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Abstract 

Energy harvesting provides a promising opportunity as the power source for 

wireless sensors for the Internet of Things (IoT) related applications (e.g. 

smart buildings, autonomous cars).  However there are issues encountered 

when using energy harvesters as the sole power source which include 

limited efficiency as well as the low-power and low-voltage nature of the 

energy harvesters. The main reason for the limited efficiency is due to the 

low-power, low-voltage nature of suitable energy harvesters for the wireless 

sensors required for automation and IoT based applications.  

This thesis aims to increase the efficiency of energy harvesting powered 

sensors therefore furthering the suitability of energy harvesters as a power 

source. A new optimised switched supercapacitor energy management 

circuit is proposed, which overcomes many of the issues encountered by 

existing circuits. In particular the circuit increases the system efficiency as 

well as delivering suitable pulses of power to wireless sensors. The circuit 

performance is demonstrated for a range of typical energy harvesting 

powered systems with particular focus on indoor solar harvesting, however 

the concept can be applied to range of sources and sensors. 
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CHAPTER 1 1 
INTRODUCTION TO ENERGY HARVESTING 

POWERED SENSORS 

1 Introduction to Energy Harvesting Powered Sensors 

1.1 Introduction 

Automation allows technologies to rely less on human interaction whilst 

delivering high quality results in all aspects of life. This is the case for 

automated cars which allow users to travel in cars without touching the 

steering wheel; or turning on the heating in a building while being miles 

away. Wireless sensors play an essential role in the development of 

automation allowing objects to become truly self-sufficient. In the case of 

smart homes, wireless sensors can be utilised for a wide range of 

applications aimed at improving occupant comfort such as remotely or 

autonomously operated temperature control, household appliances, security 

systems, etc., while also facilitating increased building energy efficiency 

[1]. Similarly, wireless sensors can be used in industrial building settings for 

machine health monitoring or to optimise overall building efficiency. The 

same principles can be applied to a wide range of applications including, 

and not limited to, health applications, environmental sensing, transportation 

and industrial monitoring [1], [2]. 

However, when implementing wireless sensors and wireless sensor 

networks (WSN), there is a need for a separate and reliable power source for 

each of the individual sensors. Taking one example of an industrial 

monitoring system, in particular a machine diagnostic application, up to 300 

sensor nodes over an industrial production area of 25 m
2

 are required [2] 

which shows the demand for independent reliable power sources. Future 

predictions for wireless sensors show a two fold increase from 23.14 billion 

in 2018 to 51.11 billion in 2023, resulting in a significantly larger demand 
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on power sources for wireless sensors [3]. Many existing systems operate 

using a primary (non-rechargeable) battery or AC mains connection to 

power the individual sensors. For the case of batteries, management in terms 

of battery replacement and battery disposal costs can have a large financial 

as well as environmental cost [4]. A quote from the National Fire Protection 

Association, NFPA says “An estimated 20% of U.S. homes have smoke 

alarms present but none that are working. Nearly all of this 20% involves 

dead or missing batteries” [4]. AC mains power sensors resolve the issues of 

utilising batteries, however if a sensor has not been planned for during the 

design phase of a development (e.g. planning phase of a smart building), the 

retrofit cost is often too great (e.g. €30,000 - €40,000 [5]) when compared to 

battery powered sensors. The forecasted increase in the number of wireless 

sensors and the issues with existing battery and mains power sources shows 

the need for a reliable, easy-fit, autonomous or battery life extension power 

source is required for sensors.  

Energy harvesters (EH) provide an ideal solution as a self-sufficient power 

source for wireless sensor nodes for a wide range of IoT applications in 

different environments, with the benefits, including reduced maintenance 

costs or reduced energy consumption, of energy harvesting being well 

recognised [6]. In particular small form factor sources provide are 

appropriately sized due to their comparable size (approximately 20 cm
2
) 

with existing battery powered solutions as well as being suitably sized for 

smart homes and wearable sensors, the most commonly searched IoT 

applications [7]. They reduce the costs associated with battery powered 

systems and the infrastructural cost of implementing AC mains powered 

sensors. They are also shown to reduce losses and increase the energy 

saving of sensors, with one solution showing an energy saving of 92% per 

year for an EH versus a mains powered sensor [8]. Taking for example a 

building management system, energy can be harvested from ambient 

sunlight as well as indoor light sources by utilising photovoltaic (PV) [9], 

and dye-sensitised solar cells (DSSCs) [10], [11]. Indoor light sources 

provide a very reliable and predictable energy source which is extremely 
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beneficial for powering wireless sensors, while ambient light can vary 

significantly depending on the weather conditions. Thermoelectric [12], also 

provides a viable energy source for wireless sensors, whether it be from 

human [13], or industrial sources [14]. Thermoelectric harvesters can 

generate significant energy when located near industrial machinery (e.g. up 

to 10 mW/cm
2
), however for other locations (e.g. inside a building) it is 

difficult to obtain a sufficient temperature differential which results in 

significantly lower energy harvested (e.g. 30 µW/cm
2
) [15]. Piezoelectric 

(PZ) [16]–[18] is another possible source delivering approximately 4 

µW/cm
2
 from a human source [15] which is insufficient to power many 

wireless sensors.  

The advantages of maintenance-free operation and long lifetime provided by 

energy harvesting sources are significant; however by opting for an EH 

source, additional circuitry and energy management techniques are required 

when compared with existing AC and battery powered solutions. This is due 

to the low-power, low-voltage nature of the small EH sources and the power 

mismatch between the source and sensor. For example a small form factor 

energy harvesting source for IoT related applications can deliver 

approximately 0.5 mW [19] while a wireless sensor can demand up to 100 

mW during operation [20]. For this and other reasons an energy 

management (EM) circuit is required between the EH source and a wireless 

sensor load to ensure correct operation of the sensor, as shown in Figure 1.1. 

Energy Harvesting 
Source

Wireless Sensor
Energy 

Management

 
Figure 1.1: System overview of an energy harvesting powered wireless sensor. 

Based on the above discussion, energy harvesting provides an ideal solution 

to allow wireless sensors and ultimately automation to become a real 

possibility, however as detailed above there are significant issues 

encountered when choosing an energy harvesting source.  
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1.2 Research Objectives 

Energy harvesting is limited in terms of voltage and power when compared 

to sensor requirements which results in minimal adoption from IoT system 

designers. This thesis aims to address some of the challenges inhibiting 

energy harvesting powered sensors, and proposes a high energy/power 

density efficient energy management solution. In particular the circuit the 

energy management solution focuses on energy harvesters power levels of 

between 0.1 and 0.4 mW and voltages of 0.4 V – 1.6 V. The challenges 

include limited DC-DC converter efficiency, lifetime issues associated with 

storage elements (i.e. limited lifetime as well as low power/energy density) 

and the significant power mismatch between source and load. The main 

research objectives are to target the most significant issues encountered by 

existing solutions when utilising low-power, low-voltage energy harvesting. 

The targeted issues include: 

 Increasing the source voltage to a more usable level while extracting 

the maximum available energy from energy harvesting sources with 

comparable form factor to existing battery powered solutions 

 Overcoming the limited efficiency of existing energy management 

circuits which is due to the low-power, low-voltage (less than 5 mW 

and 3 V) nature of small form factor energy harvesting sources 

 Overcoming the significant power mismatch between source (less 

than 5 mW) and load (up to 120 mW for one exmaple sensor) as 

well as ensuring sufficient delivery of reliable power to the sensor 

 Removing the issues encountered by long-term storage elements, i.e. 

batteries, which include limited lifetime (2 years for batteries 

{depending on applications} with a minimum of 10 years for many 

EH sources), power delivery issues and environmental cost of 

disposal, to mention a few  

For the case of low-power, low-voltage energy harvesting sources, the 

voltage of the EH source must be increased to enable sensor operation. 

Many different energy management topologies can be utilised to perform 
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the voltage step-up, however cost, implementation methods and efficiency 

vary between the topologies. During the voltage step-up process, maximum 

energy extraction from the harvester is required. This is achieved by 

performing maximum power point tracking (MPPT). Many different MPPT 

methods can be utilised with each method having different implementation 

and power costs which have an impact on the overall system. Depending on 

the methods used, by combining all the energy management components the 

system efficiency can be greatly changed. 

A major reason for the existing low efficiency is due to the physical size 

restrictions of wireless sensors for many applications e.g. CO2 monitoring, 

which significantly reduces the output power and voltage levels of energy 

harvesting sources. Due to the limited output power, energy management 

circuit operation is often restricted due to low energy harvester voltage 

resulting in reduced circuit efficiency. Developments have been made in 

each of the individual components of an energy harvesting system, but these 

require different specialist expertise: material science for energy harvesting 

sources and sensor devices; power electronics for energy management; and 

embedded systems and wireless communications for low-power wireless 

sensor operation. Therefore, while significant progress has been made on 

improving the efficiency of individual energy harvesting system blocks, e.g. 

[21], little focus has been directed on system level integration which is 

achieved by optimising the performance of several combined blocks.  

The maximum available energy has to be extracted from the energy 

harvester, conditioned and a sufficient quantity stored to overcome the 

power mismatch between EH source and sensor (which can be up to a 100 

times different). The low-power levels of small form factor energy 

harvesters require energy management circuits to operate at less than 1V 

while delivering between 3 V and 5 V output at less than 5 mW. In 

comparison low-power wireless sensors can require up to 100’s of mW and 

10’s of mJ per sense operation.  
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Due to the above discussed increased number of sensors worldwide, relying 

on batteries (either rechargeable or non-rechargeable) requires significant 

lifetime monitoring and correct waste disposal, as well as the financial cost 

being relatively high (with a quoted value of $50 per battery change [22]). 

In particular issues arise in relation to batteries which have limited power 

density, charge/discharge efficiency, lifetime and require additional voltage 

management, when compared to other storage elements. For these reasons 

batteries often hinder the self-sufficient nature of wireless sensors which 

results in systems requiring greater management while still having a 

shortened overall lifetime. The work documented in this thesis aims to 

overcome these issues and create an energy management system optimised 

for low-power, low-voltage energy harvesting powered wireless sensors for 

IoT related applications.  

1.3 Thesis Structure 

The thesis structure is as follows: initially existing energy management 

solutions are documented to determine the state-of-art technology. Chapter 2 

examines the existing literature for small form factor energy harvesting 

powered wireless sensors with particular focus on energy management 

circuits and storage elements for low-power, low-voltage harvesters. 

Existing step-up converters are detailed based on topology and efficiency 

compared to important system characteristics, i.e. input voltage, step-up 

ratio, etc. The associated energy management requirements to create a 

completely autonomous system are also documented which include MPPT, 

energy storage, cold-start and the overall system configuration, i.e. DC-DC 

conversion and energy storage location within existing systems.  

Following the in-depth literature review, a typical small form factor low-

power, low-voltage energy harvester is described, for this case  indoor solar 

cells [19]. Chapter 3 investigates methods for improving power delivery 

from low-power, low-voltage dye-sensitised solar cells with the aim of 

increasing overall system efficiency. This is achieved by altering the power 

delivery from the source by reconfiguring the cell’s structure to provide a 
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higher output voltage. To ensure an accurate analysis, the reconfiguration 

accounts for the limitations, including the loss of active area due to 

reconfiguration, encountered by existing DSSC manufacturing processes. 

The potential of varying the energy harvesting source configuration in 

combination with energy management operation is shown to improve the 

overall system efficiency and ultimately energy delivery. Based on the 

review in Chapter 2, the highest performing DC-DC converter operation and 

loss analysis are investigated and the optimum solution is proposed in terms 

of efficiency and power density for a range of different sized solar cells. A 

design procedure for this solution is detailed which can be applied to a range 

of energy harvesting sources and DC-DC converters.  

The efficiency and energy delivery of the DC-DC converter can be 

increased by altering the source configuration to increase the input voltage 

to the converter. However, there are limitations for solar cells whereby 

source reconfiguration results in a reduction of energy harvesting output 

power, due to additional interconnects which reduce the overall cell active 

area. Chapter 4 describes a solution that increases the system efficiency and 

energy delivery without reducing the energy harvester output power. This 

solution is to include a switched capacitor circuit on the input to the existing 

highest efficiency converter. The circuit provides a stepped up voltage to the 

boost converter while also reducing the operating time which both 

contribute to an increase in conversion efficiency. 

Following on from the energy harvesting reconfiguration an optimised 

energy management solution addressing the research objectives posed in 

Section 1.2 is detailed in Chapter 5. The optimisation is achieved by opting 

for a Switched Supercapacitor Circuit (SSC) that has the ability to reduce 

the demand on long-term storage by integrating energy storage within a 

voltage step-up circuit, while also ensuring the maximum available energy 

is harvested at a higher efficiency than existing solutions. The solution is 

robust due to supercapacitors having desirable characteristics including high 

energy and power density as well as long lifetime and high charge/discharge 

efficiency. The solution is analysed for a range of input and output 
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conditions representative of varying input conditions and various output 

sensor loads. 

A complete energy management solution is detailed in Chapter 6 which 

shows the new optimised switched supercapacitor circuit powering two 

wireless sensor demonstrator systems. The demonstrator systems are a LoRa 

transmitter operated in a fixed timing method and a temperature sensor 

operated in combination with a long-term storage element. These systems 

showcase the circuit performance when directly supplying a sensor and 

supplying a long-term storage element. The switched supercapacitor circuit 

is shown to have higher efficiency directly supplying the active power of the 

LoRa transmitter when compared to the existing solutions. In relation to 

supplying a long-term storage element, the circuit is shown to be 

competitive with existing circuits. These demonstrator systems show the 

capability of the switched supercapacitor circuit to operate in a range of 

energy harvesting systems with higher performance compared to existing 

solutions. 

Finally Chapter 7 discusses the performance of the switched supercapacitor 

circuit and its overall performance. Based on the research objectives 

detailed in Section 1.2, the SSC circuit is shown to address the issues faced 

when utilising an energy harvesting source, while also outperforming the 

existing best performing solutions in terms of energy/power delivery and 

efficiency across a range of applications. This is achieved by the circuit 

addressing the incompatibilities, i.e. power, voltage and operation 

mismatch, between a low-power, low-voltage energy harvesting source and 

a low-power wireless sensor for IoT related applications. 

1.4 Thesis Contributions  

Summarising the above sections, the thesis contributions are as follows:  

 A review of the existing literature with particular focus on energy 

management circuitry to determine the issues encountered by 

existing energy harvesting powered systems. Suitable topologies as 
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well as energy storage elements are identified based on the power 

and voltage requirements for a range of applications.  

 A method for increasing the system efficiency by reconfiguring the 

energy harvesting source and combining with energy management 

solutions. 

 The combination of a high efficiency switched capacitor circuit 

providing MPPT with a boost converter to reduce the high 

frequency DC-DC conversion operating related losses. 

 The design of a switched supercapacitor circuit with high efficiency 

for a low-power, low-voltage energy harvester supplying a high 

pulsed power, typical of a wireless sensor load. This includes 

illustrating the scope for application of the circuit through two 

demonstrator wireless sensor systems. 
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CHAPTER 2 2 
LITERATURE REVIEW 

2 Literature Review 

2.1 Introduction 

This chapter reviews the state-of-art solutions utilised for low-power (less 

than 5 mW), low-voltage (less than 3V) energy harvesting powered wireless 

sensors, focusing particularly on power electronics and energy management 

solutions. Each of the different components (see Figure 1.1) required to 

create an energy harvesting powered sensor are examined in detail, with 

existing system level solutions also presented. Initially Section 2.2 

introduces an overview of the power demands of low-power wireless 

sensors with the remaining sections documenting the energy management 

components required to ensure sustained wireless sensor operation.  

Section 2.3 discusses the different voltage step-up circuits that can be 

implemented for low-power, low-voltage EH sources which are required to 

step-up the low-voltage source to a more usable level for wireless sensors. 

The converters are categorised based on conversion topology and are 

compared based on efficiency versus key system characteristics (EH 

voltage, voltage step-up ratio and output power). Section 2.4 outlines the 

energy storage utilised for energy harvesting powered systems with the 

storage elements compared for both short- and long-term demands. The 

additional energy management components required to create an 

autonomous system are detailed in Section 2.5. These components include 

suitable maximum power point tracking techniques and cold-start. Due to 

the large range of available wireless sensors with varying requirements, 

existing complete energy harvesting powered systems are detailed in 

Section 2.6. Finally Section 2.7 shows the best performing existing solutions 



Chapter 2: Literature Review 2018 

 

11 

 

for powering a wireless sensor from an EH source and identifies the issues 

to be addressed in this thesis.  

2.2 Wireless Sensor Requirements 

Prior to reviewing existing DC-DC conversion solutions, the load 

requirements of wireless sensors are detailed to determine the requirements 

of the step-up converters in terms of voltage and power levels. As shown in 

Figure 2.1, the different components required for a wireless sensor system 

are a microcontroller unit (MCU), the sensor itself (e.g. temperature, 

humidity) and a wireless data transmitter. These components can be 

classified based on power consumption ranging from ultra-low (10’s mW) 

to high (1’s W) power [23]. This literature review is focused on wireless 

sensors using ultra-low/low-power components for a range of applications, 

including smart buildings and wearable sensors, where small form factor 

energy harvesting sources are the viable power source.  

≈ 3.3 V

DC-DC 
Converter

MPPT

Regulation

Charge/Discharge Control

Energy Management

≈ 0.5 V

Thermoelectric

Solar Cells

DC Energy Harvesting 
Source

Energy 
Storage

Microcontroller Unit

Radio Transmitter

Sensor

Wireless Sensor

Enzymatic Fuel Cell

Microbial Fuel Cell

 

Figure 2.1: Detailed sample system overview of energy harvesting powered wireless sensors. 

Figure 2.2 (a) illustrates the power required by a wireless sensor over time 

versus the power being generated by a typical low-power, low-voltage EH 

source over two sense operations. It is clear to see that the sensor power 

levels are significantly larger than the delivered power from a typical low-

power energy harvesting source when in active mode. Due to this power 

mismatch between the examined EH source (less than 5 mW) and wireless 

sensors (up to an average active power of 100 mW (see Figure 2.2 (b)) there 

are limitations on the range of functionalities and data transfer rates that can 

be provided by an EH powered wireless sensor [24]. However low-power 
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wireless sensors operate in a pulsed manner thereby enabling EH systems to 

store sufficient energy to ensure sensor operation while maintaining 

sufficiently sensor readings. This energy is stored within the energy storage 

element which is typically located between the DC-DC converter and the 

wireless sensor. 

 
(a) 

 
 (b) 

Figure 2.2: (a) Wireless sensor long-term operation and (b) peak power versus active power for 

a range of different wireless sensors. 

Figure 2.2 (b) shows the peak power versus active power during operation 

for a range of wireless sensors [20] [25] [26] [27]. Active power relates to 

the average power consumed by a sensor when performing a wireless sensor 

operation in active mode, i.e. over the time it takes to complete all sensing 

and data transmitting tasks (excluding sleep mode). The peak power relates 

to the maximum power required during a wireless sensor operation, which 

occurs during wireless transmission. Taking for example the MicaZ sensor, 

the peak power is up to 120 mW during a sense operation, while only 

requiring an average active power of approximately 10 mW over 0.9 s. The 

average active power shows the average requirement of sensors however it 

is worth noting that the actual power profile requires various peaks of power 
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during the entire operation. As illustrated by Figure 2.2 (a), the duration of 

active mode is minimal when compared to sleep mode, where the sensor is 

drawing extremely low power, e.g. < 1 µW [23]. Figure 2.3 shows the 

typical power profile of a wireless sensor during operation, with the main 

component operations highlighted. The power consumption at the beginning 

of a sensor operation is dominated by the MCU starting up prior to the 

sensor (e.g. temperature or humidity) becoming active. Following this the 

transmitter draws the highest power of the operation for a short time before 

the sensor re-enters sleep mode. 

 
Figure 2.3: Measured power profile of a low-power wireless temperature sensor. 

As well as the power, the energy demands are important; however due to the 

energy requirements being dependent on the exact sensor timing and 

implementation method, it is difficult to get the energy values for all the 

sensors featured in Figure 2.2 (b). Table 2.1 shows the energy, power and 

timing values for a subset of the sensors featured in Figure 2.2 (b). 

Table 2.1: Energy and power demands of a sampling of sensors featured in Figure 2.2 (b). 

Sensor 
Energy per 

operation (mJ) 

Sleep 

(µW) 

Operation 

Time (s) 

Sleep 

Time (s) 

Overall 

Average 

Power (mW) 

Tyndall 

Mote 
3.75 54.1 0.039 60 0.117 

eZ430-

RF2500 
0.114 0.416 0.0029 1 0.118 

MicaZ 7.49 62 0.905 59 0.186 

 

Comparing these wireless sensor requirements with the continuous low 

power profile produced by energy harvesting sources, the step-up converter 
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and energy management circuits must be carefully selected to ensure correct 

wireless sensor operation. For these reasons a thorough review of existing 

converters and energy management techniques as well as suitable energy 

harvesters is merited. 

2.3 DC-DC Converters  

This section reviews existing DC-DC conversion techniques and converters 

suitable for small form factor low-power, low-voltage DC energy harvesting 

sources which produce power levels less than 5 mW at less than 3 V. The 

DC-DC converters examined are step-up converters which take a low-

voltage input and increase it to a more usable output voltage suitable for 

powering sensors. The three topologies commonly utilised for low-voltage 

energy harvesting powered applications include inductor based converters 

(boost converters in particular), switched capacitors (including charge 

pumps) and transformer based converters. 

A significant issue faced when utilising low-voltage sources is their inability 

to directly turn on and off MOSFET switches as required within many DC-

DC converters. Another issue encountered by the converters is the 

comparable power consumption of the controller circuitry relative to the 

energy harvesting power. This results in a significant proportion of the 

harvested energy being consumed by the converter controller rather than the 

step-up process. Finally the maximum available energy should be extracted 

from the EH source in the most efficient manner to ensure the highest power 

throughput for the DC-DC converters. Methods used to overcome these 

issues are discussed in relation to the operating principle of each of the three 

main converter types and their performance in an energy harvesting system 

is then compared based on efficiency versus output power, voltage 

conversion ratio and input voltage.  
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2.3.1 Boost Converter 

The first voltage step-up converters to be examined are inductor based 

converters, in particular the boost converter. Due to the low-power nature of 

suitable energy harvesting sources for IoT applications, power saving 

techniques are required to ensure sufficient power delivery to a sensor, with 

many documented in [28]. These include utilising pulsed frequency 

modulation (PFM) [29], [30] (in place of pulsed width modulation (PWM)), 

burst mode operation and discontinuous mode operation. The circuit also 

operates in discontinuous conduction mode (DCM) rather than continuous 

conduction mode (CCM) by ensuring the inductor current is zero during 

switching to further reduce the circuit losses. By operating in DCM the 

switching losses can be reduced, however the inductor current ripple and 

output voltage ripple are increased. This can have a detrimental effect on 

circuit components (i.e. MOSFETs, inductor and storage components) if not 

managed correctly. By combining DCM and PFM the losses encountered by 

standard boost converters can be reduced considerably resulting in a suitable 

low-power, low-voltage DC-DC converter. The boost converter operation is 

examined in greater detail in Chapter 3. Figure 2.4 (a) shows the circuit 

schematic and (b) shows the circuit and key operating waveforms of a boost 

converter [31]. 
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(b) 

Figure 2.4: (a) Boost converter and (b) circuit operating waveforms taken from [31]. 

