



[image: Energies 14 01823 g002]







[image: Energies 14 01823 g003 550] 





Figure 3. The used DC/DC converter schematic. Vcin, Vxout, Vsc refer to the input capacitor voltage, Anode voltage of the diode and super capacitor voltage, respectively. 
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Figure 4. The auxiliary circuit used to provide a source (Vcore) for active components. 
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Figure 5. Simulation showing the consumed power in the different circuit components. The values Pin, Pout, Pd, Psw refer to the input power, output power, power consumed by the diode and power consumed by the switches, respectively. 
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Figure 6. Available power from the FLEHAP harvester depending on the wind speed and the load resistance. 
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Figure 7. The proposed Perturb and Observe (P&O) algorithm. 
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Figure 8. Experiment showing the difference in response between the P&O algorithm with adaptive step (orange), and the proposed algorithm (blue). 
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Figure 9. Plot showing the relative maximum error with respect to the fixed step size of the duty cycle. The different plots represent different equivalent resistance values. 
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Figure 10. Plot showing the high frequency ripples in synchronization with the PWM pulses. 
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Figure 11. Transient of the system with (a) DC input and (b) AC input where Vcore is the output of the auxiliary circuit. 
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Figure 12. The wind tunnel used for the experiments. 
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Figure 13. Plot showing the response of the system in typical conditions and under changing loads. 
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