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Abstract

:

This work introduces a light harvesting system with battery management. In contrast to relevant solutions that operate in limited ranges, the proposed system covers a wide operating input power range from 10 uW up to 300 mW. Specifically, experimental results highlight that, combined with a 73 × 94 mm flexible light harvester, it can harness light in a range from 50 LUX (indoor lighting) up to 120,000 LUX (outdoor lighting). The introduced system consists of a boost converter and an ultra-low power microcontroller (MCU). The MCU performs Global Maximum Power Point Tracking (GMPPT), using a resistor-free time-based input power sensing method, to calculate the input power of the converter, which does not interfere with the operation of the boost converter. The efficiency of the GMPPT system was evaluated with detailed experimentation, where we achieved 99.75% average GMPPT tracking efficiency while consuming only 73.5 uW at 4.2 V.
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1. Introduction


Year by year, improved methods and newly emerging technologies allow electronic devices to become smaller, lighter, and most importantly less power demanding. Low energy harvesting, such as indoor light, heat, or motion harvesters, is becoming sufficient to support portable devices, eliminating the need for battery replacement or charging [1,2]. Wearable devices, wireless sensor networks and autonomous Internet of Things (IoT) nodes are a few examples of portable systems [3,4]. Usually, such systems integrate one or multiple sensors, as well as a wireless communication interface or a local storing device, for the user to access the obtained sensor measurements [5,6,7].



Harvesting systems are also improving [8]. Converters with wider operating ranges allow light harvesting systems to work efficiently both in indoor and outdoor conditions [9,10]. Maximum Power Point Tracking (MPPT) techniques used to be avoided in ultra-low power applications, as the power needed to operate was comparable to the available ambient energy [11,12]. Nowadays, efficient MPPT solutions consuming only a few uW of power are available [13]. Perturb and Observe (P&O), is the most widely used MPPT method for low power harvesting, as it can be implemented with very low power consumption [14]. However, with microcontrollers consuming only a few uW of power available today, more sophisticated MPPT methods can be implemented with higher efficiency and very low power consumption [15,16].



Global MPPT (GMPPT) is used in outdoor light harvesting where there is sufficient energy for it to be efficient [17,18]. Thus, works on GMPPT systems are focused on outdoor harvesting, where there are many Watts of available power [19,20]. However, GMPPT is not only better in outdoor and partial shading conditions, but in indoor light harvesting as well [21]. Compared with the mainstream P&O technique that spends only half of the time at the MPP, any method that locks at the MPP until a change in the irradiance occurs is more efficient [22,23,24].



This work presents a complete light harvesting system with battery management that can harness any available light energy, both in indoor and outdoor conditions. This feature is crucial for energy-autonomous battery-powered devices, such as IoT sensor nodes. The implemented harvesting system can operate in a very wide power range compared with the majority of existing (state-of-the-art) implementations. Using a microcontroller (MCU) to control a DC–DC boost converter, the system achieves efficient operation of the converter in a very wide power throughput range. The system also implements a novel time-based input power sensing method to measure the input power and perform MPPT [25,26]. As a result, the need for current sensing is eliminated and the input power of the converter is measured in a very wide range without interfering with the converter’s operation. Additionally, more sophisticated techniques can be used for the MPPT operation since an MCU is used. The MCU is performing GMPPT in the whole operating range of the DC–DC converter (10 uW–300 mW), increasing this way the overall efficiency of the final system. The proposed system can locate the global MPP and achieve maximum efficiency (99.75%) with very low power consumption (73.5 uW) compared with other GMPPT implementations.



The following section gives a brief description of the system’s design. In Section 3, the input matching and time-based input power sensing methods are presented. Section 4 describes the proposed GMPPT method and compares it with the P&O approach, supported by experimental results, and this work is compared with other state-of-the-art implementations. In Section 5, a portable autonomous prototype node for earthquake detection is presented, and, finally, Section 6 concludes this work.