Boost converters operate by storing energy in the input capacitor (CIn) 

during TCharge with the capacitor voltage (VIn) centred on the MPPT voltage. 

Once a predetermined voltage on CIn has been reached, the capacitor 

discharges to the inductor during TBoost by closing the NMOS switch and 

opening the PMOS switch. Once the inductor current reaches a maximum 

value, the NMOS switch opens while the PMOS closes. During this time 

current (IInductor) flows through the inductor (in DCM), to the output 

capacitor (COut) which results in the output voltage (VOut) increasing. This 

process is repeated until CIn voltage reaches a minimum value and the 

circuit enters a power down mode while CIn charges. 

The benefits of the boost converters include operation over a wide range of 

input voltages with some existing circuits operating as low as 0.02 V [32], 

[33]. The efficiencies of existing suitable boost converter circuits are 
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detailed and compared with other step-up converter solutions in Section 

2.3.4 with an in-depth loss analysis of boost converters outlined in Chapter 

3. 

2.3.2 Switched Capacitors 

The next examined step-up converter is the switched capacitor (SC) circuit 

which, for the case of this work includes charge pumps. Switched capacitor 

circuits are an established technology with a range of different designs [34]. 

The Dickson charge pump [35] was the precursor to many of the modern SC 

circuits used to step-up voltage. The operation of a switched capacitor 

circuit is to increase voltage by connecting capacitors in a series/parallel 

manner or by creating a clock signal to increment the voltage on successive 

capacitors. A major benefit of this circuit is the ability to start operation at 

lower input voltages when compared with other DC-DC converters, 

particularly inductor based converters. This advantage is exploited 

particularly during cold-start which is detailed in Section 2.5.2.  

A significant disadvantage of the Dickson charge pump for energy 

harvesting sources is the voltage drop across the diodes required for voltage 

step-up. Since the development of the Dickson charge pump, many 

variations of the switched capacitor circuit have been developed to 

overcome this and other disadvantages [36]. A commonly used method to 

negate the voltage drop associated with diodes featured in a charge pump is 

to use MOSFETs within the circuit as illustrated in Figure 2.5 (a). The 

operating waveforms of an example 3-stage switched capacitor circuit taken 

from [37] are shown in Figure 2.5 (b).  
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VOutC3C1 C2
VIn

 
(a) 

 
(b) 

Figure 2.5: (a) Switched capacitor circuit and (b) operating waveforms taken from [37]. 

The voltage per stage (C1 blue, C2 purple, C3 brown) can be seen increasing 

by the magnitude of the input voltage with the output voltage (turquoise) 

connected to the 3
rd

 stage. Other possible switched capacitor solutions, e.g. 

series/parallel, provide similar functionality with operating waveforms 

varying depending on topology. However for all the examined switched 

capacitors an increased output voltage versus input, in a similar manner to 

the charge pump detailed in Figure 2.5, is supplied. 

It is worth noting that many of the existing switched capacitor circuits, [37], 

[38], [39], [40], are focused on footprint. This is a key consideration when 

selecting this type of converter as due to the circuit not having an inductor 

or coupled inductors the implemented circuit can be very small, and easily 

integrated onto a system level PCB board at low cost. For example [39] 

focusses on an extremely small footprint, 1.0 mm
2
, which is extremely 

beneficial for wearable sensors as well as other biomedical related 

applications. However, the output power level is limited as a result and there 

is a corresponding trade-off in efficiency. 
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2.3.3 Transformer 

Transformer based converters include coupled inductors with a turns ratio 

between the primary and secondary windings, which allows a low input 

voltage to be increased to a more usable output voltage at the secondary 

winding. The turns ratio between the primary and secondary windings are 

up to 1 : 100 [41], which allows a very low input voltage to be significantly 

increased (e.g. 0.03 V increased to 3 V output voltage). In a similar manner 

to boost converters, transformer based solutions utilise DCM to reduce 

losses associated with switching [42].  

VX

VG

VS

IL1

L0 L1

 
(a) 

 
(b) 

Figure 2.6: (a) Transformer circuit and (b) operating waveforms taken from [43]. 

Figure 2.6 illustrates (a) the circuit topology and (b) the key steady-state 

waveforms of a transformer circuit taken from [43]. The input voltage (VS) 

can be seen in orange, with the current flowing through L1 of the coupled 

inductors shown in purple. The current increases up to a predetermined 

value at which point the MOSFET switches (indicated by the drop in the 
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gate voltage, VG, {green waveform}) and the output voltage increase, as 

depicted by the blue waveform.  

The LTC 3108 has an extremely high conversion ratio of up to 75 and can 

operate with a voltage as low as 20 mV which makes the circuit an optimal 

solution for energy harvesters which generate ultra-low voltage, e.g. 

thermoelectric [44]. However a disadvantage is that the efficiency of the 

circuit reduces when input voltage increases, 40% @ Vin = 0.06 V and 15% 

@ Vin = 0.5 V for a Vout of 4.5 V. This is caused by the secondary coil 

suffering from high voltage stress (possibly over the maximum ratings) for 

higher input voltage due to the circuit operation only depending on positive 

feedback oscillation [45]. The transformers proposed in [45], [46] address 

this efficiency reduction by altering the circuit configuration to allow the 

converter to operate as a boost converter at the higher input voltages (e.g. > 

0.1 V). This is a typical operation of transformer based converters for low-

power energy harvesting to increase the conversion efficiency. Similarly the 

increase in efficiency of [43], [42] is due to a change in the operation 

methods with a Meat Grinder [47] and flyback utilised respectively.  

2.3.4 Performance Comparison 

In this section, the converters are compared based on their steady-state 

circuit performance under typical conditions encountered in energy 

harvesting applications. For the following graphs the step-up converters are 

divided into topologies: inductor based boost converters (blue), switched 

capacitors (green) and transformer based converters (red). As mentioned 

switched capacitors feature both charge pump and switched capacitor based 

circuits. For the case of transformer based converters, circuits featuring 

coupled inductors but operate in a boost configuration during steady-state 

are shown in hollow red squares with the remaining transformers 

highlighted in solid red squares. The efficiencies of the circuits are taken as 

the maximum reported efficiency, and the associated output power, voltage 

step-up ratio and input voltage are recorded at this point. The efficiencies 

include the losses associated with energy management (detailed in Section 
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2.5) in particular controller and MPPT losses. Solutions that are applied 

only during cold start are not included in this analysis. 

The converter topologies are compared based on maximum reported 

efficiency versus output power in Figure 2.7. Most of the existing circuits 

for IoT related applications are focused between 0.1 and 1 mW, the typical 

power levels of small form factor low-power energy harvesting sources. 

Many of the switched capacitor circuits are at the lower output power level 

with many delivering less than 0.1 mW. This is due to the main focus of 

SCs being on small footprint which results in a reduced power capacity of 

the circuit. 

 
Figure 2.7: Shows the existing DC-DC converter efficiency versus output power. 

It is clear to see the efficiency varies significantly depending on output 

power and topology. For example the switched capacitor efficiency 

increases with an increase in output power, however this is the opposite for 

transformer based converters, while for the case of inductor based 

converters, efficiency is independent of output power and varies 

significantly. The inductors are limited to relatively high power levels due 

to the implementation of existing inductors, however some work has been 

focused on lower power (544 pW - 4nW), by featuring a boost converter 

combined with a voltage doubler [48]. Inductors on silicon [49] also provide 

an opportunity to reduce the power level of inductor and transformer based 
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solutions, as well as the overall form factor. Switched capacitor circuits are 

focused on relatively low output power levels, which is explained by the 

focus on small footprint circuits. Based on the output power a future 

possibility would be to examine the performance of SC circuits for power 

levels between 1 and 5 mW. The next circuit parameter to consider is the 

voltage step-up ratio (output voltage versus input voltage) versus the 

converter efficiency as shown in Figure 2.8.  

 
Figure 2.8: Shows the existing DC-DC converter efficiency versus step-up ratio. 

Initially examining the switched capacitor circuits, many have been focused 

at lower voltage step-up ratios, between a ratio of 1.5 and 4. Again this is in 

part due to the focus on small circuit form factor, whereby increasing the 

step-up ratio requires additional components and results in a larger circuit 

footprint. Inductor based converters have a wide range of voltage step-up 

ratios ranging from 1.5 to 50, with the majority of the work centred on a 

conversion ratio of 10. This wide range is achievable because the duty cycle 

of the circuit varies the step-up ratio significantly. Finally transformer based 

solutions can have a very high step-up ratio as shown by [41], however as 

mentioned, the transformer is often used for cold-start and the circuit 

operates as a boost converter during steady-state. This is the case for all 

transformer based converters considered, excluding [41]. The overall 

efficiency trend for all examined converters shows higher efficiency for low 
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voltage step-up ratio. This is explained by a reduced number of switching 

circuit stages or reduced duty cycle of the circuit.  

 
Figure 2.9: Shows the existing DC-DC converter efficiency versus input voltage. 

Finally, as it is not evident in the results of voltage step-up ratio in Figure 

2.8, the dependence of converter efficiency on input voltage is shown in 

Figure 2.9. The input voltage ranges from 35 mV up to 2.7 V with the 

majority of the work centred on the 0.3 – 0.6 V range. Many of the switched 

capacitor circuits are focused at input voltages of 0.4 V or higher because, 

as mentioned above, the number of stages to produce a useable output 

voltage is limited by size, cost and efficiency constraints. Inductor based 

solutions have a wide range of input voltages ranging from 35 mV up to 2.4 

V. The transformer based converters can operate at extremely low input 

voltages, however as discussed for many of the reported maximum 

efficiencies the circuits are operating in a boost converter topology. Despite 

operating in a boost converter configuration the efficiency is somewhat 

limited due to the coupled inductor losses, e.g. leakage inductance and 

possible ESR increase. For all the converters, efficiency generally increases 

with an increased input voltage and this is explained by the relatively 

smaller effect of voltage drops across switching devices. Table 2.2 shows a 

comparative summary of the conversion topologies in terms of their relative 

advantages and disadvantages as identified from trends in Figure 2.7 Figure 

2.9  above. 
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Table 2.2: Summary of low-power, low-voltage DC-DC converters. 

Topology Advantages Disadvantages Limitations 

Inductor 

based 

converter 

 High efficiency across 

a range of input and 

load conditions 

 Wide input range 

 Wide range of output 

power capabilities 

 Additional cold-start 

circuitry 

 Relatively large 

footprint due to 

inductor 

 Existing 

solutions are 

limited to 

relatively high 

output power 

(see Figure 2.7) 

Switched 

capacitors 

 Small footprint 

 Operates with low 

input voltages without 

additional cold-start 

circuitry 

 Relatively low 

efficiency 

 Targeted at lower 

conversion ratio due 

to additional 

components required 

for larger conversion 

ratio 

 Relatively low output 

power capability, 

based on existing 

solutions 

 Output voltage 

limited due to 

implementation 

of circuit 

requiring an 

integer number 

of stages 

Transformer 

based 

converters 

 Operates with low 

input voltages without 

additional cold-start 

circuitry 

 High efficiency when 

operating in boost 

mode during steady-

state 

 High output power 

capability 

 Relatively large 

footprint due to 

coupled inductors 

 Efficiency for 

existing solutions can 

be relatively low (see 

Section 2.3.3), 

especially when 

compared to boost 

converter 

 Same limitation 

as inductor 

based 

converters 

 Efficiency can 

be limited due 

to coupled 

inductors (see 

Section 2.3.3) 

 

By combining the data from Figure 2.7 -Figure 2.9 and the details in Table 

2.2, suitable converters can be chosen for a range of input and output 

conditions. For example, the clustering of data points in Figure 2.7 shows 

that inductor and transformer based solutions are more suitable for relatively 

high power, while switched capacitors are more suitable for lower power. 

Meanwhile, Figure 2.8 shows that switched capacitor solutions are limited 

in the voltage step-up range that can be supplied when compared to inductor 

and transformer based converters. This limitation is due to switched 

capacitor solutions requiring a whole number of stages, e.g. 3, while the 

output voltage of the inductor and transformer based circuits can be varied 

depending on duty cycle.  
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In general a system featuring higher output power, a lower voltage step-up 

ratio and a relatively high input voltage results in a converter with high 

efficiency. However for many wireless sensors, the input and output 

parameters are often limited based on application sensor requirements and 

available footprint/area. In general inductor based converters have a higher 

efficiency when compared to switched capacitor and transformer based 

converters, but have a larger footprint when compared to switched 

capacitors and require additional circuitry for cold-start. Additional energy 

management processes required in conjunction with the step-up converters 

to ensure an autonomous energy harvesting powered sensor are examined in 

the following section, and examples of complete demonstrator systems are 

then described in Section 2.6. 

2.4 Energy Storage 

Energy harvesting powered wireless sensors, in particular small form factor 

low-power, low-voltage sources, require energy storage, as shown in Figure 

1.1, due to the low-power nature of the sources and the higher pulsed power 

nature of the sensors, as illustrated in Figure 2.2 (a). Storage elements 

enable the wireless sensors to become autonomous by overcoming the 

significant voltage and current mismatch between source and sensor as well 

as enabling operation during periods when the EH source isn’t supplying 

energy. For example solar cells will only produce energy during hours of 

sunlight if placed in a location with ambient sunlight or when fluorescent 

light sources are operating. In this case a storage element is required to 

power the sensor during periods of no light, e.g. night time. This holds true 

for many energy harvesting sources as their operation is dependent on 

external parameters. For these reasons energy harvesting powered wireless 

sensors for low power levels feature energy storage components, however 

the type, location and usage of the components can vary significantly 

depending on the application. This section details existing storage elements 

with the application of them within the system detailed in Section 2.6. 
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Figure 2.9 depicts a range of different energy storage devices plotted versus 

energy and power density in a Ragone chart. 

 

Figure 2.10: Ragone chart of different storage devices [50]. 

The three commonly used storage elements are batteries, electrolytic 

capacitors and supercapacitors (also known as ultracapacitors or double 

layer electrolytic capacitors) or different combinations of them. The storage 

elements are divided into two categories, short- and long-term storage. 

Short-term storage elements have low energy density and are focused at 

delivering pulses of power for short time periods (e.g. powering a single 

sensor operation) with electrolytic capacitors being a prime example. Long-

term storage has high energy density and is focused at delivering power for 

significantly longer time periods (e.g. powering a sensor overnight) with 

batteries being an example. Supercapacitors provide a combined function of 

being suitable for both long- and short-term storage. Each element is 

described in detail to understand how they are formed and their equivalent 

circuits. 

2.4.1 Electrolytic Capacitors 

Electrolytic capacitors have a high power density which allows them to 

deliver high pulses of power for short time periods, however capacitors are 

rarely used as the only long-term energy storage components due to their 

low energy density. Electrolytic capacitors can be utilised in parallel with 
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other storage elements to reduce the impact of the high current pulses on 

other lower power density storage elements, e.g. batteries [51]. For the case 

of energy harvesting powered wireless sensors parallel electrolytic 

capacitors aid with the relatively high current discharging which is 

examined in greater detail in Chapter 5. Electrolytic capacitors consist of 2 

metallic electrodes encompassing an electrolytic and dielectric layer.  Figure 

2.11 shows the internal structure of an aluminium-electrolytic capacitor. 

 
(a) 

RESR

C

 
 

 

(b) 

Figure 2.11: (a) Aluminium-electrolytic capacitor structure [52] and (b) electrolytic capacitor 

equivalent circuit. 

Electrons flow from the cathode to the anode when a load is connected 

across the capacitor. Figure 2.11 (b) shows the equivalent circuit of an 

electrolytic capacitor. Capacitor C represents the capacitance of the device, 

while the RESR represents the electrolytic and contact resistances. Unlike 

batteries and supercapacitors, the capacitor’s voltage responds much faster 

to changes which results in a simpler equivalent circuit compare to a 

batteries and supercapacitors. However issues arise with using capacitors in 

relation to the relatively low energy density and high leakage current. For 

these reasons capacitors are often used to deliver high pulsed power levels 

but rarely used for long-term storage. 

2.4.2 Batteries 

Batteries are used in a wide range of applications from high power, e.g. 

electric cars, to low-power wireless sensors and everything in between. 

Batteries are electrochemical cells which feature an anode, cathode, 
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electrolyte and separator between the anode and cathode as shown in Figure 

2.12 (a). 

 
(a) 

R1

C1

R2

C2 VOUT

+

-

(b) 

Figure 2.12: (a) Generic internal battery structure [53] and (b) equivalent circuit model of a 

battery [54]. 

Connecting a load across the battery allows electrons to flow from the 

cathode to the anode and thus a load device to be powered. Figure 2.12(b) 

shows the equivalent circuit model of a battery as outlined in [54]. The 

capacitor C1 represents the large storage of the battery with R1 representing 

the small internal resistance due to the electrolyte and the contact resistance. 

When charging and discharging a battery there is a recovery delay where the 

voltage levels off after a short time. This recovery delay is represented by 

the RC circuit featuring R2 and C2. Much of the current research is focussed 

on lithium based batteries [55]–[61], which based on Figure 2.10 are 

currently the highest energy and power density of the common battery 

topologies [62]. Factors such as energy and power density as well as cycle 

life which limit batteries capability must be considered when selecting them 

as the long-term storage element. To overcome the power density issue 

faced by the battery for energy harvesting powered systems, a battery with a 

parallel capacitor or supercapacitor is utilised in existing literature, [51] and 

[63] respectively. Batteries also suffer from leakage however it is 

significantly less than electrolytic and supercapacitor leakage.  

2.4.3 Supercapacitors 

Supercapacitors have a very suitable energy and power density for energy 

harvesting powered wireless sensors. Supercapacitors provide the energy 
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and power requirements of the IoT wireless sensors shown in Section 2.2. A 

supercapacitor is created by putting a porous electrode (e.g. activated carbon 

or carbon aerogels) on both a cathode and anode with a separator (e.g. 

cellulose-based or polypropylene) between the electrodes [64], as shown in 

Figure 2.13 (a). 

 

CS1

RESR

KV CREDIST

RREDIST

RLEAKAGE

R3

CS3

 
(a)        (b) 

Figure 2.13: (a) Cross-sectional view of a supercapacitor [65] and (b) equivalent supercapacitor 

circuit based on the work outlined in [66]. 

The equivalent supercapacitor circuit model is shown in Figure 2.13(b). The 

supercapacitor equivalent model features more components when compared 

to a battery and electrolytic capacitor model. This is due to supercapacitors’ 

variable performance based on the amount of charge within the component 

as well as the charge being drawn from or delivered to it. The first branch 

(featuring the ESR resistance {RESR}, and parallel capacitances {CS1 and 

KV}) relates to the short-term performance, the second branch (featuring 

RREDIST and CREDIST) relate to the redistribution period and finally the third 

branch (featuring R3 and CS3) relates to the long-term performance. Based 

on this equivalent circuit an accurate circuit analysis can be performed with 

the supercapacitors performance and modelling techniques examined in 

greater detail in Chapter 5. Despite providing suitable energy and power 

density a disadvantage to using supercapacitors is the leakage which they 

suffer from, which is represented by RLEAKAGE in Figure 2.13 (b). A 

supercapacitor can suffer from leakage of up to 25 % of initial energy in 25 

hours for a 33 F supercapacitor [67]. The supercapacitor leakage is very 

specific to each supercapacitor where it is shown that the leakage varies 

significantly for different supercapacitors from the same manufacturer. 



Chapter 2: Literature Review 2018 

 

30 

 

2.4.4 Energy Storage Comparison 

The storage elements are compared in Table 2.3 which includes key 

characteristics discussed above such as energy density (watt hours per 

kilogram) and power density (watts per kilograms), as well as other 

important characteristics.  

Table 2.3: Battery, supercapacitor and electrolytic capacitor performance, adapted from [62]. 

 Electrolytic 

Capacitor 

Supercapacitor Lithium based 

Battery 

Specific Energy 

Density (Wh/kg) 
0.01 – 0.3 1 – 10 30 – 200 

Specific Power 

Density (W/kg) 
> 100,000 < 10,000 < 1000 

Cycle Life  Unlimited > 500,000 1,000 

Charge/Discharge 

Efficiency 
99 % 85 – 98 % 80 - 90 % 

Fast Charge Time 
< 0.1 Seconds 0.3 – 30 Seconds 1 – 5 h 

Discharge Time 
< 0.1 Seconds 0.3 – 30 Seconds 0.3 – 3 h 

Leakage 

IL < (0.03*V*C) 

[68] {e.g. 0.1 F 

results in leakage 

of up to 1.2 mA} 

3 µA after 72 

hours [69] 

1-2% per month 

(Lithium-ion) 

10-15% per month 

(Nickel-based) [70] 

Examples [71] [72]–[74] 
Lithium-ion battery 

[75] used in [76] 

 

Aside from energy and power densities, another key factor to consider is the 

charge/discharge efficiency which relates to the ability of the storage 

element to deliver and receive energy efficiently. Examining Table 2.3 it is 

clear to see that electrolytic capacitors have the highest efficiency whilst 

batteries and supercapacitors can be as low as 80% and 85% respectively. 

This inefficiency is associated with the storage elements’ equivalent series 

resistance (ESR) which causes conduction losses within the elements. The 

choice of storage element depends on the system requirements but in 

general supercapacitors provide a good solution for most IoT applications 

due to relatively high energy and power density, low ESR and long lifetime.  

Finally lifetime issues play a major role in the storage element selection. 

Most IoT related applications required deploy and forget systems which 
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may be located in harsh environments. Taking an outdoor sensor as an 

example and an operating temperature of 60°C the lifetime of the storage 

elements are greatly affected. A sample electrolytic capacitors lifetime is 

approximately 7.5 years [77] while supercapacitors lifetime can be limited 

to 3 years [78] (depending on voltage utilisation). For a sample battery the 

overall capacity is reduced by 20 % after 200 days of 60°C operation which 

reduces overall system lifetime [79]. Based on these values for the case of 

outdoor locations the selection of the storage element must be carefully 

considered to ensure that the storage element doesn’t severely limit the 

system lifetime.  

2.5 Energy Management   

This section reviews the additional components accompanying DC-DC 

stages required to create a truly autonomous energy harvesting powered 

wireless sensor. These include maximum power point tracking and cold-

start. The existing MPPT techniques are detailed in Section 2.5.1 with 

particular focus on suitable techniques for low-power, low-voltage EH 

sources. Section 2.5.2 outlines cold-start techniques required to allow 

autonomous circuit operation, in particular after long periods of no 

operation. 

2.5.1 Maximum Power Point Tracking 

For the case of low-power, low-voltage sources, obtaining the maximum 

energy is paramount to enabling a system to become autonomous as well as 

possibly increasing the wireless sensor accuracy and functionality, due to 

the additional energy. MPPT is utilised for energy harvesting sources to 

ensure the maximum available energy is extracted, however there a wide 

range of methods to obtain the maximum power [80]. Figure 2.14 shows the 

typical current, voltage and power delivery for a range of different energy 

harvesting sources, where the IV and PV curves are the current/voltage and 

power/voltage curves respectively. It is clear to see that there is a point 

around which the maximum power is delivered for the different sources. 
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(a)      (b) 

Figure 2.14: Typical IV and PV curve for (a) solar cells and (b) thermoelectric, MFC, 

piezoelectric and RF harvesters.  

Much work has been focused on highly sophisticated MPPT systems for 

large scale energy harvesting. These systems are often implemented 

digitally and therefore require a controller or signal processing system. For 

many low-power energy harvesting systems, including an MCU is not 

possible due to the additional power consumption as well as the financial 

cost. Some low-power MPPT systems have been implemented on dedicated 

controllers [81] which have been shown to consume from 1 mA to as low as 

50 µA, [82] and [83] respectively. However for the case of this work, the 

reviewed MPPT literature are specific to low-power energy harvesting 

sources and are aimed at consuming ultra-low power (in the order of µW or 

less). Table 2.4 compares different reported MPPT methods in the literature 

in terms of their reported power consumption, where P&O and FOCV are 

Perturb and Observe and Fractional Open-Circuit Voltage respectively. 
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Table 2.4: MPPT methods used for low-power energy harvesting. 

Reference Method Power 

Consumption 

 Reference Method Power 

Consumption 

[84] P&O 0.1 µW  [85], [86], 

[87]  

Hill 

Climbing 

2.1 µW 

[88] FOCV Approx. 0.15 

µW 

 [89] FOCV Approx. 3 µW 

[90] Hill 

Climbing 

0.25 – 0.74 µW  [91] Hill 

Climbing 

3.84 µW (total 

controller 

losses, not just 

MPPT) 

[92] FOCV 0.3 µW (total 

controller 

losses, not just 

MPPT) 

 [9]  Hill 

Climbing 

4.6 µW 

[93] Hill 

Climbing 

0.45 – 0.85 µW  [94] Hill 

Climbing 

≈ 6 µW 

[95] Hill 

Climbing 

0.46 – 0.93 µW  [67] FOCV 150 – 700 µW 

 

Both methods can be implemented in different manners which results in 

varying power consumptions, as shown in the Table 2.4. Figure 2.15 shows 

the outline for (a) P&O/hill climbing and (b) the implementation of FOCV. 

P&O/hill climbing [96] is an established MPPT method and is used 

significantly in high power solar systems. Much research has been 

performed to allow this MPPT method to operate at low-power levels. As 

seen in Table 2.4 the lowest power consumption achieved is P&O with a 

consumption 0.1 µW [84]. This method operates by reading the energy 

harvester voltage and power value and determining if the maximum power 

point has been reached. The circuitry required to implement this method can 

vary significantly which results in high accuracy, low-power consumption 

or financially cheaper systems depending on the circuit requirements. In 

general this method is more accurate than the FOCV, but is often more 

complex.  
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(a) (b) 

Figure 2.15: Flowchart of (a) perturb and observe/hill climbing [97] and (b) fractional open-

circuit voltage operation. 

The FOCV [98], and fractional short-circuit current (FSCC) [99] methods 

represent a simple MPPT method used in low-power, low-voltage systems. 

For FOCV, the method operates by taking the maximum power point 

voltage as being a fixed percentage of the energy harvester’s open-circuit 

voltage [100],  

MPP OCV kV  ,     (2.1) 

And similarly the short circuit current, 

MPP SCI kI  .     (2.2) 

For the case of solar cells the maximum power is achieved at roughly 70 – 

80% of the open-circuit voltage, see Figure 2.14 (a). For piezoelectric, 

thermoelectric and MFC sources the maximum power point occurs at 

approximately 50% [101] of the open-circuit voltage, see Figure 2.14 (b). 

The FOCV method is sufficiently accurate but requires minimal 
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implementation complexity. To implement the MPPT, as shown in Figure 

2.15 (b), k is determined based on large resistance values which are selected 

to ensure that minimal current is lost through the resistor divider ratio, 

1

1 2

R
k

R R



.     (2.3) 

The main disadvantage of this method is the possible inaccuracy, as the 

maximum power point might be a few percent above or below the resistor 

divider ratio. However the low conduction losses for low-power sources, 

relative ease of implementation and the overall low cost of the tracker 

makes the method suitable for low-power energy harvesting powered 

systems.  

2.5.2 Cold-Start 

The issue of cold-start is a hurdle that must be overcome when utilising 

energy harvesting as the sole power source for a wireless sensor. Cold-start 

occurs when the circuit is starting with no energy stored within the system, 

either in the energy management or storage element. As many of the 

converters feature switches and/or diodes, higher voltage than the energy 

harvesting voltage is generally required to allow the circuit to operate 

correctly. Methods used to overcome cold-start include: an unregulated 

charge pump prior to the boost converter [32], [102], [92]; an oscillator 

prior to a switched capacitor circuit, [37], [38], [103] and high turns ratio 

transformer based solutions [45], [41]. The cold-start circuitry for the boost 

converter and the switched capacitor circuits, operates in similar fashion to 

the switched capacitor operation detailed in Section 2.3.2. For the 

transformer circuits, cold-start is achieved by resonance between the 

inductor and capacitor, as depicted in Figure 2.16 which is taken from [45]. 
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Figure 2.16: Transformer circuit operation during cold-start, [45]. 

Based on these methods, energy harvesting powered systems can be 

completely autonomous and not rely on external power sources. Cold-start 

is an inefficient process and is often excluded from published efficiency 

values due to the event rarely occurring, possibly as little as once over the 

lifetime of the system.  

2.6 Demonstrator Energy Harvesting Systems   

Up to this point, the individual components required to manage the energy 

for an energy harvesting powered wireless sensor have been detailed. 

However the methods in which the energy management is implemented 

varies depending on system conditions, e.g. input source voltage/power 

levels and output sensor power profiles, and this is illustrated through 

example demonstrator systems in this section. As detailed each DC-DC 

step-up converter and the associated energy management techniques have 

benefits, e.g. switched capacitor circuits tend to be focused in small 

footprint applications, while inductor based solutions have higher efficiency 

but require separate cold-start circuitry as well as storage elements. Figure 

2.17 shows the various different system configurations for energy 

harvesting powered sensors implemented in the literature. 
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Figure 2.17: Various demonstrator configurations for energy harvesting powered wireless 

sensors. 

Figure 2.17 (a) shows the most common circuit topology used for energy 

harvesting powered wireless sensors where the EH input is connected to the 

DC-DC conversion circuitry which in turn is connected to an energy storage 

element in parallel with the load, see Figure 2.1. Many of the circuits 

documented in Section 2.3 utilise this system configuration. The benefit of 

using this method is that sufficient energy is stored in the storage element 

prior to a wireless sensor operation. A disadvantage of this configuration is 

due to the DC-DC converter operating when the EH source is harvesting. 

This results in 20% of the harvested energy being lost for the case of the BQ 

25504. Another issue faced by this system is due to the output voltage not 

being regulated which can result in failed sensor operation caused by 
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voltage variance. Careful selection of the storage element is required to 

overcome this issue with particular focus on sufficient power density. 

An alternative configuration is a system featuring the energy storage prior to 

the energy management circuit [20], [104] as shown in Figure 2.17 (b). This 

method can only be applied in cases where the energy source and storage 

elements have compatible voltages and therefore the voltage step-up ratio is 

usually quite low. It negates some of the issues associated with the system 

in Figure 2.17 (a) whereby the power conversion circuitry only operates 

when the wireless sensor operates. This method requires greater system 

integration to ensure that sufficient energy is available when the wireless 

sensor is operating. Also the charge/discharge efficiency of the storage 

element needs to be factored in as this will cause losses when both the 

source and/or load are operational.  

Finally a system featuring power conversion prior to and after energy 

storage is also a possible solution [76] as shown in Figure 2.17 (c). This 

solution encounters losses for both management circuits, however the 

additional energy management circuit is required to regulate the output 

voltage. This system configuration is desirable for sensitive load 

applications whereby a fixed, reliable and tightly regulated output voltage is 

required.  
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Table 2.5: Complete energy harvesting powered sensors. 

REF Source Sensor 

DC-DC 

Topology & 

(Efficiency) 

Storage MPPT 

System 

Topology

(Figure 

2.17) 

[105] 

PV Cell (2.5  

cm2 @ 17 

µW) 

Continuous 

ZigBee 

Temperature 

Sensor 

3-stage 

Switched 

Capacitor 

(85%) 

33 mF 

supercapacitor 

Hill 

climbing 
(a) 

[39] 

PV Cell 

(1.62 mm2 

@ ≈ 40 µW) 

Intermittent 

RF 

Temperature 

Sensor 

4-stage 

Switched 

Capacitor 

(27%) 

0.6 µAh thin-

film Cymbet 

Battery 

FOCV (a) 

[42] 

MFC (0.7 

litre reactor) 

@ ≈ 1.7 

mW) 

Continuous 

Wired 

Temperature 

Sensor 

Transformer 

(86%) 

Small External 

Battery 
FOCV (a) 

[20] 

PV (6.75 

cm2 @ ≈ 

0.15 mW) 

Intermittent 

ZigBee 

Temperature

, humidity 

sensor 

Boost 

converter 

(TPS63012, 

55%) 

10 F 

supercapacitor 
FOCV (b) 

[106] 

PV + TEG 

16cm2  @ ≈ 

25 mW) 

Intermittent 

Humidity, 

Temperature

, Lux Sensor 

Transformer 

(LTC 3108, 

up to 40%) 

1.65 F 

supercapacitor 
FOCV (c) 

[107] 

PV 20 cm2 

@ ≈ 20 

mW) 

Intermittent 

Temperature 

Sensor 

Boost 

Converter 

(TPS61200, 

40%) 

120 mF 

supercapacitor 

or  12 µAh 

Cymbet battery 

FOCV (c) 

[76] 

PV (27.8 

cm2 @ ≈ 0.5 

mW) 

Intermittent 

Zigbee 

Temperature

, humidity, 

lux 

Boost 

Converter 

(TPS61221, 

79%) 

2.5 F 

supercapacitor 
FOCV (c) 

 

Table 2.5 shows examples of complete energy harvesting powered systems 

whereby the source, sensor, converter and storage are detailed as well as the 

system configuration as detailed in Figure 2.17. Overall system efficiency 

isn’t included as this value isn’t reported for many systems. Within the 

source column, continuous or intermittent is included to indicate whether 

the source is delivering energy continuously or in pulses. This indicates the 

demonstrators’ ability to operate in a real-world environment when 

performance can be intermittent due to the harvester operation being 

dependent on external parameters. It is clear to see that many of the existing 

demonstrator systems utilise commercially available DC-DC converters. 

These converters often have a wide input and output range which allows 

them to be used in many applications but they are not optimised for a 

specific system. The systems featuring customised DC-DC conversion show 
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higher conversion efficiency, [105] and [42] with 85 and 86% respectively. 

This shows the increased performance of an optimised system, based on 

input and output specifications. It is worth noting that supercapacitors 

documented in Section 2.4 provide a desirable storage solution due to their 

suitable energy and power densities and as a result many existing systems 

feature a supercapacitor. The existing demonstrators show the need for 

careful system integration whereby the most suitable DC-DC converter is 

chosen for a particular combination of input and output conditions with 

suitable storage. 

2.7 Discussion/Conclusions  

This literature review shows the volume of work focused at low-power, 

low-voltage energy management circuitry for energy harvesting powered 

IoT sensors. In particular the difficulties with utilising energy harvesting 

(i.e. low-power and low-voltage) and the methods used in existing literature 

to overcome the issues have been documented. The number of wireless 

sensors is expected to double in the next five years, with the demand for 

cost effective and reliable power sources greatly increasing. Existing 

solutions are predominately powered by batteries, which have to be 

disposed of correctly after use, and AC power sources which can be 

expensive to implement, especially for existing structures. Energy 

harvesting powered sensors provide an ideal solution, however correct 

energy management is required to ensure autonomous operation.  

The review details the components required to create an energy management 

system for energy harvesting powered sensors which are crucial in creating 

reliable power sources for current wireless sensors and the sensors of the 

future. These components include DC-DC step-up converters, MPPT, 

energy storage and cold-start circuitry. An in-depth analysis of the 

converters is detailed in Figure 2.7 - Figure 2.9 with the advantages and 

disadvantages shown in Table 2.2. The highest efficiency topology for a 

range of voltage and power levels was found to be the boost converter (in 

particular around the 0.5 V mark which is the voltage of a solar cell) while 
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the switched capacitor circuits have an extremely small form factor and the 

transformer solutions are focused at ultra-low voltages. The MPPT 

techniques are compared based on the power consumption as well as the 

accuracy of the different techniques as detailed in Table 2.4. The suitability 

of storage elements based on energy and power density as well as life cycles 

and charge/discharge efficiency for both short- and long-term has been 

discussed, with supercapacitors providing suitable energy and power density 

as well as possibly extended system lifetime for many applications, as 

shown in Table 2.5.  

As briefly discussed the aim of this work is to utilise a DSSC source 

delivering approximately 0.4 to 0.5 V at MPP and powering a sensor 

requiring between 1.8 and up to 5 V with a typical voltage of 3.3 V. Based 

on the performance comparison, the commercially available BQ 25504 

boost converter [31] outperforms the other converters for the system 

requirements of this work. The circuit operation is examined in greater 

detail in the next chapter as well as a loss analysis. Methods to increase 

energy management system efficiency by altering the energy harvesting 

source are also detailed. 

The review also shows the case for the optimisation of energy harvesting 

powered systems by selecting an optimised DC-DC converter with the 

associated energy management techniques. Existing works show the benefit 

of different converters based on input voltage, voltage step-up and power 

delivery, however there is a need for the further development of converters. 

This includes the designing of inductor based converters for lower power 

levels by possibly implementing inductors on silicon, or by designing 

switched capacitor circuits to deliver higher output power pulses. This may 

result in higher performing systems which will increase the harvested 

energy and overall help support the increase in the number of sensors 

deployed to further IoT applications. This thesis will focus in particular on 

switched capacitor circuits delivering higher output power values with the 

aim of increasing the overall energy harvesting powered wireless sensor 

efficiency.
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CHAPTER 3 3 
OPTIMISATION OF ENERGY HARVESTING 

SOURCES 

3 Optimisation of Energy Harvesting Sources 

3.1 Introduction 

As discussed in Chapter 2 when utilising a small form factor energy 

harvester, DC-DC conversion is often required to increase the source 

voltage to a standard value used in analogue and digital sensor interface 

circuitry; e.g. 3 V, 5 V. However, a significant limitation to efficient DC-

DC conversion is due to the very low source voltage levels of energy 

harvesting sources which results in a high voltage step-up ratio. In addition, 

part of the limitation in system efficiency is due to separate developments in 

each of the individual components, i.e. energy harvester, DC-DC converter 

and energy storage, rather than examining the system as a whole.  

This chapter outlines the impact the energy harvesting source has on power 

conversion circuitry, with particular focus on methods to alter the source 

electrical characteristics to increase conversion efficiency. The DSSC 

manufacturing steps and the equivalent circuit model are examined in detail. 

An in-depth loss analysis of the existing best performing boost converter is 

detailed. From here the optimum system configuration based on efficiency 

and output power is determined for a range of different DSSC form factors 

and configurations. An increase in output power delivery of up to 8% is 

achieved for larger DSSC areas by considering the source and energy 

management blocks together rather than as individual components [108], 

which has a significant impact on the wireless sensor operation.  

The structure of this chapter is as follows, Section 3.2 introduces the indoor 

dye-sensitised solar cells (DSSCs) utilised in this work which have been 

developed by SolarPrint [19]. Indoor solar cells are a great example of an 
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energy scavenging source for a wide range of applications. Section 3.3 

shows the operation of the best performing DC-DC converter for a DSSC 

source based on the review in Chapter 2, highlighting the power saving 

techniques utilised. Section 3.4 shows methods to increase the overall 

system efficiency by altering the DSSC module configuration. This involves 

connecting multiple small cells in series rather than using a single large cell 

for a fixed module area. From here a loss analysis of the DC-DC converter 

is presented for the varying DSSC configurations. Based on this loss 

analysis an optimised energy harvester configuration is presented for a range 

of different DSSC module areas, as well as a design procedure that can be 

utilised for any low-power energy harvesting source. Section 3.5 presents 

the measured results showing the increased system performance for varying 

DSSC conditions. Finally Section 3.6 concludes from the simulated and 

measured results that by optimising the energy harvesting source the overall 

system efficiency and possibly power delivery can be increased for a range 

of solar cell module form factors. 

3.2 Dye-Sensitised Solar Cells 

There are many types of solar cells that can be utilised for indoor solar cell 

powered wireless sensors including DSSC, silicon based PV, gallium 

arsenide and indium gallium phosphide [109]. DSSC’s [10] are considered 

as the energy harvesting source in this section, due to the relatively simple 

manufacturing process when compared to PV and their competitiveness 

with more established photovoltaic technologies, particularly under indoor 

lighting conditions [110], [111]. The structure of the DSSC source is 

examined to obtain an accurate equivalent circuit model. Based on the 

circuit model the delivered voltage and current are presented for a range of 

different input lux values and cell configurations.  

As with many small form-factor energy harvesting sources (e.g. 

photovoltaic and thermoelectric), DSSC generated voltages are limited to 

relatively low values of approximately 0.5 V open-circuit per cell. 

Therefore, there is a need to increase the voltage to standard values used in 
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analogue and digital sensor interface circuitry, e.g. 3 V, 5 V. For large area 

sources (between 10 and 100 cm
2
), individual cells may be connected 

together in series to provide a workable voltage [112]. However in 

applications where space is often limited (as in wireless sensor loads), 

normally one standard cell–size is applied and therefore additional step-up 

power conversion circuitry is needed to increase the generated voltage [38], 

[106]. When compared with similarly sized silicon PV cells, it is found that 

the main problem in producing series connected DSSCs is the low 

resolution of the manufacturing processes for producing interconnects 

which results in a significant reduction in active area. Typical cell-cell 

spacing widths are 0.6 - 2 mm for DSSC’s [113], [114] while micron scale 

separations are possible with silicon PV [115]. Developments in 

manufacturing processes for DSSC interconnects are on-going, [116], 

including those targeting optimisation of cell size for maximum module 

efficiency [117]. However, within the space available for wireless sensor 

applications (e.g. card reader for hotel doors), the scope to optimise cell 

geometry is limited, and therefore voltage step-up power conversion 

circuitry is generally required. Module sizes ranging from 10 – 100 cm
2
 are 

considered in this chapter, corresponding to power levels of 0.14 – 1.94 mW 

under indoor lighting levels of up to 700 lux.  

3.2.1 DSSC Structure 

DSSC’s have a relatively simple and quick manufacturing process by 

comparison with silicon based photovoltaic (PV) cells. Whereas silicon 

based cells require a layer of crystalline silicon which can be expensive and 

time consuming to produce, DSSC’s are produced using readily available 

materials in a low cost printable process [10]. Figure 3.1 (a) shows 

completed cells with active areas of 21, 12 and 6.7 cm
2
 respectively, (b) 

shows a cross sectional view of the DSSC makeup and (c) shows the DSSC 

equivalent circuit model. 
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Figure 3.1: (a) Completed DSSCs, (b) schematic DSSC cross sectional view and (c) DSSC 

equivalent circuit model. 

The working (WE) and counter electrodes (CE), shown in Figure 3.1 (b), are 

glass panels each with a layer of transparent conducting oxide (TCO, 

labelled 1 in Figure 3.1 (b)) applied to one side. TCO is a transparent 

electrically conductive material which allows light to pass through while 

also completing the DSSC circuit. A thin layer of titanium dioxide (TiO2, 

labelled 2) is applied to the TCO on the WE. A mesoporous layer of 

titanium dioxide (TiO2, labelled 3), which interacts with the electrolyte, is 

also applied due to its ability to store a large number of electrons when 

compared with other materials (e.g. aluminium foil for the case of 

electrolytic capacitors). A dye is applied to this TiO2 layer which gives the 

cell active area its hue, as seen in Figure 3.1 (a). The dye allows absorption 

of the light spectrum, so by changing the dye colour different parts of the 

light spectrum can be absorbed. This allows DSSCs to be optimised for 

different lighting conditions. The DSSCs used in this work are optimised to 

have a high performance under fluorescent light sources in an indoor 
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environment. For the CE a thin layer of platinum (labelled 4) is applied to 

act as a catalyst and to allow the electrons to flow between the CE and the 

electrolyte. The next step is to apply electrolyte (labelled 5) to complete the 

internal circuit by allowing the electrons to flow from the CE back to their 

original state. The cell is then completed by adding a sealant layer around 

the electrolyte.  

3.2.2 DSSC Electrical Characteristics 

The equivalent circuit model of a DSSC shown in Figure 3.1 (c) may be 

related to its structure (Figure 3.1 (b)) by examining the flow of electrons 

through the circuit. After exposure, electrons are mobilised from the dyed 

TiO2 and are available to conduct current through a load connected to the 

cell, where they encounter the following impedances: 

 From the dye to the TiO2: represented by D in parallel with C2 in the 

equivalent circuit model. 

 From the TiO2 to the working electrode TCO layer: zero impedance 

assumed.  

 From the working electrode through the load resistance, Rload, to the 

counter electrode: electrode sheet resistance is represented by Rh for 

each electrode. 

 From the counter electrode to the electrolyte: represented by R2 in 

parallel with C2. R2 represents the resistance between the electrolyte 

and the CE, which is inversely proportional to the electrolyte-

electrode interface area. 