2. System Design


The proposed system is composing a light harvesting unit able to support a plethora of applications, as it utilizes a general-purpose MCU. The main task of the MCU is to control a DC–DC boost converter, and to perform MPPT. However, the MCU can also be used for extra tasks, if required by the custom application. An example is the earthquake detector case study, discussed in Section 5, where the MCU controls two peripherals (a MEMS accelerometer and a buzzer). The harvesting unit is designed and optimized both for indoor and outdoor conditions without any modifications, which is a preferable feature for energy-autonomous battery-powered devices. The system’s architecture is shown in Figure 1.



The harvesting unit utilizes MSP430FR5969, an ultra-low power MCU from Texas Instruments [27], to perform all the required actions, for the successful operation of the system (Figure 2a). The MSP430FR5969 offers extremely low power consumption (20 nA in deep sleep mode) as well as an analog to digital converter (ADC) with very low power consumption (a few uA), which can work in continuous mode while the main core is in sleep mode—a feature required by the proposed system. Additionally, the MCU can be used for extra tasks depending on different case study applications. Thus, unused input/output (I/O) pins are offered on the designed Printed Circuit Board (PCB) (Figure 2b).



The main purpose of the MCU is to control an inductive DC–DC boost converter (Figure 2c), using an analog input to measure the voltage level at the input of the boost converter (Input_Sensing wire), and a digital output to control its low side switch (Converter_Switch wire). The power consumption of the system increases with the oscillating frequency of the converter, as a higher sampling rate is required by the ADC and the MCU is active more often. Thus, a big size input capacitor and inductor are used for the implementation of the boost converter (1.1 mF, 1 mH) in order to reduce the oscillating frequency. The maximum oscillating frequency of the converter for the maximum input power (300 mW at 2 V) remains below 100Hz.



The system is powered by a 3.7–4.2 V Li-ion rechargeable battery. The MCU is supplied with 3.3 V using a low drop voltage regulator. Using a resistor divider and a second analog input (Battery_Sensing wire) the MCU can monitor the voltage of the battery. If the battery voltage reaches the maximum value (4.2 V), the MCU can draw the excess power using two loads (Load_1 and Load_2 wires) as shown in Figure 2d. A custom-made double layer PCB with 29 × 29 mm dimensions is used for the final implementation of the system.




3. Input Matching and Time-Based Input-Power Sensing


In this section, the operation of the boost converter is described. The MCU monitors the voltage level at the input of the boost converter using its internal ADC in continuous mode, with a 2 KHz sampling rate. This sampling rate is sufficient, considering that a big input capacitor and inductor are used for the boost converter, leading to a maximum possible oscillating frequency of 100 Hz. Each time the input voltage exceeds a predetermined threshold voltage level, the MCU activates the low side switch for a predetermined time window, discharging the capacitor. This way, the voltage level at the input of the boost converter remains constant with a small ripple that depends on the active time of the low side switch. Thus, by adjusting the threshold voltage, the MCU can control the power drawn at the input of the boost converter and alter its input resistance.



Each pulse created by the MCU transfers an amount of energy from the input capacitor to the inductor and finally to the battery. The amount of energy transferred at each pulse depends on the current threshold voltage, the inductance value of the inductor (L1), the capacitance value of the input capacitor (C7), the active time duration of the low side switch and the battery voltage (V_BATT). All of the above parameters excluding the threshold voltage remain constant during the operation of the converter. Thus, for fixed threshold voltage, a fixed amount of energy will be transferred from the capacitor to the inductor at each oscillation. The frequency of the oscillations will therefore be proportional to the input power of the converter.



Figure 3a shows measurements of the relation between the working frequency and the power at the input of the converter (input power), for various threshold voltages. In Figure 3b, the slope of each line versus the threshold voltage used is plotted. As shown, the slope is proportional to the threshold voltage used. This way, the MCU can calculate the input power of the converter using Equation (1), where Vthres is the threshold voltage used and Fosc is the frequency of the oscillation observed.