 Finally from the electrolyte back to the original state in the dye: 

represented by R3 in parallel with C3. R3 represents the resistance of 

the path provided through the electrolyte and is therefore 

proportional to the electrolyte layer thickness, while being inversely 

proportional to the active cell area. 

An additional shunt resistor, Rshunt, is shown in Figure 3.1 (c) which 

represents the open-circuit resistance of the system. If this value is low, it 

represents a possible short-circuit which allows electrons to flow directly 
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between the CE and WE. In a fully functional cell, the shunt resistance is 

substantially higher than the other cell resistances and can usually be 

neglected. The model seen in Figure 3.1 (c) aligns well with other DSSC 

equivalent circuits proposed in [118], [119] and [120].  

Clearly, DSSC output power depends on the value of load resistance, Rload, 

relative to the internal cell impedances. Under steady state conditions, 

capacitances C1 and C2 can be neglected and power generated depends more 

sepcifically on internal cell resistances. Some methods to reduce internal 

resistance have been investigated [21], [122], but the issue of low cell 

voltage in comparison to the required load voltage still limits performance. 

Practically the effect of internal cell resistance can be best seen from the 

plots of current versus voltage under varying light conditions. Measurement 

results of the IV curve for a cell with an active area of 22 cm
2
 across a lux 

range can be seen in Figure 3.2, where the lighting level of a compact 

fluorescent light bulb was varied with a variable transformer. It can be seen 

that the maximum power point (MPP) for the module is approximately 

0.225 mW at a voltage of 0.4 V for a 700 lux input. It should be noted that 

700 lux is slightly higher than indoor office lighting with no external 

sunlight, but with the effects of ambient sunlight included, it may be taken 

as a good approximation to the average value in an office environment.  

 
Figure 3.2: DSSC IV and PV curves for different lux for a DSSC with an active area of 

approximately 22 cm2. 
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As discussed in Chapter 2 it is shown that the MPP voltage remains close to 

0.4 V regardless of the input lux level. To supply a sensor load from a 

DSSC source, some form of DC-DC conversion is required to increase the 

voltage to a higher, useable level. In this chapter an output load voltage of 

up to 4.1 V has been selected as suitable to charge a lithium based battery, 

which corresponds to a voltage step-up ratio of up to 10 for the single-cell 

DSSC being investigated. 

3.3 Low-Power, Low-Voltage Boost Converter Operation  

The aim of this section is to examine the existing best performing 

conversion solution for low-voltage EH sources and to determine its 

principle of operation for the chosen DSSC source with particular focus on 

the utilised low-power techniques. Taking the data presented in Figure 2.7 - 

Figure 2.9 for a DSSC input voltage, VDSSC ≈ 0.4 V, the inductor based 

converter, specifically a boost, has the highest efficiency. This section will 

examine boost converter performance during steady state conditions, 

disregarding the cold-start process. 

A typical boost converter circuit topology is shown in Figure 3.3. It is a 

switching converter in which the NMOS (n-channel Metal-Oxide 

Semiconductor) and PMOS (p-channel Metal-Oxide Semiconductor) 

devices are switched alternately; when the NMOS is on (and PMOS off), 

energy is stored in the inductor, L, and this energy is then released to the 

output when the PMOS is on (and NMOS off). By maintaining an equal rate 

of current ripple during each of the switching intervals, a voltage boosting 

function is achieved with the relationship between input and output 

voltages, Vin and Vout respectively, given as:  

 (1 )IN OUTV D V   (3.1) 

where D is the duty cycle of the NMOS switch.  
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Figure 3.3: Typical boost converter topology.  

Two of the most commonly used boost control methods are pulsed width 

modulation (PWM) and pulsed frequency modulation (PFM). PWM 

operates by varying the duty of the converter while PFM varies the 

frequency. Traditionally, for simplicity of control, PWM is used when 

operating under nominal conditions [29], [30], while PFM has been 

introduced for its superior performance at lighter load levels, where the 

frequency is lower to reduce switching losses as they become dominant over 

conduction losses [31]. There is another mode that can be used for low-

voltage low-power sources referred to as DCM burst mode where the circuit 

operates in DCM but only for periodic intervals in a pulsed mode. As seen 

in Figure 3.3 there is an input capacitor that is charged by the EH source 

which enables the periodic circuit operation.  
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(a) 

 
(b) 

Figure 3.4: (a) Input capacitor and (b) circuit operating waveforms. 

Figure 3.4 (a) shows the voltage of the input capacitor, CIn, under burst 

mode operation. The boost converter is disabled while the input capacitor is 

charged by the DSSC source. During this time, the main source of losses is 

the capacitor ESR (Equivalent Series Resistance), because switching and 

inductor losses in the boost stage are not contributing. When the voltage 

reaches a pre-set value above the maximum power point voltage, VMPP+, the 

capacitor stops charging and starts discharging into the load through the 

boost converter as it becomes enabled.  

Whether operating in PFM or PWM the converter can also operate in 

continuous conduction mode (CCM) or discontinuous conduction mode 

(DCM). Figure 3.4 (b) shows the inductor voltage, red, and current, blue, 

during the boost converter operation which is operating in DCM. During 

discontinuous mode the inductor current reduces to zero during MOSFET 
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switching, which reduces losses encountered while operating. Figure 3.5 

showing the current and voltage of (a) CCM, (b) DCM of the NMOS and (c) 

DCM of the PMOS. 

 
(a) 

 
(b) 

 
(c) 

Figure 3.5: Switching waveforms for (a) CCM, (b) NMOS in DCM and (c) PMOS in DCM. 

During CCM, Figure 3.5 (a), the MOSFET encounters peak losses during 

both switching on and off. Comparing this with DCM, Figure 3.5 (b) and 

Time 

Drain-Source Voltage

Drain-Source Current

Power losses

Time 

Drain-Source Voltage

Drain-Source Current

Power losses

Time 

Drain-Source Voltage

Drain-Source Current

Power losses



Chapter 3: Optimisation of Energy Harvesting Sources 2018 

 

52 

 

(c), the losses during switching are reduced with the NMOS encountering 

zero losses during turn-on and the PMOS featuring zero losses during turn-

off. By operating in DCM the switching losses can be reduced, however the 

inductor current ripple and output voltage ripple are increased. This increase 

in ripple values can have a detrimental effect on circuit components (i.e. 

MOSFETs, inductor and storage components) if not managed correctly. 

Combining PFM, DCM and burst mode operation, prediction of losses in 

the boost inductor and switching components needs careful consideration as 

discussed later in Section 3.4.2. 

3.4 System Modelling 

Models for predicting the combined performance of a DSSC connected to a 

DC-DC boost converter under different operating conditions are described 

in this section, where the DSSC model accounts for the variable voltage-

current characteristic provided by different numbers of series connected 

DSSC elements. Loss models for the DC-DC converter account for 

discontinuous and pulsed mode operation, as described above. The models 

are then combined and applied to determine optimum DSSC configurations 

that provide maximum output power for different sized modules.  

3.4.1 DSSC Model 

The output current and voltage levels of a DSSC source can be manipulated 

by splitting the available area into smaller cell sections and connecting them 

together in series. Figure 3.6 shows how a single cell area is best divided 

into multiple smaller strip cells within the same physical area, where the 

strips have a width equal to the original single-cell width. Stripped designs 

are used for DSSCs due to the reduced resistance of electron transport of 

each individual cell to the counter electrode, R2, when excited by the light 

source, as discussed in [13].   
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Figure 3.6: Physical area, light blue, versus active area, red, for DSSC.  

However, as shown in Figure 3.6, a sealant layer is required between each 

cell to separate the cells, and because of this the overall active (power-

generating) area of the module is reduced. Therefore, while the DSSC 

source voltage and resulting power conversion efficiency is increased, the 

extent to which power generated is reduced must be considered in order to 

determine the optimum number of cells to ensure that the combined 

performance of the module and power conversion circuitry isn’t 

compromised by the increased number of cells. 

It should also be noted that while a series connection provides an increased 

output voltage, as the area is divided into smaller cells, the resistance values 

in the equivalent circuit model of Figure 3.1 (c) are altered. Resistances R1 

and R3 for each strip increase due to the decreased active area. Therefore, 

for example in Figure 3.6 (d), with 9 cells in a series connection, the 

resistance per strip will be approximately 9 times the resistance of a single 

large strip as shown in Figure 3.6 (a). The total resistance will then be 

increased by a factor of approximately 81 due to the series connection of 9 

strips. However, this increased resistance does not limit the overall power 

produced; as shown in the measurement results of Figure 3.7 with two series 

connected cells, the output voltage is doubled while the output current is 

halved to provide the same overall output power. These measurements were 

taken at 700 lux for two DSSC modules, each with an active area of 12 cm
2
 

when connected in series and then in parallel to represent one large cell with 

an overall active area of 24 cm
2
. The difference is seen in terms of DSSC 

matching load resistance at which the maximum power is achieved; i.e. a 

factor of approximately four in this case with 250 Ω found for the two 

parallel cells vs. 1.15 kΩ for two series connected cells.  
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Figure 3.7: Series and parallel IV curve for 2 DSSCs with an overall active area of 22 cm2. 

In order to connect multiple cells in series within a fixed module area, part 

of the module area needs to be allocated to sealant and interconnect regions 

between cells. Two commonly used methods are: Z–type and W-type 

connections [114]-[117] where the Z-type is manufactured using much the 

same processing flow as described for a single cell in Section 3.2, except 

that it requires a conductive connection to be made from the CE of one cell 

to the WE of the following cell. The need for this conductive material, e.g. 

silver [114], requires a slightly larger sealant area to allow the TCO layers 

on the neighbouring WE and CE to overlap, see Figure 3.8.  
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Figure 3.8: Z- and W-type DSSC module connections. 

The main benefit of the W-type connection is that cell series connections 

can be made directly on the TCO layers. However, this is offset by 

increased manufacturing complexity, where the order of applied material 

layers is inverted for each alternate cell. Furthermore the inverted cells are 

required to be slightly larger than the non-inverted cells to compensate for 

absorption of some of the light striking the inverted cells by the CE and 

electrolyte prior to reaching the dye-sensitised material [117]. If all cells 

were the same size, the inverted cells would limit the current output of the 

module. For simplicity, a Z-type connection is assumed for producing series 

connected cells in this work.  

Figure 3.9 shows calculated values of MPP voltage and output power for a 

25 cm
2
 DSSC module area versus number of series connected cells. These 

results are based on measurements of current and voltage taken for several 

different sized DSSCs investigated in this work, where similar to the work 

outlined in [123], the power per active area value was found to be 

approximately constant at 22 µW/cm
2
 active area (at 700 lux). Using this 
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power density the voltage and power values were calculated for a varying 

number of cells connected in series within a module area of 25 cm
2
 

according to Figure 3.6. An interconnect width of 1.615 mm was assumed 

between individual cells and 6 mm was selected as the border of the module 

on each side. Up to 7 series connected cells are considered in this case, 

because beyond this the input DSSC voltage would be approximately the 

same as the required output voltage of 3.3 V and therefore no DC-DC boost 

converter would be needed. 

 
Figure 3.9: DSSC voltage and maximum output power vs. number of cells for a 25 cm2 module 

area for 700 lux. 

As expected, the voltage increases linearly with increasing number of cells, 

however the power reduces due to the loss in active area needed for 

interconnects when more than 1-cell is featured. Within the relatively small 

module area of 25 cm
2
 considered, it is found that the power generated 

reduces by 3.7% with every cell division. The extent to which this decrease 

in generated power offsets the increase in power conversion efficiency is 

investigated for different module areas in Section 3.4.3. 

3.4.2 DC-DC Converter Loss Modelling & Analysis 

To better understand the efficiency limitations of energy management 

solutions for low-power, low-voltage sources, a detailed investigation of 

energy conversion losses is presented for a 25 cm
2
 DSSC source operated 

under typical conditions when configured for an increasing number of series 

connections. Energy conversion losses include conduction losses in the 

inductor and semiconductor switches, semiconductor switching losses, gate-
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drive losses along with biasing and operational losses in controller circuitry, 

and are presented for the best performing converter, based on the converter 

review in Chapter 2 [124].  

As described above in Figure 3.4 (a), the boost converter and its load are 

disabled while the input capacitor, Cin, is charged by the DSSC source. 

During this time, the main source of losses is the capacitor ESR. When the 

voltage reaches a pre-set value above the MPP voltage, VMPP+, the capacitor 

stops charging and starts discharging into the load through the boost 

converter as it becomes enabled. The time taken to charge the capacitor is 

defined by: 

 (   )
  in MPP MPP

charge

DSSC

C V V
T

I

 
  ,    (3.2) 

where IDSSC is the DSSC source current. Once the boost converter is turned 

on, Cin continues to discharge until a predetermined minimum value, VMPP-, 

is reached. These pre-set values are chosen to ensure the input voltage stays 

around the MPP of the energy harvesting source. Due to the low level of 

current available from the DSSC relative to the current supplied to the load, 

the capacitor charging time is usually much longer than its discharging time. 

The majority of circuit losses are incurred during the boost converter on-

time when Cin discharges to the load. Figure 3.4 (b) shows the waveforms of 

key parameters of the boost converter under current mode control (CMC) 

[125] during this time. The inductor charges to a pre-set peak current value, 

Ipeak, after which the NMOS turns off and the inductor then discharges to 

zero to supply the load through the high-side PMOS switch. This cycle 

repeats until the input boost capacitor voltage reduces to the lower 

threshold, VMPP-, as described above, with the ratio of voltages at the input 

and output of the converter determining the duty (D) cycle of the MOS 

switches, see Equation (3.1)Error! Reference source not found.. The time 

for which the boost converter operates may be estimated from the average 

capacitor discharge current, Ipeak/2, as: 
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2   (   )
  MPP MPP

boost

peak

C V V
T

I

 
  .    (3.3) 

Note that due to the low power available from the DSSC source, an energy 

storage component such as a capacitor or battery is used at the output of the 

boost circuit to supply a continuous low level power to the load when the 

boost converter is disabled. Under standard boost converter operation, 

conduction losses in the inductor and MOSFETs may be calculated as: 

 
2   inductor RMS inductorP I R  ,    (3.4) 

  
2

_    MOS cond RMS DS on
P I R  ,   (3.5) 

respectively, where expressions for RMS (Root Mean Square) currents in all 

components account for the discontinuous nature of current waveforms 

under burst mode and PFM operation. Noting ON conduction times for the 

NMOS and PMOS switches as: 
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I L
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,       (3.7) 

respectively, the frequency of the inductor current as shown in Figure 3.4 

(b) can be calculated as: 

 

_ _

1
 

   
SW

ON NMOS ON PMOS

F
t t




.   (3.8) 

Combining this frequency with the peak current amplitude, Ipeak, standard 

expressions for the RMS of a triangular waveform  can be applied to 

calculate power losses in the inductor when the boost converter is operating 

[126]. Similarly, expressions for MOSFET ON times in Equation 

(3.6)Error! Reference source not found. and (3.7) can be applied to 

calculate RMS currents for each sawtooth current waveforms flowing in the 

NMOS and PMOS. For all components, in order to account for burst mode 

operation of the boost converter, RMS currents calculated for continuous 

converter operation need to be scaled by the factor, √𝐷𝑏𝑜𝑜𝑠𝑡, where: 
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.   (3.9) 

Clearly, for a fixed peak current, Ipeak, the value of Dboost and therefore all 

conduction losses decrease with decreasing DSSC source current.  

Similarly, MOSFET switching loss depends on the inductor peak current as 

well as on the output voltage, Vout, which is the switching voltage for both 

switches in a boost converter: 

 
,,

          
     

2 2

sw off out Peak swsw on out Peak sw

Sw boost

t V I Ft V I F
P D

 
  
 

,  (3.10) 

where FSW is the switching frequency as given by Equation (3.8), and tsw,on 

and tsw,off are the MOSFET turn-on and turn-off times respectively. In this 

case, both values of tsw,on and tsw,off were assumed as 1% [127] and 5% [128] 

of the maximum switching period of 1 MHz for the low-side and high-side 

respectively. Note that Equation (3.10) includes both turn-on and turn-off 

losses, and it applies to each of the NMOS and PMOS devices as they take 

over conduction of the inductor current during switching transitions. As 

discussed, DCM can be utilised to reduce switching losses by allowing the 

inductor current to fully discharge before switching. This means that losses 

in switching-on of the NMOS and switching-off the PMOS are both 

negligible. Interestingly, on substituting for FSW from Equation (3.8) for 

discontinuous operation, it is found that Psw becomes independent of Ipeak, 

but depends more on the ratio of Vin and Vout. Again, to account for the 

discontinuous nature of the boost operation, Psw must be scaled by Dboost, 

with lower losses predicted for lower DSSC current, IDSSC.  

Finally, losses associated with the controller circuitry also need to be 

accounted for. In addition to comparator and voltage/current reference 

circuit losses, these include MOSFET output capacitor charging and gate 

drive losses, given respectively as:  

 
2   

 
2

oss out sw
Coss boost

C V F
P D

 
  
 

,    (3.11) 
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  (     ) g g D sw boostP Q V F D  ,   (3.12) 

where values for the MOSFET output capacitance, Coss, and gate charge, Qg,  

were taken from the datasheets [127], [128]. The MOSFETs have a gate-

source threshold of 2 V and -1.2 V maximum for the NMOS and PMOS 

respectively. To reduce losses encountered by the system for gate driving, 

Pg, generally there is some form of gate charge recovery; e.g. [129], [130]. 

For the case of this work, losses were predicted as being 15% of 

conventional gate driver losses, similar to loss levels reported in [131].  

The breakdown in losses encountered by the converter for different cell 

configurations within a fixed module area of 25 cm
2 

is compared in Figure 

3.10 for a range of DSSC voltage and current values corresponding to 1 to 7 

series cell connections (corresponding to a DSSC module voltage of up to 

2.8 V). It is seen that dominant losses are related to switching losses and 

MOSFET conduction, and there is an obvious reduction in total losses when 

the input voltage/cell numbers to the boost circuit are increased. It is found 

that the most significant effect is a reduction in conduction losses in the 

MOSFETs and inductor. This is explained by a reduction of input DSSC 

current, IDSSC, and therefore Dboost, as shown in Equation 

(3.9)Error! Reference source not found., as the corresponding input 

capacitor charging time, Tcharge Equation (3.2) is increased. The MOSFET 

switching losses are also reduced but not at the same rate as conduction 

losses; this is due to the offset in a Dboost reduction with an increase in FSW 

as given by Equations (3.9) – (3.12). 
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Figure 3.10: Boost converter loss breakdown and efficiency vs. series connected cells for a 25 

cm2 DSSC module area. 

Clearly, there are significant gains in efficiency achievable by implementing 

series connected DSSCs, with over 15% improvement predicted for seven 

series connected cells over one larger cell fitted within the same module 

area. The overall improvement in output power delivery for the same 

module area is investigated in Section 3.4.3 where the results of Figure 3.10 

are combined with results of DSSC generated power presented in Figure 

3.9, as is the performance of other DSSC module sizes with series 

connected cells. 

3.4.3 Design for Maximum Energy 

As examined above, by increasing the number of series connected DSSCs in 

a single module the power conversion losses can be reduced. However, 

Figure 3.9 shows that by increasing the number of cells the VMPP voltage 

increases but due to the additional sealant layers reducing the active area, 

the DSSC generated power is reduced. This reduction in power must be 

factored with the boost converter efficiency to understand how the overall 

delivered power to the load will be affected and to determine an optimum 

combination of DSSC configuration and DC-DC converter for a given 

module size.  

In order to investigate these effects for a range of DSSC module sizes that 

would be compatible with wireless sensor load applications, results of 

DSSC generated power (per module area) and power converter energy 

efficiency (based on the loss analysis shown in Section 3.4.2) are plotted in 

Figure 3.11 (a) and (b) respectively for an increasing number of series 

connected cells. As observed for a 25 cm
2
 module earlier, it is clear to see 

that the general trends are a decrease in generated power per unit area and 

an increase in boost converter efficiency with increasing of series connected 

cells. Due to a higher percentage reduction in active area, the rate of 

decrease in generated power with increasing series connections is higher for 

smaller modules, while lower DSSC current impacts on power conversion 

efficiency achieved with smaller modules.  
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(a) 

 
(b) 

Figure 3.11: (a) DSSC generated power per module area and (b) DC-DC converter efficiency vs. 

number of cells for different DSSC module areas. 

The combination of input DSSC power and DC-DC converter efficiency to 

predict output power delivery per module area for the same range of module 

designs is shown in Figure 3.12, with maximum power delivery values 

circled for each module area.  
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Figure 3.12: Output power delivered from boost converter versus number of series connected 

cells for different module areas. 

It is interesting to see that despite the increasing trend of the converter 

efficiency, due to the loss in DSSC active area, delivered power does not 

always increase with number of series connected cells. Therefore there are 

different optimum designs for each module area. Below 50 cm
2
 there are 

quite definitive peak power points at 2 series connected cells for 10 and 25 

cm
2
, where the reduction in active area is more significant. Above this area 

the effect of increasing DC-DC converter efficiency is extended to a higher 

number of series connected cells to produce optimum designs at 3, 4 and 5-

cells for 50, 75 and 100 cm
2
 modules respectively. Nonetheless, there are 

significant gains in overall power delivery achieved by replacing one large 

cell area with multiple series connected cells for all module sizes, with up to 

8% improvement achieved with the largest area considered. Clearly, this 

would translate directly into longer operating times or increased 

functionality of wireless sensor load devices. A flowchart outlining the 

design procedure is shown in Appendix B.  

3.5 Results & Discussion 

In order to verify the scale of improvement predicted for series connected 

cells, measurements of overall system efficiency and output power were 

performed on different combinations of available DSSC modules feeding 
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lux meter. The output of the converter was connected to an equivalent 

resistive load which fixed the output voltage level. Results were produced 

for two voltages: 3.3 and 4.1 V to cover both scenarios of the converter 

powering the load or battery, respectively. Three different DSSC modules 

were available: module A with active area of 5.5 cm
2
, module B, active area 

of 12 cm
2
, and module C, active area of 21.8 cm

2
, as seen in Figure 3.1 (a). 

The modules were connected in series/parallel configurations to replicate 

larger single modules to prove the concept of cells connected in series.  

Figure 3.13 (a) compares the boost converter (BQ 25504) efficiency for a 

single cell and two series connected cells versus overall physical area of the 

DSSC modules at a lux level of 400 for fixed output power voltages of 3.3 

V and 4.1 V. Note that for the series connections, equal sized cells from the 

same manufactured batch were used in all cases. Clearly, higher efficiency 

per DSSC area is achieved for series connected vs. single cells, with up to 

8% improvement typical over the range of areas considered. This is 

comparable to predictions in Section 3.4 for smaller sized modules. 
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(a) 

 
(b) 

Figure 3.13: (a) Converter efficiency versus DSSC physical area at 400 lux and (b) versus lux 

for an active area of 12 cm2. 

The next step was to measure the effect that a variation in lux has on DC-

DC converter performance. For the same overall DSSC area, a comparison 

of efficiency produced with two smaller series connected cells is performed 

versus a larger single cell across a range of lux in Figure 3.13 (b). As 

expected, there is a significant increase in converter efficiency for an 

increase in lux. The increased DC-DC converter efficiency observed 

previously for series connected vs. single cells is verified across the indoor 

range of lux, with an increase of at least 6% confirmed from 200 – 700 lux.  

Corresponding results of output power delivery for an input light level of 

400 lux are presented in Figure 3.14, where due to reduced cell active area 

required for connecting cells in series, the level of power improvement is 

approximately 6%. Again, this is in line with predicted levels of power in 
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Figure 3.12 for similar module areas, and therefore confirms that larger 

improvements may be expected for larger modules.  

 
Figure 3.14: Power output of converter versus physical area at 400 lux. 

3.6 Conclusions 

Optimisation of an energy harvesting system that consists of a low-power, 

low-voltage source connected to a step-up DC-DC converter has been 

demonstrated, where it has been shown that design procedures for maximum 

output power need to account for the combined effects of the electrical 

characteristics of the source and the DC-DC converter. This work focussed 

on small-sized DSSC modules, where it has been found that when combined 

with a state-of-art voltage boost converter there are an optimum number of 

series connected cells at which the output power is maximised for different 

module areas. Furthermore, the optimum number of cells varies with 

module area, where the effects of increasing DC-DC converter efficiency 

are offset to varying degrees by a reduced DSSC active area. Up to 15% 

improvement in DC-DC converter efficiency is predicted with a 

corresponding increase in output power delivery by 8% for a 100 cm
2
 

module, while measurements on module areas up to 21.8 cm
2
 confirm 

predictions for smaller modules. These results are very useful for system 

designers of energy harvesting powered wireless sensors because once the 

available source area/power density and load voltage requirements are 

defined, an optimum system design can be determined prior to fabrication.  
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While the focus is on DSSCs in this chapter, a similar methodology may be 

applied to identify optimum overall system performance for other low-

voltage energy harvesting sources (e.g. thermoelectric and microbial fuel-

cells), where the potential for varying the energy harvester elemental 

configuration to increase its maximum power point voltage may be 

considered in combination with boost converter losses so that the overall 

system efficiency and power delivery is maximised. Such optimisation 

would allow sensors as required in range of applications to guarantee 

autonomy or for more data to be sensed. In addition, results of the power 

converter losses may be applied to assess new methods for power 

conversion efficiency under low-voltage, low-power conditions. 
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CHAPTER 4 4 4 
SWITCHED CAPACITOR BUFFER CIRCUIT 

4 Switched Capacitor Buffer 

4.1 Introduction 

This chapter furthers the DC-DC converter efficiency improvements 

achieved in Chapter 3 for a low-power, low-voltage energy harvesting 

source, by increasing the input voltage to the DC-DC boost converter while 

maintaining the overall source power level. This is achieved with a high 

efficiency step-up switched capacitor buffer circuit between the energy 

harvesting source and the boost converter. Existing systems have combined 

switched capacitor circuits (in particular charge pumps) with boost 

converters however the main aim of these solutions is to overcome cold-

start. In these systems the switched capacitor circuit is only used during 

cold-start and operates at low efficiency.  

The switched capacitor stage in this work supplies the boost converter with 

a higher voltage than the source alone, while negating the loss of harvested 

energy caused by a reduced DSSC active area in reconfiguring the source. 

The higher input voltage reduces operating current levels in the boost 

converter, and therefore switching and conduction losses are reduced. In 

addition, the switched capacitor stage delivers its output power in pulses 

which is compatible with the burst mode of operation of the boost stage; by 

choosing a relatively high capacitance value, this results in a reduced 

operating time of the boost and ultimately a further reduction in its 

operating losses. The switched capacitor circuit also performs MPPT 

ensuring the maximum available energy is harvested from the source. The 

buffer circuit is shown to increase the overall DC-DC conversion efficiency 



Chapter 4: Switched Capacitor Buffer Circuit 2018 

 

69 

 

for low-power, low-voltage energy harvesting sources, in particular a DSSC 

source, by up to 10% versus the existing best-performing solution [31].  

The structure of the chapter is as follows: Section 4.2 outlines the switched 

capacitor buffer circuit. In particular the operation of the circuit is described 

with a focus on the MPPT method to ensure maximum energy transfer from 

the source. Section 4.3 examines the simulated performance of the switched 

capacitor stage with a low-power, low-voltage DSSC source. A loss analysis 

shows the breakdown of losses under different conditions that maximise 

energy delivery from an EH source. The energy harvesting input is fixed 

(0.4 mW) in this case, while the pulsed load level is varied between 2.5 and 

10 mW. Section 4.4 presents measured results of the buffer circuit operating 

separately with the DSSC input and a resistive load. From here the circuit is 

connected to the input of a boost converter to show the overall system 

performance. Finally Section 4.5 concludes from the simulated and 

measured results the benefits of delivering pulses of power from the 

switched capacitor circuit to a boost converter. 

4.2 Switched Capacitor Circuit Operation 

The operating principles of the switched capacitor stage alone are 

documented in this section. Figure 4.1 shows the location of the proposed 

switched capacitor circuit which is located between the EH input (equivalent 

circuit of DSSC in this case) and a boost converter.  

Switched 
Capacitor Energy 

Buffer

Boost Converter

RLoadVDSSC

RDSSC

VBatt

CLoad

 
Figure 4.1: System overview featuring proposed switched capacitor energy buffer block. 

There are many different switched capacitor designs that could be selected 

to step-up the input voltage to a higher output voltage [34]. Figure 4.2 

shows the circuitry required for a 2-stage version of the proposed switched-

capacitor buffer circuit. The circuit consists of two capacitors (C1 and C2) 
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and four switches (S1-S4) in a configuration that allows the capacitors to 

switch from a parallel to a series configuration.  

Table 4.1 shows the two states that the circuit switches between to enable 

correct operation. 

C1

S1

S2

C2

Energy 
Harvester

DC

S3

S4

RLOAD

First stage Second stage

RESR

 
Figure 4.2: Proposed switched capacitor energy buffer circuit featuring 2-stages. 

 

Table 4.1: Operation states of the proposed switched capacitor circuit. 

State Conditions Action Switch States 

Charging 
VC1 & VC2 < 

VMPP+10% 

Charge C1 & 

C2 

S1 & S3 are closed, S2 & 

S4 are open 

Discharging 
VC1 & VC2 >/= 

VMPP-10% 
Power Load 

S2 & S4 are closed, S1 & 

S3 are open 

The circuit operates by charging capacitors, C1 and C2, in parallel from the 

source by closing switches S1 and S3 and leaving S2 and S4 (at the output) 

open. Once the voltage on the capacitors reaches a predetermined maximum 

value, VMPP+10%, the capacitors are connected in a series connection to 

supply the load with approximately twice the MPP voltage, 2VMPP. This is 

achieved by closing switches S2 and S4, while S1 and S3 are opened. When 

the capacitor voltage on C1 reaches a minimum value, VMPP-10%, the circuit is 

configured back to the parallel charging manner. Figure 4.3 shows the input 

and output of the 2-stage version of the circuit detailed in Figure 4.2, with 

the output voltage being twice the input. In a similar manner a 3- or 4-stage 

implementation results in 3 or 4 times the input voltage on the output 

respectively. 
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Figure 4.3: Input and output waveforms of the proposed circuit. 

Based on the loss analysis shown in Chapter 3, one reason for the efficiency 

increase of the boost converter circuit was a reduction of the boost converter 

operating time, TBoost. This can be achieved by increasing the internal 

capacitance of the switched capacitor circuit which results in a longer 

charge time and thus lower boost duty (DBoost), see Figure 3.4 (a). To best 

illustrate this, the capacitors within the circuit are selected a significant 

order of magnitude higher than the specified for the boost converter input 

capacitance. The recommended input capacitor for the boost converter is 4.7 

µF [31] while the selected electrolytic capacitors for this circuit are 0.94 mF 

which results in a difference in capacitance of 200 times. The electrolytic 

capacitors were also selected as 0.94 mF as this value is at the upper limit of 

readily available electrolytic capacitors.  

The low gate threshold (max of 1 V) MOSFETs from Applied Power 

Electronics Corporation [132] were selected for S1 – S4 in this work to 

enable switching from a low-voltage source with low drain-source on-

resistance (120 mΩ @ 2.5 V) to limit the conduction losses. For the case of 

the examined DSSC source, the control signal is designed so as to connect 

the capacitors in parallel with the source when the circuit voltage reduces to 

VMPP-10% = 0.36 V, and to connect them in series with the load once the 

voltage reaches VMPP+10% = 0.44 V; i.e. there is a hysteretic control band of 

80 mV around the DSSC maximum point voltage of 0.4 V. By opting for 

this value of hysteretic control the average power obtained for the examined 
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DSSC source is 98.6% of the maximum available power including the 

circuit losses being reduced due to reduced switching frequency. This value 

of hysteretic control is also similar to that utilised in existing solutions, for 

example a 40 mV variance is utilised in [28]. 

4.3 Circuit Analysis 

To illustrate the switched capacitor buffer circuit performance and 

capabilities, circuit simulations and loss analysis are performed. The circuit 

operation is simulated for a varying number of stages between 2 and 4 

which delivers between 0.8 and 1.6 V output to a load. The input DSSC 

power is fixed at 0.4 mW (1 mA at 0.4 V) for all cases, while a resistive 

load is utilised to obtain the required output power. Following analysis of 

the switched capacitor stage alone, the combined performance of its 

operation with the boost converter (described in Chapter 3) is documented.  

4.3.1 Circuit Simulations 

An accurate circuit model of the system featuring an equivalent DSSC 

source and a switched capacitor circuit was created using PSIM simulation 

software. The DSSC model features a current source with an ESR that 

delivers the MPP voltage and current for various input lux levels as 

documented in Chapter 3. The switched capacitor model includes the 

capacitor and MOSFET ESR characteristics as well as a hysteretic controller 

circuit to ensure the circuit performs MPPT. Figure 4.4 shows the PSIM 

model of (a) a 2-stage implementation of the switched capacitor circuit and 

(b) the implemented hysteretic MPPT voltage controller circuit. 
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(a) 

 
(b) 

Figure 4.4: Simulated circuit of (a) switched capacitor and (b) MPPT hysteretic voltage 

controller. 

The controller circuit creates the two signals (charging and discharging) 

discussed in  

Table 4.1 by comparing the voltage on capacitor C2 with an upper and lower 

voltage reference, as shown in Figure 4.4 (b). The voltage across capacitor 

C2 in the second stage of the circuit is used as the reference because, for 

optimum circuit performance, capacitor C1 is connected in parallel with the 

EH source. Therefore during discharging the source delivers power to the 

circuit and results in C1 discharging less power when compared to the other 

capacitors. In order to investigate other possible connections of the EH 

source and C1, tests were performed with the source connected in series with 

all capacitors when discharging; however the EH current was found to 

severely limit the output current and overall circuit efficiency. The optimum 
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solution found was to base the hysteretic control on the voltage of capacitor 

C2. 

Figure 4.5 shows the simulated input and output voltage for (a) a 2-stage 

and (b) a 4-stage version of the circuit supplying pulses of 2.5 mW output 

power. It is clear to see the output voltage for the 2-stage is twice and the 4-

stage is 4 times the input voltage as well as the MPPT variation being 

clearly shown on the input voltage waveform. The 2-stage version of the 

circuit has 1.88 mF per stage with the 4-stage comprised of 0.94 mF per 

stage with both circuits connected to a 0.4 mW source (DSSC power at 

1000 lux). This results in both circuit configurations charging for the same 

time period from the fixed source. 

 
(a) 

 
(b) 

Figure 4.5: Simulated waveforms of (a) 2- and (b) 4-stage switched capacitor circuit supplying 

2.5 mW output. 

0.0

0.5

1.0

0 500 1000

V
o

lt
ag

e
 (

V
) 

Time (ms) 

Output
Voltage

Input
Voltage

0.0

0.5

1.0

1.5

2.0

0 500 1000

V
o

lt
ag

e
 (

V
) 

Time (ms) 

Output
Voltage

Input
Voltage



Chapter 4: Switched Capacitor Buffer Circuit 2018 

 

75 

 

4.3.2 Loss Analysis 

The circuit model was used to obtain an accurate loss analysis of the 

switched capacitor circuit as well as to compare the circuit performance for 

a range of different conditions. A key reason for requiring an accurate 

circuit simulation and ultimately a loss analysis is to determine the 

combined performance of the switched capacitor circuit and boost converter. 

The losses for the switched capacitor stage comprise of MOSFET 

conduction: 

  
2

_    MOS cond RMS DS on
P I R D , (4.1) 

and MOSFET switching loss: 

 
,,

          
   

2 2

sw off out Peak swsw on out Peak sw

Sw

t V I Ft V I F
P   , (4.2) 

where Fsw, switching frequency and tsw,on and tsw,off are the MOSFET turn-on 

and turn-off times respectively. There are conduction losses through each of 

the capacitors:  

 
2

_    CAP x x xP I R , (4.3) 

where Ix refers to the RMS current and Rx to the ESR resistance of each 

capacitor. The controller losses aren’t specifically included in this loss 

analysis as the controller is assumed to be integrated with the boost 

converter controller. The main component of the controller circuitry is a 

comparator which compares the capacitor voltage with the MPPT voltage, 

and can be easily integrated with the existing boost controller circuit. Losses 

for a similar controller are discussed in detail in Chapter 5 which consumes 

approximately 15 µW. 

The current values are taken from PSIM due to the complexity of adding 

multiple capacitors to the circuit. Due to each capacitor adding an additional 

RC branch, the values are obtained from simulations to ensure an accurate 

loss analysis. For the case of the 2-stage version, following a discharge 
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cycle there is a redistribution of charge from C1 to C2. The redistribution 

occurs due to the energy harvesting source being in parallel with C1, which 

results in less energy being supplied by C1 when compared to C2. For the 

case of the 4-stage circuit, the redistribution is more complicated due to the 

circuit featuring multiple capacitors. Again C1 redistributes charge between 

the capacitors with the charge divided (not equally) between the other 

capacitors. For this reason the current values used for the loss breakdown 

calculations are taken from the simulations. Figure 4.6 shows the loss 

breakdown of the switched capacitor circuit for a varying number of stages 

for (a) 2.5 mW and (b) 10 mW output power. 

 
(a) 

 
(b) 

Figure 4.6: Switched capacitor circuit loss breakdown versus number of stages for (a) 2.5 mW 

and (b) 10 mW output power. 
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the switched capacitor circuit performance increase versus the existing 

solution. For the case of 2.5 mW output power, excluding the switching 

losses, the losses increase with an increase in number of stages. This 

increase is mainly due to an imbalance between the different stages within 

the circuit which cause redistribution losses [133]. These redistribution 

losses are reduced for the higher output power level, see Figure 4.6 (b), 

which in turn reduces the rate of increase of MOSFET losses for higher 

number of stages. The reduction is due to the source (0.4 mW) being 

significantly lower than the higher output power (10 mW) and thus 

supplying a smaller proportion of the overall power, while for the lower 

output power (2.5 mW) the source affects the load more significantly.   

Sense resistors were utilised in this work to provide an accurate method to 

obtain efficiency values. Associated losses are included in the analysis so 

that the model can be verified with measurements later in Section 4.4. 

However, a significant issue with testing circuits operating at very low 

power levels is accurately measuring the current and voltage values. For the 

case of this work, the EH source (DSSC), provides an input voltage and 

current of 0.4 V and less than 1 mA, respectively. Measuring a current in the 

order of milliamps requires a high accuracy ADC or a large current sense 

resistor. If a large sense resistor is used, the losses due to the resistor are 

significant and cause the circuit efficiency to drop significantly. For the case 

of this work a 1 Ω high accuracy sense resistor was selected and placed on 

the input and output to the circuit. Measuring a 1 mA drop across a 1 Ω 

resistor requires an ADC to accurately determine a 1 mV drop. A 16-bit 

ADC [134], was selected to accurately measure the voltage drop with the 

ADC being calibrated with a high accuracy multimeter to ensure that the 

measurements taken during this work were accurate. 
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(a) 

 
(b) 

Figure 4.7: Switched capacitor, boost converter and combined efficiencies for 2-4 stage switched 

capacitor circuits for (a) 2.5 mW and (b) 10 mW. 

Figure 4.7 shows the predicted switched capacitor efficiency, when 

delivering (a) 2.5 mW and (b) 10 mW, and boost converter efficiencies with 

the combined efficiency for both operating together. The switched capacitor 

efficiency is calculated based on the above loss analysis while the boost 

efficiency is taken from the loss analysis in Chapter 3. The total efficiency is 

calculated by applying the boost converter efficiency during the switched 

capacitor discharging time. For the case of switched capacitor delivering 2.5 

mW, the efficiency of the switched capacitor circuit decreases (due to 

redistribution losses) which results in a reduction of combined efficiency 

despite the increase in boost converter efficiency. For the higher switched 

capacitor output power, Figure 4.7 (b), the system efficiency increases with 

an increase in the number of stages.  
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4.4 Measurements 

To verify the increase in performance of the DC-DC conversion process, 

measurements were performed on a prototype circuit. The test system 

features a DSSC placed under a controllable light source connected to a 

prototype switched capacitor circuit which in turn is connected to a BQ 

25504 evaluation board with a resistive load. The input is fixed for all the 

measured results at 0.4 mW (0.4 V at 1 mA) and each circuit stage features 

the same 0.94 mF capacitor assumed in simulations to ensure a fair 

comparison. For the measured experiments an Arduino microcontroller was 

used to create the control signal for the circuit, detailed in Section 4.2. These 

losses are excluded from the measurements and as mentioned an in-depth 

analysis of a created hysteretic controller is detailed in Chapter 5. Initially 

the sole switched capacitor circuit performance is examined followed by the 

combined performance of the switched capacitor operating in conjunction 

with the boost converter.  

4.4.1 Switched Capacitor  

Figure 4.8 shows the measured waveform of the (a) 2-stage and (b) 4-stage 

implementations of the circuit for 10 mW output power. 
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(a) 

 
(b) 

Figure 4.8: Voltage waveforms of the (a) 2-stage and (b) 4-stage implementation of the switched 

capacitor circuit delivering 10 mW output power. 

The green waveform shows the output voltage of the circuit while the 

orange waveform is the input voltage. Figure 4.8 (a) shows the operation 

waveform of the 2-stage implementation of the circuit which results in the 

output voltage being twice the input voltage. For the case of the 4-stage 

circuit, Figure 4.8 (b) shows the output waveform being 4 times larger than 

the input. It is clear to see that for the same time scale the 2-stage circuit 

implementation delivers more pulses to the load. This is due to all circuit 

stages having the same 0.94 mF capacitance which results in a total 

charging capacitance of 1.88 and 3.76 mF for the 2- and 4-stage 

respectively. The input waveform is the same for both implementations and 

shows the MPPT hysteretic voltage controlled waveform operating as 

detailed in  
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Table 4.1. Figure 4.9 shows the measured and simulated efficiency of the 

circuit for (a) 2.5 mW and (b) 10 mW output power levels for a varying 

number of stages.  

 
(a) 

 
(b) 

Figure 4.9: Measured and simulated efficiency of switched capacitor circuit for (a) 2.5 mW and 

(b) 10 mW for a varying number of stages.  

Based on these values the measurements were calculated using the 

following equation: 

_ _ arg

_ _

out AVG out AVG Disch e

in AVG in AVG Total

V I t

V I t
      (4.4) 

Despite using a high accuracy ADC, due to the voltage levels on the output, 

(up to 1.6 V) the gain of the ADC is limited which results in slight 

inaccuracies (see Figure 4.9) in the measurement results. The measurements 

also require a significant number of data points to obtain good accuracy due 

to the pulsed nature of the switched capacitor circuit which results in a slight 

mismatch between measured and simulated results. Despite the mismatch 

between the simulations and measurements, the efficiency trends are as 
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expected with the efficiency decreasing for 2.5 mW output and increasing 

for 10 mW output. 

4.4.2 Switched Capacitor Buffer & Boost Converter 

The aim of this section in particular is to investigate the performance of the 

boost converter operating in conjunction with the switched capacitor as 

shown in Figure 4.10. 

Boost 
ConverterC1
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Figure 4.10: Combined power conversion circuitry featuring a switched capacitor and boost 

circuit. 

The highest efficiency boost converter [31], utilising the boost conversion 

techniques discussed in Chapter 3, was tested with the switched capacitor 

circuit. Figure 4.11 shows the 3 different circuit test setups that were utilised 

to prove the efficiency increase.  
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Boost 
Converter
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1.88 mF

Boost 
Converter
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Circuit 
A:

0.47 mF

 
Figure 4.11: Test setups comparing sole boost converter performance versus switched capacitor 

and boost. 
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For the case of all 3 circuits to ensure a fair comparison the switched 

capacitor maximum power point tracking (MPPT) was utilised to control the 

input voltage variance and the load was fixed with a small capacitor, 2.2 μF, 

and a resistive load, 40 kΩ. To implement the MPPT control for Circuit A 

and C, an additional switch is required on the input to the boost converter 

while for the case of Circuit B S4 (in Figure 4.2) performs the same task. 

The DSSC source was placed in a light box to ensure that the input to all 

circuits was equal. 

Circuit A and B operate in a similar manner as detailed in Chapter 3 with 

increased TCharge and TBoost due to the increased input capacitance. For 

Circuit B, the boost converter remained in TCharge while switched capacitor 

circuit charges which results in minimal power consumption. Once the 

switched capacitor enters discharge mode, the boost converter operates as 

detailed in Chapter 3, until the switched capacitor voltage reaches the lower 

MPPT threshold voltage and enters charging mode. The efficiencies for the 

tests are compared based on the output power where the output power is 

determined based on the load voltage and resistance. This method was 

utilised to measure efficiency due to the higher switching frequency of the 

boost converter when compared with the switched capacitor circuit. The 

previously used sense resistor measurement technique isn’t feasible due to 

the higher circuit switching frequency as well as the higher circuit current 

values which cause the conduction losses encountered by the sense resistors 

to be greatly increased.  