Pin = (0.6032 × Vthres − 0.1672) × Fosc



(1)







The boost converter can operate for input voltage that ranges between 420 mV and 2.2 V and for input power that ranges between 10 uW and 300 mW. The average efficiency is 35% for input power below 500 uW and 70% for input power greater than 500 uW. The power consumption of the system is 73.5 uW at 4.2 V, including the consumption MCU and battery management unit. The measurements in this section shown in Figure 3 were performed in lab conditions, in order to accomplish higher accuracy for the calibration of the system and the power function equation extraction. In the measurement setup, the current source used to provide power at the input of the boost converter was able to deliver a maximum power of approximately 3 mW. However, the system operates successfully for input power up to 300 mW, as it was tested in real conditions (see Section 4).




4. Global Maximum Power Point Tracking


For the operation of the boost converter, the MCU activates the low side switch of the boost converter, for a fixed amount of time, whenever the input voltage of the harvesting unit exceeds a predetermined threshold voltage. This is achieved using an internal ADC and a digital comparator to monitor the input voltage, while the main core of the MCU is in sleep mode (Figure 4). The ADC is triggered by an internal timer (Timer 1) with a sampling rate of 2KHz. Also, the MCU uses a second internal timer (Timer 0) to measure the rate of the oscillations and to calculate the input power using Equation (1). This way, the MCU can adjust the threshold voltage in order to track the MPP. Various algorithms can be used for the MPPT since an MCU is used. Two different algorithms were compared in this work, both using Equation (1) and six oscillation periods at each threshold voltage, to measure the oscillating frequency and determine the input power. Using this information, both algorithms are able to track the optimal threshold voltage that will allow the converter to draw the maximum power from the photovoltaic cell.



The first algorithm implements the P&O method. Starting from the lowest threshold voltage (0.42 V), it calculates the input power and performs a step regarding the previous measurement, in order to track the MPP. The main disadvantage of the P&O method is that it oscillates around the MPP, spending only half of the time at the actual MPP. Also, in case of partial shading conditions, the algorithm can stop at a local MPP instead of the global MPP. Figure 5a shows the input voltage (Ch1 bottom) and the output voltage (Ch2 top) on a 1 MΩ load and 4.7 uF capacitor.



The second algorithm tracks the global MPP, calculating the input power for every threshold voltage between 0.42 and 2.2 V. Initially, the algorithm performs a “Full range scan”, changing the threshold voltage by 200 mV steps. After that, it performs an “Accurate scan” in the neighborhood of the detected MPP using 100 mV steps. Finally, the algorithm stores the maximum power detected. If a change in the input power is detected that exceeds ±15%, the system returns to the “Accurate scan” state. If a change in the input power is detected that exceeds ±30% then the system returns to the “Full range scan” state. Figure 5b shows the input voltage (Ch1 bottom) and the output voltage (Ch2 top) on a 1 MΩ load and 4.7 uF capacitor. The main drawback of the GMPPT algorithm is the scanning time required. The scanning time depends on the input power as shown in Figure 6.



As shown, the P&O MPPT algorithm’s scanning time ranges from 10 to 300 s, while the GMPPT algorithm’s scanning time ranges from 10 to 300 s for the “Full range scan” and 100 ms up to 30 s for the “Accurate scan” modes, respectively. This means that whenever a sudden change in irradiance greater than 30% of the saved power occurs, the MPPT will perform with sub-optimal efficiency for a certain amount of time. During the “Full range scan” mode, the average MPPT efficiency is approximately 50%, and during the “Accurate scan” mode the average MPPT efficiency is approximately 70%. A sudden change in irradiance rarely occurs in indoor conditions where the input power is low (large scanning time). On the other hand, in outdoor conditions, irradiance changes occur more often, but the available power is much higher (small scanning time). Additionally, the 15% and 30% thresholds used that redirect the software to the “Accurate scan” or “Full range scan” modes, respectively, further improve the scanning time of the GMPPT algorithm, as a sudden change in irradiance greater than 30% occurs extremely rarely. Using a voltage source (Vsource) with a series-connected resistor (Rsource), both algorithms were measured (Table 1). In this configuration, the MPP voltage (Vmpp) is half the voltage of the voltage source.