Circuit A features the boost converter operating with an electrolytic 

capacitor of 0.47 mF on the input. Circuit B features the switched capacitor 

circuit, as seen in Figure 4.2, and the boost converter. The switched 

capacitor circuit features 2 electrolytic capacitors of 0.94 mF, one in the first 

and second stage of the circuit. During the charging cycle the total 

capacitance is 1.88 mF, while during the discharging cycle the total 

capacitance is 0.47 mF. Circuit C features the boost converter with an input 

capacitance of 1.88 mF. Circuit B is examined versus both Circuit A and C 
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to compare the conversion efficiency of the circuits for different capacitance 

values.  

4.4.2.1 Comparison of Circuit A and B 

The measurement waveforms displayed in the following figures were taken 

from a high accuracy oscilloscope. The first examined efficiency 

comparison is between Circuit A and B. The test was setup with the same 

input capacitance, 0.47 mF, to the boost converter for both circuits. Figure 

4.12 shows the input, DSSC, voltage and the boost converter output voltage 

for both circuits shown in Figure 4.11. 

 
Figure 4.12: DSSC input voltage and the output voltage from the boost converter for Test A and 

Test B. 

As the MPPT is the same for both circuits the DSSC voltage variance is the 

same. However Circuit B has a larger capacitance when charging which 

means that circuit has a longer charge time. This results in a longer off-time 

of the boost converter which is seen in the boost converter output voltage. 

Circuit B is shown to outperform Circuit A as the output voltage is 15% 

higher for Circuit A versus B when supplying a fixed load resistance. The 

increased performance can be attributed to the reduced operating duty of the 

boost converter as well as an increase in voltage to the converter, as shown 

in Figure 4.13 (b) versus (a). 
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Figure 4.13: DSSC voltage and boost converter input voltage for (a) Circuit A and (b) Circuit B. 

The boost converter voltage shown in Figure 4.13 shows the operating time 

of the converter, which for this comparison the converter operates for the 

same time period. The voltage drop between the DSSC and boost converter 

input is due to the high current levels flowing through the additional MPPT 

MOSFET. The voltage delivered to the boost converter in Circuit B is twice 

that of Circuit A. This shows that for the same input capacitance to the boost 

converter the circuit featuring the switched capacitor outperforms due to the 

lower boost converter duty and the increased voltage. The efficiency of 

Circuit A is approximately 40% which is significantly lower than the 

maximum achievable efficiency. This is due to the additional MOSFET on 

the input to the circuit required to implement the same MPPT control for all 

circuits. The current draw of the boost inductor reaches current levels of 

100’s mA which results in significant conduction losses in the additional 

MOSFET. This MOSFET would not be required if the circuits were 

optimised together, however due to the boost being implemented on silicon 

this isn’t achievable. Circuit B has an efficiency of approximately 48%, 

which is higher than Circuit A but once again is significantly lower than the 

standard boost efficiency of approximately 80%. 

4.4.2.2 Comparison of Circuit B and C 

The previous experiment showed that for the same input capacitance the 

switched capacitor circuit increased the DC-DC conversion efficiency. 

However the switched capacitor circuit featured in Circuit B (in Figure 4.11) 

had a larger capacitance, 1.88 mF, when charging from the DSSC source, 

compared with 0.47 mF for Circuit A. Because of this another efficiency 
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test is performed where the input capacitance to the boost in Circuit C is 

equal to that of the switched capacitor circuit charging in Circuit B, both 

1.88 mF. Figure 4.14 (a) shows the DSSC voltage and the boost converter 

output voltage for both Circuit B and C. Both circuits have the same 

charging time due to the equal capacitance when charging. This means that 

the boost converter has the same off-time, however the on-time of the boost 

for Circuit C is larger than that of Circuit B, comparing Figure 4.13 to 

Figure 4.14 (b). 

 
(a) 

 
(b) 

Figure 4.14: (a) DSSC input voltage and the output voltage from the boost converter for Test A 

and Test B and (b) DSSC voltage and boost converter input and output voltage for Circuit B. 

Figure 4.14 (a) shows that Circuit B delivers a voltage over 10% higher than 

Circuit C for a fixed resistive load. This shows that for the same boost 

converter off-time, the higher voltage delivered to the boost converter from 

the switched capacitor circuit increases the efficiency of the overall DC-DC 

conversion. Circuit C has an efficiency of roughly 43%, which is higher 

than Circuit A (40%) but lower than Circuit B (48%). Again this efficiency 
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is limited by the additional MPPT MOSFET, however for the same system 

configurations Circuit B is shown to outperform Circuits A and C thereby 

confirming the contribution of the switched capacitor stage to increasing 

overall system efficiency. 

4.5 Discussion/Conclusions 

The work in this chapter investigated methods to obtain increased DC-DC 

conversion efficiency while removing the loss of harvested energy discussed 

in Chapter 3. The simulated efficiency of the proposed switched capacitor 

circuit has been shown to be higher than that of the best performing boost 

converter based on the literature for an energy harvester powered wireless 

sensor. It is worth noting the controller losses aren’t included in this work, 

as they were assumed to be integrated with the boost converter controller 

circuitry. 

Measurements of the constructed switched capacitor circuit combined with 

the highest performing low-power, low-voltage boost converter have shown 

an increase in output power delivery. The measured efficiency is severely 

limited due to the additional components required to implement the 

common MPPT controller for all test cases. As this is an investigation of 

system performance, the best-performing commercially available solution 

was utilised which is implemented on silicon and thus limited possibility of 

system optimisation. If this circuit design is to be furthered, a better 

optimisation of the system is required. 

The utilised boost converter is not fully optimised to exploit the pulsed 

nature of both the switched capacitor circuit and the load wireless sensor. 

Also the performance of the circuits was examined for a fixed DC resistive 

load which isn’t representative of an actual wireless sensor load as detailed 

in Chapter 2 which operate in a pulsed manner with varying peaks of power. 

For this reason a new optimised energy management circuit is required 

which will overcome the mismatch between source and load while 

delivering high efficiency. 
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CHAPTER 5 5 
SWITCHED SUPERCAPACITOR CIRCUIT 

5 Switched Supercapacitor Circuit 

5.1 Introduction 

The work of Chapter 4 showed a method to increase the pulsed power 

delivery of a boost converter stage by introducing a switched capacitor 

buffer circuit. Recognising that the pulsed output of the switched capacitor 

stage is similar in nature to the requirement of wireless sensors, this chapter 

extends on that work by opting for a sole switched supercapacitor solution. 

This solution provides the combined functions of voltage step-up and 

energy storage, thereby removing the losses associated with (i) high 

frequency voltage step-up topologies and (ii) additional energy 

management/storage for pulsed output power delivery to a sensor load. By 

comparison with standard switched capacitor solutions detailed in Chapter 

3, the circuit in this chapter features supercapacitors to ensure that there is 

sufficient energy available for powering a wireless sensor per output pulse, 

as well as reducing the circuit switching frequency and therefore switching 

losses.  

The main focus of this chapter is to document the scope of the SSC when 

supplying a resistive load from an energy harvesting source. In particular the 

output energy/power levels investigated are typical values of the wireless 

sensors documented in Chapter 2. The structure of the chapter is as follows: 

Section 5.2 details a self-powered switched supercapacitor circuit designed 

to step-up a continuous EH input voltage of approximately 0.4 V to an 

output voltage of 2.0 – 3.2 V delivered in intermittent pulses, compatible 

with the operation of a typical wireless sensor. The circuit design and 

implementation are discussed in detail, including the self-powered controller 

circuitry. Characterisation of the supercapacitors to determine their 
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equivalent circuit model is also described, to enable prediction of their 

losses within the proposed circuit. Issues with utilising supercapacitors to 

supply high current loads are discussed, along with the proposed solution of 

a smaller parallel capacitor. Section 5.3 provides a loss analysis of the new 

switched supercapacitor circuit, detailing the breakdown of losses under 

different conditions that illustrate the circuit’s potential to maximise energy 

delivery from an EH source for a range of pulsed load profiles 

representative of wireless sensor loads.  The efficiency of the new circuit is 

determined based on the loss analysis which allows the circuit to be 

compared with existing energy management circuits. Section 5.4 presents 

measured results of a prototype switched supercapacitor circuit operating 

with the DSSC energy harvester and delivering pulsed output power levels 

between 10 and 120 mW, similar to those required by wireless sensors as 

detailed in Chapter 2. The measurements show an increase in efficiency 

when compared to the existing best performing solution for low-power, low-

voltage EH sources. The efficiency increase is 10% or higher when the 

additional energy storage losses encountered by existing systems are 

included. Finally Discussions and Conclusions details the circuit 

performance versus existing circuit as well as discussing the capabilities of 

the circuit to supply a wide range of load devices. 

5.2 Switched Supercapacitor Circuit 

The switched supercapacitor operation is detailed in this section with 

particular focus on the circuit operation, control and the supercapacitors 

utilised within the circuit.   

5.2.1 Circuit Operation 

The series-parallel configuration shown in Figure 5.1 was selected from a 

range of switched capacitor topologies [34], due to its ability to step-up low 

input voltages and to implement hysteretic based MPPT at its input, as 

described later. The use of supercapacitors instead of standard electrolytic or 

aluminium capacitors provides the combined functions of increasing the EH 



Chapter 5: Switched Supercapacitor Circuit 2018 

 

90 

 

source voltage and storing sufficient harvested energy to supply a wireless 

sensor load. This is compatible with existing sensor systems which usually 

require a supercapacitor [20], [135] (or battery [76]) to offset the mismatch 

between the source and sensor power levels. Furthermore, due to the long 

time required to charge the supercapacitors, the circuit can be designed to 

deliver output pulses at repetition rates similar to those of wireless sensor 

sense rates. This significantly reduces switching frequency and 

semiconductor losses when compared with standard switched capacitor 

circuits. 



Chapter 5: Switched Supercapacitor Circuit 2018 

 

91 

 

S1,1

S1,2 S1,3
S5,3

SN,3

SOUT

C

C C

C

D

C1 C2 C5
CN

Stage 2 Stage 5

Stage 1

Nth Stage

RLoad
COUT

SOUT

C

S5,1

S5,2

C

C

SN,1

SN,2

C

C
C

 
Figure 5.1: Switched supercapacitor circuit featuring N stages. 
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Figure 5.2: Circuitry required to generate control signals for switched supercapacitor circuit.
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The internal circuit structure of the switched supercapacitor circuit can be 

seen in Figure 5.1 which features an N-stage implementation, where C1 – CN 

are supercapacitors. The circuit is required to have a minimum number of 

stages to ensure the minimum wireless sensor operating voltage of 1.8 V is 

produced at the output, which for the example case of a DSSC source 

producing 0.4 V is 5 stages. The circuit is investigated for up to 8 stages to 

deliver an output voltage of 3.2 V, which is the most typical wireless sensor 

operating voltage.  

Examining only stages 1 and 2 for simplicity, the circuit operates by 

charging supercapacitors, C1 and C2, in parallel from the source by closing 

switches S2,1 and S2,3, and leaving S2,2 and SOUT (at the output) open. The 

low gate threshold MOSFETs (AP2322GN-HF-3) from Applied Power 

Electronics Corporation [132] were selected in this work  to enable 

switching from a low-voltage source, with low drain-source on-resistance 

(90 m) to limit conduction losses. Once the voltage on the supercapacitors 

reaches a predetermined maximum value, VMPP+10%, the supercapacitors are 

connected in series to supply the load with approximately twice the MPP 

voltage, 2VMPP. This is achieved by closing switches S2,2 and SOUT, while S2,1 

and S2,3 are opened. When the supercapacitor voltage reaches a minimum 

value, VMPP-10%, the circuit is configured back to the parallel charging 

manner. In this way, the circuit operation ensures that the EH source 

delivers power at its maximum power point, VMPP, as described in Chapter 

4, and indeed the circuit operates with the same states as described for the 

switched capacitor buffer circuit in  

Table 4.1. Figure 5.3 shows the operating current and voltage waveforms of 

a 2-stage implementation of the circuit. Higher output voltage is achieved 

by replicating Stage 2 as shown in Figure 5.1.  



Chapter 5: Switched Supercapacitor Circuit 2018 

 

93 

 

 
Figure 5.3: Switched supercapacitor input and output current and voltage for 2-stage switched 

supercapacitor circuit. 

The drop in output voltage between current pulses is representative of the 

sleep current of wireless sensors, whereby there is a small current draw 

between the active pulses of the sensor. The output capacitor, COUT, must be 

chosen to supply this sleep current and maintain a regulated output voltage. 

For example, an output capacitance value of 820 F will ensure that a sleep 

current of 10 µA is supplied for 60 s with a voltage deviation of less than 

0.2 V. For the case of a 5-stage circuit this capacitance will ensure that the 

output voltage is maintained above the minimum 1.8 V required for many 

sensor components. An aluminium electrolytic capacitor with a low ESR of 

38 mΩ and leakage current of 21 µA [136] would be suitable in this case. 

The choice of suitable supercapacitors for use as C1 – CN is discussed in 

Section 5.2.2. 

The voltage used to supply the controller circuitry is derived from Stage 8 of 

the switched supercapacitor circuit; i.e. 3.2 V for the case of the 0.4 V 

DSSC source examined, which charges a 0.5 mF capacitor. Therefore the 

charging and discharging control signals have sufficient voltage, 3.2 V, to 

turn-on the NMOS switches [132] used. However, due to the circuit 

configuration, during discharging insufficient gate-source voltage is 

available to turn on NMOS switches in discharging path because they are 

now connected on the high side of the circuit. For this reason P-channel 
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MOSFETs [137], which require a negative turn-on voltage between the gate 

and source, are selected as the discharging switches, e.g. S5,2, S6,2, etc., for 

Stage 5 and beyond. Again, the PMOS switches were chosen so as to have a 

low gate threshold voltage of 1 V and a low on-resistance of 300 mΩ for a 

gate-source voltage of -2.5 V. The gate signals required by the different 

switches are generated by the controller circuitry with full details provided 

in Section 5.2.4.  

5.2.2 Supercapacitor Characterisation 

The choice of supercapacitor for the proposed circuit is based on ensuring 

that sufficient energy per pulse is provided to maintain the required sensor 

power level over its active operating time. Taking for example, the MicaZ 

sensor included in Figure 2.2 (b), which has a peak current of 45 mA and an 

active power of 10 mW for 0.8 s, it requires 8 mJ per pulse to operate [26]. 

For a 5-stage implementation of the switched supercapacitor circuit, each 

stage is required to deliver 1.6 mJ while maintaining a voltage deviation of 

between 0.44 and 0.36 V (to ensure operation around the MPPT). Based on 

standard capacitance formulas, a capacitance of at least 50 mF is required 

per stage to deliver the required 8 mJ output per pulse. Electrolytic 

capacitors of this value are not readily available; instead, this is more in the 

range of supercapacitors targeted at pulsed loads of the same power levels as 

wireless sensors. A sample range of supercapacitors available to supply such 

pulsed power levels are listed in Table 5.1. Rated voltage levels range 

between 2.5 – 5.5 V corresponding to standard battery operating voltages, 

while it is seen that the component cost is inversely proportional to ESR. 

Taking the 0.1 F supercapacitor from Eaton PowerStor [138] as 

representative of a mid-range supercapacitor in terms of size and cost, the 

remainder of the paper focusses on the switched supercapacitor circuit 

performance for this component model. Given its relatively high ESR value, 

it may be considered as providing the least performance available from the 

proposed circuit. The performance of other supercapacitor models is 

illustrated for different demonstrator systems in Chapter 6. 
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Table 5.1: Characteristics of a range of suitable supercapacitors for pulsed power delivery for 

wireless sensors. 

Ref 
Capacitance 

(F) 
Manufacturer 

Model 

Number 

Voltage 

(V) 

ESR 

(Ω) 

Size 

(cm
3
) 

Cost 

[73] 0.1 AVX 
BZ155A1

04Z_B 
5.5 0.15 1.83 €€€ 

[138] 0.1 Eaton PowerStor 

PB-

5R0H104

-R 

5 5 0.743 €€ 

[74] 0.2 Eaton PowerStor 

B0510-

2R5224-

R 

2.5 4 0.216 € 

[72] 0.2 Murata GW202F 4.5 0.07 1.454 €€€ 

 

To assess the use of supercapacitors in the proposed switched supercapacitor 

circuit, an accurate equivalent circuit model is required to enable prediction 

of supercapacitor losses. The most accurate models consist of multiple 

branches of capacitors connected in series with resistors, with up to 3 

branches applied [65], [66], [139]. The 3-branch model, shown in Figure 5.4 

(a), was found to be accurate when compared with measured charging and 

discharging results of the selected supercapacitor.  

CS1

RESR

KV CREDIST

RREDIST

RLEAKAGE

R3

CS3

  
(a) 

 
(b) 

Figure 5.4: (a) 3-branch supercapacitor model and (b) measured voltage on a 0.1 F 

supercapacitor during characterisation. 
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Figure 5.4 (b) shows the voltage of the chosen 0.1 F supercapacitor when 

charged to a voltage of 0.45 V by a constant current source of 5 mA using 

the method proposed by Zubieta and Bonert [66] for determining the 

supercapacitor equivalent circuit model. The voltage within the 

supercapacitor is then allowed to redistribute between the branches after 

removing the current source. Each section of the charging waveform is then 

related to the RC values of different branches within the equivalent circuit 

model. For example the green area relates to the first branch with capacitors, 

CS1, KV and resistance, RESR, representing the short-term characteristics. 

RESR accounts for the usual internal interconnect and dielectric material 

losses. The red area relates to the second branch, CREDIST and RREDIST, which 

is dominant during initial redistribution after charging, and the yellow 

relates to the third branch, R3 and CS3, representing the long-term 

characteristics. RLEAKAGE accounts for the self-discharge of the 

supercapacitor, which is representative of the dielectric leakage losses. 

Table 5.2 shows values of the circuit components in Figure 5.4 (a) derived 

from the procedure described in [66] for the supercapacitors in Table 5.1 for 

completeness. The values were produced by charging each of the 

supercapacitors with a fixed current source, 5 mA, to a voltage of 0.45 V, 

similar to that being applied in the proposed circuit, and allowing the 

supercapacitors to redistribute for a sufficiently long period of time, as 

shown in Figure 5.4 (b). KV is included within CS1 for this case as this value 

is voltage dependent and the voltage variance is fixed around the maximum 

power point voltage of the DSSC source in this work. These values are 

applied in Section 5.3.2 to determine the impact of supercapacitor 

characteristics on the efficiency of the proposed switched supercapacitor 

circuit. 
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Table 5.2: Equivalent circuit values of the supercapacitors in Table 5.1. 

Ref CS1 CRedistribution CS3 RESR RRedistribution R3 RLeakage 

[140] 

0.1 F 
0.104 

F 
7.5 mF 5 mF 5 Ω 2 kΩ 

22.5 

kΩ 
1 MΩ 

[73] 

0.1 F 

0.115 

F 
4.5 mF 

2.5 

mF 
0.3 Ω 2.5 kΩ 25 kΩ 1 MΩ 

[74] 

0.2 F 

0.213 

F 
15 mF 

20 

mF 
4 Ω 650 Ω 5 kΩ 1 MΩ 

[72] 

0.2 F 

0.193 

F 
14.5 mF 

20 

mF 
0.6 Ω 2.25 kΩ 

13.5 

kΩ 
1 MΩ 

 

5.2.3 Parallel Capacitor 

During discharging, significantly higher current values than supplied by the 

EH source may be required by the supercapacitors to supply the load for 

very short intervals of time, e.g. up to 45 mA as shown in Figure 2.2 (b). 

Due to the relatively large resistance value for the first branch of the 

supercapacitor circuit model, RESR, the supercapacitor voltage drop due to 

large currents causes the circuit to fall outside the bounds of the switched 

supercapacitor MPPT voltage control where this voltage drop is calculated 

by:  

 

  OUT ESRV I R 
 .
 (5.1) 

For example, for a supercapacitor with an ESR resistance of 5 Ω the 

maximum output current is 16 mA if the voltage drop across it is to be 

maintained within the hysteretic control band of 80 mV. Because of this 

inability to discharge high current values, an electrolytic capacitor should be 

connected in parallel [51], [63]. Considering the 0.1 F supercapacitor from 

PowerStor [73], each supercapacitor has a parallel electrolytic capacitor, CP2 

as shown in Figure 5.5, for this purpose. 
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Figure 5.5: One stage of the switched supercapacitor circuit stage with a supercapacitor, C2, 

with parallel electrolytic capacitor, CP2. 

The addition of the parallel capacitor allows the circuit to discharge high 

current pulses as well as increasing efficiency. The loss reduction is due to 

the parallel capacitor having a significantly lower ESR when compared to 

the supercapacitor, e.g. 35 mΩ vs 5 Ω respectively. However, it should be 

noted that electrolytic capacitors suffer from very large leakage current 

which is proportional to the capacitance value. This limits the selection of 

the parallel capacitor size. For this work a 4.7 mF electrolytic capacitor is 

selected as the parallel capacitor to maintain a voltage variance (∆V) of 80 

mV, the MPPT hysteretic value, for load current (IOUT) levels up to 40 mA 

operating for up to a discharging time (tDISCH) of 10 ms according to 

Error! Reference source not found..  

 
2OUT P

DISCH

V
I C

t


 , (5.2) 

5.2.4 Self-Powered Controller Circuitry 

The controller circuitry is the same circuit as used for the switched capacitor 

circuit detailed in Chapter 3. It implements hysteretic control based on the 

EH source voltage to create the required signals to connect the 

supercapacitors in parallel (Vin < VMPP+10%,) or series (Vin >VMPP+10%,). For 

this case the circuit must be self-sufficient where the maximum available 

voltage for the circuit in Figure 5.1 is n times the input voltage. The circuit 

implementation is examined during steady-state conditions after cold-start 

when there is sufficient energy available to power its components. Figure 

5.2 shows the circuit schematic which is based on a differential op-amp, D1, 

and an ultra-low power comparator, D2, featuring an internal voltage 
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reference, LT 6703 [141]. As shown in Section 5.2, the source voltage, Vs, 

for powering the control circuitry is taken from Stage 5, see Figure 5.1. 

Figure 5.6 shows operational waveforms at the input and output of the 

controller circuit. 
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Circuit

 
Figure 5.6: Output signals of controller circuitry. 

The EH source voltage is sensed across the charging capacitors using the 

differential amplifier, D1, and is then compared with a reference voltage 

included in the differential amplifier D2. Practically, the voltage across 

supercapacitor, C2, in the second stage of the circuit is used as a reference 

for the source voltage because, for optimum circuit performance, the 

supercapacitor, C1, is connected in parallel with the EH source. When 

discharging, therefore, the source delivers power to the circuit and results in 

C1 discharging less power when compared to the other supercapacitors. In 

order to investigate other possible connections of the EH source and C1, 

tests were performed with the source connected in series with all 

supercapacitors when discharging; however the EH current was found to 

severely limit the output current and overall circuit efficiency. Tests were 

also performed with the source disconnected during the circuit discharging 

phase, but were found to reduce the overall efficiency by up to 10%. 

Therefore, the best solution was to leave C1 connected in parallel with the 

source and to use the voltage on C2 as the reference voltage.  

The output signal from the comparator is fed into a MOSFET matrix which 

creates two inverted signals, charging and discharging. The charging and 

discharging control signals must be the inverse of each other to prevent 

shoot-through in the circuit which causes incorrect operation and significant 
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losses. The control circuit operates in charging from time 0 to TC and 

discharging from TC to TD, shown in Figure 5.6. 

The comparator delivers Vs (which as mentioned above is taken from the 8
th

 

stage of the SSC) when the switched supercapacitor is charging as indicated 

by the solid arrows in Figure 5.6. Switch N2 has Vs on the gate terminal 

which results in zero on the discharging output. Switch P1 has 0 V on the 

gate and Vs on the source which results in the charging output being Vs. 

When the comparator delivers 0 V the switched supercapacitor circuit is 

discharging, as indicated by the hashed arrows. This is achieved by the 0 V 

turning switches P1 and N2 off and P2 on. This results in the discharging 

output being high. The addition of switch N1 and capacitor CC1 allows the 

control circuit to deliver the required alternate signals with a short delay 

between transitions to prevent shoot-through, as confirmed by measurement 

results presented in Figure 5.7. 

      
(a) 

 
(b) 

Figure 5.7: (a) Changing from charging, orange, to discharging, green, state and (b) changing 

from discharging, orange, to charging, green, state. 
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5.3 Circuit Analysis 

In order to illustrate the scope for application and the limitations in 

performance of the proposed switched supercapacitor solution, loss analysis 

is performed for a range of voltage step-up ratios (providing output voltages 

between 2 – 3.2 V) and active power levels (10 – 120 mW) corresponding to 

typical wireless sensor load requirements (see Figure 2.2 (b)). Initially the 

output power is fixed at 10 mW while the energy harvesting source power 

and configuration are varied between 500 - 1000 lux and 1 to 4 series 

connected cells. Following this the input DSSC power is maintained fixed at 

its maximum power point of 0.4 mW (1 mA at 0.4 V) and therefore the rate 

and time duration of output pulses varies depending on the voltage step-up 

ratio and pulsed output power level. In this way, the results represent the 

maximum rate of output power delivery that can be supported by a varying 

energy harvesting source for a range of different wireless sensor voltage 

levels.  

5.3.1 Circuit Simulation 

The same circuit model depicted in Figure 4.4 in Chapter 4 is utilised for the 

switched supercapacitors just with the 3 branch supercapacitor model 

included instead of the standard capacitor models. A major reason for 

requiring an accurate circuit model is due to the nature of the 

supercapacitors which, as detailed in Section 5.2, have behaviours that 

affect both short- and long-term circuit performances.  

The 0.1 F PowerStor supercapacitor [138] selected in Section 5.2.2 is used 

in all circuit cases but with a varying number of circuit stages for fixed 

pulsed output power values, see Figure 5.1. This means that with fewer 

stages, smaller more frequent energy pulses are delivered at a lower voltage, 

versus a larger number of stages, which delivers larger energy pulses at a 

higher voltage less frequently. To enable performance analysis between the 

different circuit configurations for a given input power, the efficiency is 

calculated based on input and output energy levels where the energy is 

calculated across an entire charge/discharge cycle for pulsed output power 
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values for each circuit implementation. In simulations, the pulsed load is 

modelled as a resistor that switches in accordance with the MPPT controller, 

while a fixed resistor drawing 2.5 A is connected in parallel with the 

output capacitor, COUT, representing sleep current between sense operations.  

For illustration, Figure 5.8 shows the output voltage and power for 5- and 8- 

stage implementations of the circuit supplying a pulsed output power of 10 

mW, a typical average power consumption of a wireless sensor when 

operating. The 5- and 8-stage implementations correspond to an output 

voltage of 2 and 3.2 V, respectively, for the selected DSSC input. The 

waveforms confirm that the circuit provides a continuous output voltage 

within the range required by wireless sensor loads in both cases. During the 

timescale shown, the 5-stage version of the circuit delivers 3 pulses at lower 

voltage with less energy per pulse delivered versus 2 pulses at higher 

voltages and energy for an 8- stage version.  

  
(a) 

  
(b) 

Figure 5.8: Simulated input (0.4 V) and output voltage of (a) 5 & (b) 8 stage versions of the 

switched supercapacitor circuit for 10 mW pulsed output power. 
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As the circuit features supercapacitors the loss analysis becomes 

complicated and for this reason the circuit model is used to obtain the RMS 

current flowing through the circuit components. In particular the 

redistribution between the supercapacitors as well as internally between the 

different RC branches significantly increases the complexity. 

5.3.2 Loss Analysis 

The losses for the switched supercapacitor circuit comprise of MOSFET 

conduction and to a lesser extent MOSFET switching. These losses are 

calculated in the same way as the switched capacitor losses detailed in the 

previous chapter. Note that due to the large supercapacitance values applied, 

0.1 F, Fsw is very small (approximately 0.025 Hz), which reduces switching 

losses significantly compared to the other switched capacitor circuits. 

However the circuit encounters significant supercapacitor related losses. 

There are conduction losses through each branch of the equivalent 

supercapacitor model (Figure 5.4 (a)), each of which contributes losses of:  

 
2

_    CAP x x xP I R  (5.3) 

where Ix refers to the rms current and Rx to the resistance of each branch. It 

should be noted that a significant portion of conduction losses are due to 

redistribution of charge within the supercapacitor [142]. Following a 

charging period of the supercapacitor, the voltage on capacitor CS1 of the 

supercapacitor is charged to the source voltage, VMPP+10%. However, due to a 

higher time constant in the redistribution branch, it takes a longer time for 

the voltage on CREDIST to reach VMPP+10%. Therefore, during the discharge 

cycle, some energy flows from branch 1 (CS1), to branch 2, (CREDIST), 

incurring losses in RESR and RRESISTRIBUTION. This effect may be minimised by 

allowing sufficient charging time for the supercapacitor voltage to reach 

VMPP+10% but some losses remain due to the variation in voltage applied by 

the MPPT hysteretic control. 

Similarly to the switched capacitor circuit in Chapter 4, equalisation losses 

[133] occur between the supercapacitors, in particular between C1 and the 
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other supercapacitors. This imbalance is caused by the fact that the EH 

source is always in parallel with the first supercapacitor, C1. As discussed in 

Section 5.2.4 in a bid to remove this imbalance the EH source was 

connected in series and completely removed for discharging, but this 

operation was not implemented because it resulted in incorrect circuit 

operation and a decrease in efficiency of 10%. Figure 5.9 shows (a) the 

input and output voltage and (b) the supercapacitor C1 and C2 current with 

particular emphasis on the redistribution of charge between them.  

 
(a) 

 
(b) 

Figure 5.9: Simulated waveforms of (a) input and output voltage and (b) supercapacitor 1 and 2 

currents. 

Following the discharging cycle, the current on C2 becomes positive as the 

circuit enters charging. For the case of C1 the current slowly rises from 

negative to positive during which time charge redistributes between all 

supercapacitors within the circuit, C2 to CN in Figure 5.1. This is due to C1 

delivering less current during discharging due to the source being in 
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parallel. These losses are included in the simulated supercapacitor 

conduction losses. 

During operation the switched supercapacitor controller circuitry draws 

current continuously. This is due to the fact that the control signals 

generated by the controller are required to allow the circuit to charge and 

discharge to maintain EH operation around the MPP. When the switched 

supercapacitor circuit is charging the current draw is measured as 7 μA at a 

voltage of 2.2 V. This means that the constant power draw is 15.4 μW when 

charging. During discharging the measured controller circuit draws 14.5 μA 

at 2.2 V which results in a power loss of 30.8 μW. The time period of 

charging/discharging is factored into the calculation of controller losses. It is 

worth noting that as discussed, the charging time of the circuit is larger than 

the discharging of the circuit. This means that the average controller losses 

over a complete charge/discharge cycle will be closer to the charging 

controller losses. In addition to supplying control signals these losses 

include the power drawn by the gates of the MOSFETs within the circuit. 

These are the gate driver losses: 

 (     ) g g D swP Q V F D      (5.4) 

Where necessary these and the output capacitance losses can be calculated 

based on values of the MOSFET output capacitance, COSS, and gate charge, 

Qg, available from the MOSFET datasheets [132], [137]. VD is the voltage 

on the drain terminal of the MOSFET while D is the duty cycle of the 

circuit. 

 
2   

 
2

oss out sw
Coss

C V F
P D

 
  
 

   (5.5) 

The sense resistor losses are included to allow a direct comparison between 

simulated and measured results as the resistors are required to record 

accurate measurements.  
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5.3.2.1 Varying Source Conditions 

Initially the losses are examined for varying input conditions; both a varying 

lux and energy harvesting reconfiguration as discussed in Chapter 3. 

Initially Figure 5.10 (a) presents a loss breakdown for varying lux for a 

fixed output of 10 mW and an 8-stage circuit implementation.  

 
(a) 

 
(b) 

Figure 5.10: Loss breakdown of the switched supercapacitor circuit versus (a) input lux and (b) 

input voltage. 

The dominant losses are found to be the supercapacitor conduction and the 

controller losses. Similar to the loss analysis in Chapter 4, the sensor resistor 

losses are included to allow a direct comparison with the measured results. 
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The sense resistors would not be required in practice and therefore the 

overall system efficiency would be improved as a result. The SSC losses 

differ from the switched capacitor losses detailed in Chapter 4 where the 

dominant losses were the switching and MOSFET conduction. From Figure 

5.10 (a) it is clear to see the efficiency reduces with a reduced lux input due 

to controller losses which are independent of the input and remain fixed 

despite a varying input which hampers overall efficiency despite the 

supercapacitor conduction losses reducing.  

Figure 5.10 (b) shows the input source voltage varying which in turn alters 

the number of stages. For the example of solar cells, the input voltage can 

be varied by connecting multiple cells in series rather than featuring one 

large cell. This alters the voltage and current at which the harvester is 

delivering energy to the energy management circuit while maintaining the 

same input power. Opting for a higher number of series solar cells results in 

a higher voltage, while reducing the current delivered by the cell. For this 

reason less voltage step-up is required for a fixed output voltage which 

results in fewer stages within the switched supercapacitor circuit. In this 

case, assuming 2 series connected solar cells (0.8 V) results in a 4-stage 

switched supercapacitor circuit to produce an output voltage of 3.2 V, and 4 

series cells (1.6 V) requires only a 2-stage circuit. The overall capacitance of 

the switched supercapacitor circuit is fixed for different circuit 

configurations. As shown in Figure 5.10 (b), the efficiency is shown to 

increase with an increase of input voltage. The efficiency increases mainly 

due to a reduction of current and therefore conduction losses, resulting in an 

efficiency of up to 95% for an input voltage of 1.6 V.  

5.3.2.2 Varying Load Conditions 

As well as varying the input conditions, the output conditions are varied to 

investigate the circuit performance for a range of output power levels.  

Figure 5.11 shows the loss breakdown for (a) 10 mW and (b) 120 mW 

output power levels where the number of stages 5-, 6-, 7- and 8-stage 

represents output voltage values of 2, 2.4, 2.8 and 3.2 V respectively. The 
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simulated loss breakdown and efficiency for additional supercapacitors are 

in Appendix C. 

 
(a) 

 
(b) 

Figure 5.11: Loss breakdown of the switched supercapacitor buffer versus number of stages for 

a pulsed output power of (a) 10 mW and (b) 120 mW. 

Similar to the varying input conditions the dominant losses are the 

supercapacitor conduction and the controller losses, with the former 

increasing significantly for higher output power, as shown in Figure 5.11 

(b). For the higher power levels all losses except for the controller losses are 

increased due to higher current flowing through the circuit components. 

This results in reduced efficiency at higher output powers with Figure 5.12 

(a) showing the efficiency versus output power for a range of circuit 

configurations. The efficiency is shown to increase with an increase in the 
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number of stages as well as a reduction of output power, with up to 91% 

achieved for an 8-stage implementation supplying 10 mW output power. 

 
(a)  

 
(b) 

Figure 5.12: Simulated efficiencies of the switched supercapacitor for different output voltages 

for various pulsed output power levels. (b) Shows the simulated output energy versus active 

power for different circuit configurations. 

Figure 5.12 (b) shows the energy delivered per pulse by the SSC for varying 

output powers and circuit configurations. As the output power increases the 

delivered energy per pulse is reduced due to a combination of lower 

efficiency and the circuit leaving the MPPT bounds faster. The circuit 

discharges for a short time at higher current levels due to the voltage drop 

across the supercapacitor ESR, as detailed in Section 5.2.3. However at the 

higher power levels the circuit discharges more frequently with up to 25 

output pulses per minute for the 5-stage circuit supplying 120 mW output 

power versus once a minute for the 8-stage supplying 10 mW.  
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As detailed in Chapter 2, wireless sensors require exact amounts of energy 

at specific power levels to operate correctly. The active power (power 

required during operation) and energy demands of three sensors are included 

in Figure 5.12 (b). The graph shows that the SSC operating with the 0.1 F 

supercapacitor supplies sufficient energy at the required power levels for the 

sensors. It should be noted that active power is the average power consumed 

when sensor is operational, however as detailed in Chapter 2, the power 

profile of a sensor varies significantly depending on the sensor which would 

affect the output energy and power delivery of the circuit. Chapter 6 shows 

the selection procedure of suitable available supercapacitors for specific 

wireless sensor power profiles.  

Figure 5.10 - Figure 5.12 show that the optimum circuit configuration for 

the detailed DSSC input is an 8-stage implementation for all output power 

levels based on the simulations for a fixed lux (1000 lux) and in terms of 

maximum efficiency. However it must be noted that by selecting an 8-stage 

version of the circuit, the overall cost and footprint of the circuit will 

increase with the increase of efficiency. If a more cost effective solution is 

required, a 5-stage solution will also provide sufficient voltage step-up and 

has an efficiency of up to 89.4% with a smaller form factor and less overall 

cost due to the reduced number of supercapacitors.  

5.4 Measured Results 

To verify the simulated increase in performance of the energy management 

process, measurements were performed on a prototype of the switched 

supercapacitor circuit. A PCB layout of the switched supercapacitor circuit 

can be seen in Figure 5.13 for an 8-stage implementation. 
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Figure 5.13: Prototype PCB board with the documented 0.1 F supercapacitors. 

As mentioned in Section 5.3, the input power is initially fixed at 0.4 V and 1 

mA as delivered from a 25 cm
2
 DSSC in a light box under 1000 lux, while 

the number of stages is varied to determine the optimum energy delivery 

method for a range of output instantaneous power levels. To ensure a fair 

comparison between the different configurations, the prototype circuit has 

the same examined 0.1 F supercapacitor with the parallel 4.7 mF capacitor 

for each stage. For practical applications, the supercapacitor size can be 

selected depending on the load requirements, in particular the energy per 

pulse required by the wireless sensor. Figure 5.14 shows the measured 

output voltage on the output capacitor, COUT, (green) and the voltage across 

RLOAD (orange) which is representative of the equivalent wireless sensor 

current draw for (a) 5-stage and (b) 8-stage implementation of the circuit. 

The other key operational waveforms in particular the voltage at the 

MOSFET gates and the redistribution current can be seen in Figure 5.7 and 

Figure 5.9 respectively. 

  

 



Chapter 5: Switched Supercapacitor Circuit 2018 

 

112 

 

    
(a) 

      
(b) 

Figure 5.14: Measured waveforms of output voltage (green) and current (orange) for (a) 5-stage 

implementation and (b) 8-stage implementation. 

To create a variable load with sleep current draw of typical wireless sensors, 

an additional MOSFET is required on the output. This MOSFET operates 

based on the controller circuitry documented in Section 5.2.4. This switch 

introduces a small voltage drop (approximately 0.25 V, the gate-source 

threshold of the MOSFET) on the output voltage (green) in Figure 5.14 (a) 

and (b) due to the self-powered nature of the circuit. Comparing Figure 5.14 

(a) and (b) it is clear to see the difference in time between delivery and 

output voltage for the 5-stage versus the 8-stage implementation. Figure 

5.15 shows the measured and simulated efficiency of the circuit for a fixed 

pulsed load level of 10 mW, for a varying output voltage. 
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Figure 5.15: Measured and simulated efficiency of switched supercapacitor circuit for 10 mW 

pulsed output power with varying number of stages. 

The measurements are performed in the same manner as detailed for the 

switched capacitor circuit. Again for the same reasons detailed in Chapter 4 

there is a slight mismatch (roughly 1.5% difference) between the 

simulations and measurements, however despite this, the trend of increased 

efficiency for a greater output voltage for a fixed pulsed output power is the 

same for both.  

Results confirm the analysis which shows an increase in efficiency with an 

increase of the output voltage delivered by the circuit. This is mainly due to 

the reduction of the supercapacitor conduction losses, which are the most 

significant losses in the circuit, see Figure 5.11. The measured results are 

divided into varying input (altering of the DSSC delivery characteristics) 

and varying output (altering of the load conditions).  

5.4.1 Varying Source Conditions 

Figure 5.16 shows the measured and simulated efficiency of the switched 

supercapacitor circuit versus varying input conditions, (a) input voltage and 

(b) input lux as detailed in Section 5.3. 
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(a) 

 
(b) 

Figure 5.16: Measured and simulated efficiency of switched supercapacitor versus (a) input 

voltage and (b) input lux. 

Figure 5.16 (a) shows the measured and simulated efficiency of the 

switched supercapacitor versus input voltage. Measurements of the switched 

supercapacitor were performed with a power supply input replicating the 

varying number of series solar cells (1, 2 and 4) for a fixed active area. For 

the best performing boost converter for the same input voltage the 

efficiencies are 83%, 87% and 90% for 0.4 V, 0.8 V and 1.6 V respectively, 

based on the datasheet [31]. Both converters show an increase in efficiency 

with an increase of input voltage. For the case of the boost converter, the 

efficiency increase, based on the loss analysis presented in Chapter 3, is due 

to: 

 

85

90

95

100

0.4 0.8 1.6

Ef
fi

ci
en

cy
 (

%
) 

Input Voltage (V) 

Measured Efficiency

Simulated Efficiency

80

85

90

95

500 700 1000

Ef
fi

ci
e

n
cy

 (
%

) 

Illumiance (Lux) 

Measured Efficiency

Simulated Efficiency



Chapter 5: Switched Supercapacitor Circuit 2018 

 

115 

 

 Overall reduction of the voltage step-up ratio 

 Reduction in MOSFET conduction, due to the reduced input current 

 A reduction in the switching related losses 

The switched supercapacitor efficiency increase is confirmed in the loss 

breakdown shown in Figure 5.10 (a). Apart from controller loss, all other 

loss components reduce with an increased input source voltage mainly due 

to a reduction of currents levels in MOSFETs and supercapacitors. Finally 

Figure 5.16 (b) shows the measured and simulated efficiency of the 

switched supercapacitor versus input lux. The boost converter efficiencies, 

again taken from the datasheet, are 81%, 83% and 83% for 500, 700 and 

1000 lux respectively. As discuss in relation to Figure 5.10 (b) the reduction 

in efficiency of the switched supercapacitor is due to the controller losses 

being independent of the input power. This is also the case for the boost 

converter, however the controller losses are not as significant in terms of 

overall losses. 

5.4.2 Varying Load Conditions 

Figure 5.17 shows the measurement results of various number of stages 

within the switched supercapacitor for 10, 20 and 40 mW pulsed power 

loads. Measurements were also performed on the prototype delivering 120 

mW pulses; however due to the extremely short discharge times (< 20 ms), 

accurate results of efficiency were unachievable.  

 
Figure 5.17: Measured efficiency of the switched supercapacitor circuit with output voltages of 

between 2 and 3.2 V. 

70

75

80

85

90

95

10 20 40

Ef
fi

ci
e

n
cy

 (
%

) 

Output Power (mW) 

5-Stage 6-Stage 7-Stage 8-Stage



Chapter 5: Switched Supercapacitor Circuit 2018 

 

116 

 

In general it is shown that delivering fewer pulses of higher energy is more 

efficient than delivering more pulses of lower energy across a range of 

typical wireless sensor pulsed output power levels, due to the reduction of 

conduction and switching related losses. When compared with an efficiency 

of 83% for 0.5 mW output power for the best reported solution to date, the 

efficiency of the proposed switched supercapacitor circuit is shown to be 

significantly higher, especially when it is noted that these results 

demonstrate the circuit’s potential to supply a typical wireless sensor load 

directly, by integrating a storage element within the voltage step-up process. 

5.5 Discussion/Conclusions 

This chapter has documented a switched supercapacitor energy management 

circuit which provides efficiency of up to 91%, for a low-power, low-

voltage energy harvesting source delivering pulsed power similar to the 

requirements of wireless sensors. The efficiency and power delivery of the 

circuit are significantly higher than existing solutions that operate around 

the same power and voltage levels, as depicted in Table 5.3.  

Table 5.3: Performance summary of state-of -the-art converters. 

Reference [31] [102] [37] [95] 
Proposed 

System 

Topology 
Boost 

converter 

Boost 

converter 

Switched 

capacitor 

Switched 

capacitor 

Switched 

supercapacitor 

Switching 

Frequency  
200 kHz 300 kHz 250 kHz 2 MHz 

0.017 Hz for 8-

stage with 0.1 F 

supercapacitors 

Input Voltage 0.4 V 0.5 V 0.45 V 0.59 V 0.4 V 

Output Voltage 3.2 V 3 V 1.8 V 1.41 V 2 – 3.2 V 

Input Power 0.5 mW 0.5 mW 0.48 mW 0.52 mW 0.4 mW 

Average Output 

Power 
0.42 mW 0.4 mW 0.35 mW 0.4 mW 

0.37 mW 

(10 - 120 mW 

pulsed) 

Efficiency (DC-

DC, excluding 

external storage) 
83% 80% 72.5% 75.8% 

91.2% (Vout = 

3.2V) 

89.4% (Vout = 2V) 

see Figure 5.17 
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As well as increasing the efficiency of the energy management system, the 

circuit can directly supply a wireless sensor, incorporating energy storage 

within the voltage step-up function, while all other systems listed require an 

additional energy management stage.  