Finally, using a portable LUX meter [28], the system was evaluated for various light intensities. We used LL200-2.4–75, a flexible light harvester by PowerFilm, with a size of 73 × 94 mm [29]. The light harvester can provide power ranging from 50 uW in low-indoor light (50 LUX) to 250 mW max in outdoor conditions (120,000 LUX). In Table 2, the power provided to the battery at different light intensities is shown. As the harvesting system described is consuming 73.5 uW at 4.2 V (including the consumptions of the MCU, the voltage regulator and the battery sensing resistor divider), the battery charging begins for output power greater than 73.5 uW. In Table 3, this work is compared with other state-of-the-art implementations. As shown, the system achieves GMPPT with maximum efficiency, extremely low power consumption and with a very wide power throughput range that allows it to work efficiently both in indoor and outdoor conditions.




5. Prototype Application


The system described in this paper is developed for use with a prototype earthquake detector (Figure 7), using the ultra-low power consumption accelerometer from Analog Devices, the model ADXL362 [30]. This accelerometer can monitor the acceleration in three axes while consuming only 270 nA in ultra-low power mode and has the ability to trigger the MCU if the acceleration at any axis exceeds a predetermined threshold level.



The overall consumption of the system remains below 75 uW at 4.2 V, including the consumption of the accelerometer. If a change in the acceleration is detected, the MCU activates a buzzer for approximately 20 s. The buzzer consumes on average 1 mA while operating. Using an 80 mAh battery, the buzzer can operate for more than 4000 min. Table 4 shows the expected battery duration in months in case of no earthquake detection, versus the available light. The system can work infinitely with 250LUX of light available at all times.




6. Conclusions


A GMPPT harvesting system with ultra-low power consumption and high tracking efficiency was introduced. Using a time-based power sensing method to measure the input power, it can work with a very wide power range of 10 uW to 300 mW and for input voltages ranging from 420 mV to 2.2 V. Connected to a 73 × 94 mm flexible light harvester, the system can harness any available light energy in both indoor and outdoor conditions, which appears improved in comparison to the literature. An ultra-low power MCU achieves GMPPT with 99.75% average tracking efficiency at the whole operating range, consuming only 73.5 uW at 4.2 V. In Table 3, this work is compared with other state-of-the-art implementations. As shown, the system achieves GMPPT with extremely low power consumption and a very wide power throughput range that allows it to work efficiently both in indoor and outdoor conditions. The system was tested in a realistic scenario, implementing a prototype earthquake-triggered alarm node.
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Figure 1. System architecture. 
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Figure 2. System design. (a) Microcontroller (MCU) schematic; (b) Input–output headers; (c) DC–DC boost converter schematic; (d) Battery management schematic. 
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Figure 3. (a) Working frequency versus input power; (b) slope of Figure 3a curves versus the threshold voltage. 
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Figure 4. MCU flow chart. 
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Figure 5. (a) Oscilloscope view of the Perturb and Observe (P&O) algorithm operation; (b) oscilloscope view of the Global Maximum Power Point Tracking (GMPPT) algorithm operation. 
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Figure 6. (a) Scanning time required by the P&O MPPT algorithm for different MPP voltages versus the input power; (b) scanning time required by the GMPPT algorithm for different MPP voltages versus the input power. 
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Figure 7. (a) 73 × 94 mm PowerFilm PV cell; (b) buzzer; (c) ADXL362 accelerometer; (d) proposed harvesting system; (e) 80 mAh 3.7 V Li-ion battery. 
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Table 1. Algorithm performance comparison.






Table 1. Algorithm performance comparison.





	
Input configuration

	
Vsource (V)

	
1

	
1

	
2

	
2

	
3

	
3




	
Rsource (Ω)

	
10,000

	
1800

	
10,000

	
1800

	
10,000

	
1800




	
Vmpp (V)

	
0.5

	
0.5

	
1

	
1

	
1.5

	
1.5




	
Max input power (uW)

	
25

	
139

	
100

	
556

	
225

	
1250




	
P&O algorithm

	
Scanning time (s)

	
60

	
15

	
65

	
15

	
70

	
15




	
Detected Vmpp (V)

	
0.65

	
0.65

	
0.88

	
0.93

	
1.39

	
1.39




	
Input power (uW)

	
22.63

	
126.88

	
98.56

	
552.60

	
223.79

	
1243.28




	
Tracking accuracy (%)

	
69.20

	
70.60

	
88.00

	
92.70

	
92.67

	
92.67




	
Tracking efficiency (%)

	
90.51

	
91.36

	
98.56

	
99.47

	
99.46

	
99.46




	
GMPPT algorithm

	
Scanning time (s) 1

	
240

	
80

	
215

	
52

	
190

	
38




	
Detected Vmpp (V)

	
0.54

	
0.54

	
0.99

	
0.98

	
1.52

	
1.44




	
Input power (uW)

	
24.82

	
138.13

	
99.99

	
555.41

	
224.96

	
1248.00




	
Tracking accuracy (%)

	
91.60

	
92.60

	
98.90

	
98.40

	
98.67

	
96.00




	
Tracking efficiency (%)

	
99.29

	
99.45

	
99.99

	
99.97

	
99.98

	
99.84








1 Time required for a “Full range” scan.
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Table 2. Power provided to the battery.
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Light Intensity

	
Pbatt (uW)






	
No light

	
0 LUX

	
−73.5 3




	
Low indoor 1

	
50 LUX

	
−55 3




	
Home 1

	
270 LUX

	
17




	
Office 1

	
870 LUX

	
271




	
Rainy 2

	
14,000 LUX

	
7447




	
Cloudy 2

	
47,000 LUX

	
29,411




	
Sunny 2

	
120,000 LUX

	
71,537








1 Indoor lighting. 2 Outdoor lighting. 3 Power drown from the battery.
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Table 3. Performance summary and comparison.
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	Ref No.
	Technology
	MPPT Method
	MPPT Efficiency (%)
	Power Throughput
	Power Consumption





	[26]
	65 nm CMOS
	P&O
	96.2
	6–600 uW
	5.1 uW



	[14]
	0.18 um CMOS
	P&O
	86
	0–21 uW
	12 uW



	[4]
	0.18 um CMOS
	P&O
	89
	0–29 uW
	20 uW



	[13]
	0.18 um BiCMOS
	P&O
	96–99.7
	700 mW
	25 uW



	[12]
	TSMC 0.35 um
	P&O
	89
	500 mW
	3.4 mW



	[25]
	Discrete
	P&O
	99.4
	1–100 mW
	3.4 mW



	[24] 1
	IBM 45 nm
	Global
	99.8
	140–440 uW
	180 uW



	[21]
	0.35 um HVCMOS
	Global
	99.9
	0.4–21.1 W
	10.65 mW



	[18]
	Discrete
	Global
	99.6
	1.5 KW
	N/A 2



	[20]
	Discrete
	Global
	99.9
	5–500 W
	N/A 2



	This work
	Discrete
	Global
	99.75
	10 uW–300 mW
	73.5 uW







1 Post-layout simulation results. 2 Power consumption not available, in the range of mW.
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Table 4. Battery duration in months (80mAh 3.7V).
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Light Intensity

	
Charging Time




	
No Light

	
2 min/day

	
4 min/day

	
15 min/day

	
6 h/day

	
20 h/day






	
Home 1

	
270 LUX

	
5.4

	
5.4

	
5.4

	
5.5

	
7.0

	
Inf 3




	
Office 1

	
870 LUX

	
5.4

	
5.4

	
5.5

	
5.6

	
Inf 3

	
Inf 3




	
Rainy 2

	
14,000 LUX

	
5.4

	
6.1

	
6.9

	
Inf 3

	
Inf 3

	
Inf 3




	
Cloudy 2

	
47,000 LUX

	
5.4

	
8.3

	
Inf 3

	
Inf 3

	
Inf 3

	
Inf 3




	
Sunny 2

	
120,000 LUX

	
5.4

	
Inf 3

	
Inf 3

	
Inf 3

	
Inf 3

	
Inf 3








1 Indoor lighting. 2 Outdoor lighting. 3 The battery remains perpetually charged.
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