The circuit is shown to deliver output power levels of between 10 and 40 

mW with varying efficiency of 82% up to 95% from an energy harvesting 

source delivering between 0.2 to 0.4 mW with voltage values of 0.4 to 1.6 

V. The circuit is also shown to be capable of providing pulsed power levels 

of up 120 mW and energy levels of up to 25 mJ efficiently from a low-

power, low-voltage energy harvesting source. It should be noted that results 

presented in this chapter represent constant resistive load, while wireless 

sensors load profile varies over time (as detailed in Chapter 2). To obtain an 

in-depth analysis of the circuit performance, the circuit was examined for 

one supercapacitor with varying input and output conditions. However for 

the demonstrator systems described in Chapter 6, the performance of 

suitable available supercapacitors is considered for specific wireless sensor 

power profiles.  
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CHAPTER 6 6 
DEMONSTRATOR 

6 Demonstrator 

6.1 Introduction 

The aim of this chapter is to demonstrate the operation of the switched 

supercapacitor circuit (SSC) powering typical wireless sensors for IoT 

related applications. Up to this point, the circuit has been shown to 

outperform existing solutions based on DC-DC conversion efficiency for 

fixed active power levels, however not for an actual wireless sensor load 

profile that features many peaks and valleys rather than a fixed average 

power.  

There are three main types of energy harvesting powered systems; 

continuous source systems (no long-term storage), intermittent source 

systems (features a long-term storage) and battery supplemented systems 

[143]. Constant source systems operate when both sensor and source are 

available, e.g. occupancy monitoring in a building using solar cells 

harvesters. Intermittent source systems feature rechargeable long-term 

storage to ensure continuous wireless sensor operation from an intermittent 

energy harvesting source, e.g. temperature monitoring for smart buildings 

[144]. Battery supplemented systems utilise harvesters in combination with 

a primary storage element to extend battery life, e.g. RFID tag scanners for 

public transport [145]. The main difference between these systems is the 

inclusion or exclusion of a long-term storage element which results in 

different sensor operation. The demonstrated systems in this chapter are 

divided into two categories, constant source which represents a system with 

no long-term storage and intermittent source which has a long-term 

rechargeable storage element.  
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The EH source considered in both cases is the same DSSC cell considered 

throughout the thesis with an output power of 0.4 mW at 0.4 V under 1000 

lux. In the case of the constant source system, a design procedure is 

developed to determine the optimum choice of supercapacitor based on the 

sensor load profile and repetition rate, while the supercapacitor choice 

depends more on the equivalent impedance of the energy storage component 

in the case of an intermittent source. The operation of the sensor under 

energy dependent conditions is also demonstrated, for which the circuit is 

shown to have its maximum efficiency. In all cases, it is shown that the 

circuit performance depends on the range and characteristics of available 

supercapacitors. 

The structure of the chapter is as follows: Section 6.2 reviews wireless 

sensor load profiles relative to their operation, with particular focus on the 

two demonstrator systems chosen: (i) a relatively high power LoRa 

transmitter operating in a constant source system and (ii) a lower power 

temperature sensor as utilised in an intermittent source system. Both sensors 

operate in a mode suited to the DSSC harvester examined throughout this 

thesis. Section 6.3 documents a design procedure which outlines the steps 

taken to optimise the SSC for the LoRa sensor load. From here measured 

results are compared for the optimised SSC versus the existing best 

performing boost converter for a range of input and sensor conditions. The 

circuit performance when supplying a smart/energy-aware sensor, which 

fully utilises the switched supercapacitor circuit capabilities, is also 

described. Section 6.4 demonstrates the SSC operating with a long-term 

rechargeable storage element powering the temperature sensor. This 

illustrates the capability of the circuit to operate with long-term storage for 

systems where the energy harvesting source operates sporadically while 

constant sensor operation is demanded. Finally Section 6.5 discusses and 

concludes on the scope for the switched supercapacitor circuit operating for 

different demonstrator systems. 
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6.2 Wireless Sensor Load Profiles 

As previously outlined in Chapter 2, wireless sensors operate in a pulsed 

manner with large periods of sleep mode between operations as illustrated in 

Figure 6.1 (a), as well as featuring various peaks of power during operation, 

shown in Figure 6.1 (b).  

 
(a)                                                                           (b) 

Figure 6.1: Wireless sensor (a) long-term operation and (b) short-term operation.  

The peaks of power relate to different aspects of the wireless sensor 

operation, e.g. MCU operation, sensor reading and transmission. 

Documenting the exact power profile of a wireless sensor can be difficult 

due to the wide range of components [23] that can be utilised. Figure 6.2 

summarises wireless sensor demands by showing the peak power versus 

active power of a range of different sensors, where active power is the 

average power consumption of the sensor during operation. 

  
Figure 6.2: Peak power versus active power for a range of different wireless sensors. 
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The highlighted (in red text) sensor loads, TI eZ430-RF2500 and LoRa 

transmitter, are selected as sample sensors. The LoRa transmitter features 

high peak power as well as high active power when compared to other 

wireless sensor loads, and therefore represents a very demanding load that 

would most likely require constant EH source conditions. The eZ430-

RF2500 temperature is a lower power sensor, which has average active 

power and peak current levels when compared to other existing sensors, and 

is therefore suitable for demonstration under intermittent source conditions 

with the chosen DSSC source. 

6.2.1 LoRa Transmitter  

LoRa is a standardised transmission protocol created to further the 

development of sensors for the Internet of Things related applications. The 

protocol is becoming the gold standard for wireless transmission for many 

reasons including the ability to have a large number of nodes in a network, a 

large transmission range, large amount of data per payload (sufficient for 

many IoT applications) and ability to overcome timestamp errors [146]. The 

protocol is a desirable solution for a wide range of sensor applications 

including safety related applications [147] (e.g. gas monitoring) due to the 

general robust nature of the protocol. This section details the transmitter 

featuring a Microchip MCU (ATSAMD21G18 [148]) operating with a 

LoRa transmitter (RFM 96 [149]). Figure 6.3 (a) shows the wireless sensor 

transmitter and (b) the USB-powered receiver. 
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(a) 

 
(b) 

Figure 6.3: LoRa transmitter (a) sensor node and (b) USB-powered receiver. 

The measured power profile of the sensor can be seen in Figure 6.4 with 

Table 6.1 showing the time duration, power and energy consumption of the 

sensor during different operations. The power profile was obtained by 

connecting a 3 V battery to the sensor through a current sense resistor which 

allowed the current and voltage to be measured. The repetition rate of the 

sensor is examined for once every 15 – 30 seconds depending on the source 

power delivery. The values shown in the table are shown for 30 seconds 

between sensor operations with a sleep current of approximately 10 µA is 

required. 
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Figure 6.4: Measured power profile of the LoRa transmitter. 

 

Table 6.1: Power consumption of the LoRa transmitter over one sense operation. 

Stage Duration (ms) Power (mW) Energy (µJ) 

1 0.95 6.8 6.48 

2 2.35 11.59 27.24 

3 46.4 136.4 6.33 mJ 

4 1.25 11.59 14.49 

5 0.5 4.09 2.05 

Total Active 51.45 mA  6.38 mJ 

Total Sleep 30 s  0.9 mJ 

Overall Total 30.05 s  7.28 mJ 

 

Based on the table above, the average power required is 0.24 and 0.46 mW 

for 30 and 15 seconds respectively with the DSSC delivering up to 0.46 mW 

at approximately 1100 lux. The LoRa transmitter is examined for constant 

source conditions and a fixed timing for the transmitter operation later in 

Section 6.3. This is typical of building management sensors which operate 

only when the building is occupied and thus when energy harvesting 

opportunities are readily available; e.g. from indoor lighting.  

6.2.2 Temperature Sensor 

The TI eZ430-RF2500 sensor [144] is designed as a low-power temperature 

sensor which reads the temperature once per second prior to transmitting the 
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data back to a USB dongle. The circuit features a low-power MCU 

(MSP430), an RF transmitter (CC2500) and a temperature sensor. Figure 

6.5 (a) shows the wireless sensor transmitter and (b) the USB-powered 

receiver.  

 
(a) 

 
(b) 

Figure 6.5: TI eZ430-RF2500 temperature sensor (a) wireless sensor and (b) USB-powered 

receiver. 

The measured power profile of the transmitter side of the sensor can be seen 

in Figure 6.6 with Table 6.2 showing the time duration, power and energy 

consumption of the sensor during different operations. The sensor has a 

sleep current of less than 2 µA. The power profile was obtained in the same 

manner as the LoRa power profile. 
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Figure 6.6: Measured power profile of a low-power wireless temperature sensor. 

 

Table 6.2: Power consumption of low-power temperature sensor over one sense operation.  

Stage Duration (ms) Power (mW) Energy (µJ) 

1 0.36 6.73 2.42 

2 0.01 53.79 0.54 

3 0.67 13.4 8.98 

4 0.76 34.65 26.33 

5 0.16 66 10.56 

6 0.03 35.64 1.07 

7 0.81 78.54 63.62 

8 0.06 16.5 0.99 

Total Active 2.86 mA  114.51 µJ 

Total Sleep 1 s  0.49 µJ 

Total Overall 1.003 s  115 µJ 

 

The average power required to maintain a sensor operation once every 

second is 0.115 mW. Unlike the LoRa transmitter, the time and power 

demands of the sensor are significantly lower. However to demonstrate the 

circuit performance under intermittent source conditions, the temperature 

sensor is examined for a system with a rechargeable long-term storage 

element in Section 6.4. For the case of a DSSC source, sufficient energy can 

be supplied for 24 hours of operation from the cell operating under 1000 lux 

for 8 hours, which is typical working hours of many office buildings. An 

example application of this type of system is a temperature controlled 

office/building, where constant sensor data is required however energy 

harvesting opportunities are intermittent.  
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6.3 Constant Source Demonstrator 

The first demonstrator system to be examined is the LoRa transmitter 

operating with fixed sensor timing, i.e. operating every 15 and 30 seconds. 

A design procedure is needed to ensure that the SSC delivers sufficient 

energy per pulse from the source to meet the sensor requirement detailed in 

Section 6.2. Once suitable supercapacitors have been selected, the circuit 

performance is simulated for the power profile to obtain the loss breakdown 

and ultimately the efficiency. Measurements are performed on the SSC and 

the existing highest performing boost converter to compare the performance 

of both circuits for the transmitter load. Due to the short duration of the 

LoRa transmission, accurate efficiency measurements are unachievable due 

to the limited sense rate of the ADC used in the measurement technique in 

Chapter 4. Therefore the circuit performances are compared based on the 

input power required to ensure a sensor operation at a fixed time interval.  

A smart/energy-aware sensor operation is also detailed for the SSC. The 

smart sensor operation differs by operating only if sufficient energy is 

available, when compared to timed operation. The SSC provides an ideal 

energy management solution for smart sensors, due to it delivering pulses of 

sufficient power and energy. Continuous sensor operation is shown for a 

varying source, in this case a solar cell operating under varying lux 

conditions. 

6.3.1 Design Procedure 

The supercapacitors within the circuit need to be specified based on the 

requirements of the sensor; i.e. 7.28 mJ energy per pulse, with an active 

power of 124 mW, at a repetition rate of once per 30 seconds for the LoRa 

transmitter. Initially an 8-stage implementation of the circuit is utilised as it 

was found to have the highest efficiency across a range of conditions based 

on the analysis detailed in Chapter 5. Based on the calculated energy 

demand, ESensor, of 7.28 mJ, by using Equation (6.1): 
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2 2
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Sensor
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Upper Lower
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V V





 ,   (6.1) 

the minimum capacitance (CMin) is determined for the MPPT voltage 

hysteresis band (VUpper = 3.52 V {0.44 × 8} and VLower = 2.88 V {0.36 × 8}), 

which results in a minimum capacitance requirement of 32 mF per stage.  

The next constraint for the supercapacitors is the power delivery which is 

determined by its ESR, RESR_SC. As described in Section 5.2.3 the maximum 

ESR needs to be limited to ensure sufficient energy is delivered from the 

supercapacitors to the sensor within the MPPT voltage bounds. The 

maximum acceptable ESR is calculated by the following equation: 

 _ _ESR SC Max

Active

V
R

I


  , (6.2) 

where ∆V is the MPPT hysteretic voltage deviation (80 mV) and IActive is the 

average current required during a sensor operation (53 mA as in Table 6.1). 

The resulting maximum ESR is 1.5 Ω. From these initial calculations a first 

choice of suitable supercapacitors can be made.  

Table 6.3 shows the suitable available supercapacitors that have been 

designed for high-power pulsed operation. The supercapacitors are sorted 

based on capacitance from lowest to highest with the ESR, voltage and form 

factor (FF) all taken from the datasheets. There are other supercapacitors 

available from companies such as Kemet which have significantly higher 

ESR (10’s of Ω) and are designed for long-term low-power operation but 

these are excluded from this review due to the incompatibility with the 

active current levels of typical wireless sensor loads. 
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Table 6.3: Commercially available supercapacitors and the key characteristics. 

Manufacturer Model Number 
Capacitance 

(F) 

Voltage 

(V) 

ESR 

(Ω) 

FF 

(cm
3
) 

Cost 

AVX 
BZ154B473Z_B 0.047 4.5 0.204 0.69 €€ 

BZ013B503Z_B 0.05 3.6 0.12 1.095 €€ 

AVX BZ015B603Z_B 0.06 5.5 0.096 1.095 €€€€ 

AVX 
BZ113B104Z_B 0.1 3.6 0.12 1.523 €€ 

BZ155A104Z_B 0.1 5.5 0.15 1.83 €€ 

Tecate/ Cap-xx 
Cap-XX GA209F 

0.085 (max 

0.102) 
5 0.085 1 €€€€ 

Cap-XX HA202F 0.12 5.5 0.11 1.08 €€€€ 

Eaton 

PowerStor 
PB-5R0H104-R 0.1 5 4 0.743 € 

AVX BZ025A204Z_B 0.2 5.5 0.072 0.123 €€€€€ 

Murata DMT3N4R2U224M3DTA0 0.22 4.2 0.3 0.647 €€ 

Eaton 

PowerStor 
B0510-2R5224-R 0.22 2.5 2 0.215984 € 

 

Based on the calculated CMin and RESR_Max the most suitable supercapacitors 

from the table are the 47 mF and 50 mF models from AVX. As documented 

in Chapter 5, the quoted ESR often isn’t the same as the measured ESR due 

to the supercapacitors being operated at a lower voltage than the voltage 

rating (e.g. 0.4 V versus 5.5 V). Taking the AVX 0.1 F supercapacitors 

documented in Chapter 5, the measured resistance at 0.45 V is twice the 

quoted ESR. Using this as a benchmark, the ESR values in Table 6.3 are 

doubled when calculating the conduction losses.  

The next step is to ensure that sufficient energy is delivered per discharging 

cycle by the chosen supercapacitors. As well as the supercapacitor ESR, the 

MOSFETs within the SSC also have an ESR which further limits the output 

power, see Figure 6.7. 

S2,1

S2,2 S2,3

C2

S3,2
PMOSESR

SUPERESR

 
Figure 6.7: Equivalent circuit model of one stage of the SSC during discharging.  
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The PMOS ESR is quoted as 300 mΩ based on the datasheet [137] for a 

gate-source voltage of -2.5 V. However approximately only - 2 V (detailed 

in Chapter 5) is being supplied to the gates by the self-sufficient controller 

circuit. Based on a similar PMOS [150], the difference between ESR at Vgs 

of -1.8 and -2.5 V is 1.7 times greater resistance. For this reason the PMOS 

resistance is assumed as 500 mΩ.  

The following formula is used to determine if sufficient energy is delivered 

by the SSC: 

 Sensor Losses SSCE E E  , (6.3) 

where ESensor is the total overall energy required per pulse for the sensor and 

ELosses are the losses encountered in the circuit (i.e. I
2
R losses). The energy 

delivered by the SSC (ESSC) is determined by the following formula: 

 
2 2

_

1
( )

2
SSC Up Dis Lower SSCE C V V 

 
   
 

, (6.4) 

where C is the capacitance per stage, ƞSSC is the SSC efficiency (90% based 

on Chapter 5), VLower is 0.36 V and VUp_dis is the upper voltage during 

discharging and is calculated by:  

 
_ _ _( )Up Dis Upper Active ESR SC ESR PMOSV V I R R     . (6.5) 

Due to the high current demand (IActive) of the sensor, there is a significant 

drop in output voltage across the supercapacitor (RESR_SC) and PMOS 

(RESR_PMOS) ESRs which affects the hysteretic controller by reducing the 

VUp_Dis. For the case of VUp_Dis for 47 and 50 mF, 0.39 and 0.4 V are 

calculated as the upper voltages respectively, which results in ESSC values of 

4.1 and 5.6 mJ respectively. These energy values are lower than the 7.28 mJ 

required by the sensor so the next step is to increase the capacitance and/or 

reduce the ESR of the supercapacitor. 

The next suitable supercapacitor is the 60 mF model also from AVX, based 

on Table 6.3. Following the same steps as above, the VUp_dis calculated is 

0.403 V (for a RESR_Supercap of 0.2 Ω) and the resultant ESSC is 6.6 mJ. This is 
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much closer to the required energy per pulse but is still lower than the 

energy demanded by the sensor. The 70 mF supercapacitor provides a 

desirable capacitance but due the component not being readily available it is 

excluded from the design consideration. The next available supercapacitor is 

0.1 F which result in a VUp_dis of 0.398 V (for a RESR_Supercap of 0.3 Ω) and an 

ESSC of 10.3 mJ. This is sufficient energy per pulse to power the wireless 

sensor with additional energy available due to the supercapacitor being 

larger than required.  

The next step is to confirm that the repetition rate of the sensor can be 

supported with the chosen EH source. A typical LoRa transmitter can 

operate between every 15 – 30 seconds with 30 seconds being selected for 

the case of this design procedure. The formula below calculates the time 

between sensor (tSensor) operations: 

 SSC
Sensor

in

E
t

P
 , (6.6) 

where Pin is the input power. Substituting in values, ESSC = 10.3 mJ and Pin 

= 0.4 mW (equivalent to 1000 lux for the examined solar cell), tSensor is 

calculated as 25.75 seconds. This value is within the timing requirements of 

the transmitter. Finally the minimum input power required to maintain 

minimum operation is calculated as follows: 

 _
Sensor

in Min

SSC Sensor

E
P

t
 , (6.7) 

with ƞSSC being the circuit efficiency and tSensor selected as 30 seconds, 

Pin_min is calculated as 0.34 mW (which can be provided at approximately 

850 lux for the examined DSSC). A review of the steps required to select 

suitable supercapacitors within the SSC are detailed in the flowchart 

depicted in Figure 6.8. 
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System Parameters

- Sensor Power Profile (Pactive) 

- Energy consumption per Operation (ESensor)

- Sensor Repetition Rate (Tcharge)

- Energy harvesting Power (PIn)

Supercapacitor Parameters 

 - Capacitance > CMin

 - ESR < RESR_Max

Supercapacitor Selection 

 - Select supercapacitor from Table 

Sufficient Energy 

Per Pulse

Increase C
&/or

Decrease ESR

(6.1), (6.2)

(6.3)

Y

N

Sensor Repetition Rate 

 - Determine minimum source power 

to ensure sensor repetition rate 

(6.4)

CMin & RESR_Max

Capacitance

 
Figure 6.8 Flowchart depicting the design procedure for the switched supercapacitor circuit for 

an autonomous energy system. 

This design procedure determines the appropriate sizing of the 

supercapacitors based on a range of system parameters. These include the 

sensor power profile (current and power requirements), circuit parameters 

(supercapacitor and MOSFET ESRs) and source parameters (power delivery 

and MPPT requirements). The procedure has been shown for one sensor and 

an 8-stage SSC but can be applied to a range of DC (or AC if a rectifier 

circuit is included) energy harvester, sensor and SSC configuration 

operating under constant source conditions. 

6.3.2 Simulations 

The same circuit simulation model (shown in Figure 4.4) and loss analysis 

detailed in Chapter 4 are used, with the 3-branch model of the 0.1 F 

supercapacitor from AVX (determined in Table 5.2) applied.  To create the 

LoRa transmitter waveform shown in Figure 6.1 (b) with the power levels 



Chapter 6: Demonstrator 2018 

 

132 

 

outlined in Table 6.1 a variable resistor configuration, as depicted in Figure 

6.9, is used. 

 
Figure 6.9: Simulated sensor load created in PSim. 

The circuit varies the load power requirements by switching resistors in 

parallel based on the timing values detailed in Table 6.1. As detailed above 

there is additional energy delivered from the selected supercapacitors per 

discharging. This energy could be stored in a storage element but this is 

outside the scope of the constant source demonstrator. Another method is to 

vary the MPPT controller by reducing the overall voltage deviation which 

would reduce the energy delivered. For the case of this demonstrator the 

input voltage variance on the hysteretic controller is reduced to 

approximately 70 mV. This is achieved by altering the resistor configuration 

surrounding the comparator detailed in Chapter 5 based on the datasheet 

[141]. Figure 6.10 (a) shows the simulated input and output voltage while 

(b) shows the output current and voltage during discharging for a sensor 

reading every 30 seconds. 

 



Chapter 6: Demonstrator 2018 

 

133 

 

 
(a) 

 
(b) 

Figure 6.10: (a) Input and output voltage and (b) Output current and voltage of 8-stage 

implementation of switched supercapacitor circuit supplying LoRa transmission. 
 

Additional energy is delivered after transmission due to the available 

supercapacitors being larger than required despite the altering of the MPPT 

voltage variance. This is due to the high load current affecting the voltage 

monitoring whereby there is a voltage drop caused by the high current, as 

shown in the output voltage in Figure 6.10 (b). Figure 6.11 shows the loss 

breakdown of the circuit when supplying the LoRa transmitter for sensor 

repetition rates of 30 and 15 seconds.  
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Figure 6.11: Loss breakdown of switched supercapacitor circuit for LoRa transmission for 

varying sensor repetition rates. 

For completeness the circuit performance is examined for a varying energy 

harvesting source, both varying power levels and configurations. As detailed 

in Chapter 3 the voltage of a solar cell can be altered depending on the 

module configuration. As the output voltage is fixed for the demonstrator 

system the number of stages varies with the input voltage, i.e. 0.4 V results 

in an 8-stage implementation while 0.8 V results in a 4-stage circuit. 

For this test case the number of stages within the SSC was reduced to 4 and 

the design procedure was followed to determine the internal capacitance 

required. The same 0.1 F supercapacitors are the most suitable with the 

MPPT voltage limits set at 0.76 and 0.84 V, lower and upper respectively.  

Examining the losses, the controller losses dominate similar to the loss 

breakdown detailed in Chapter 5. The supercapacitor losses are significantly 

reduced due to the lower ESR supercapacitor, especially as the active power 

being supplied is approximately 120 mW. Table 6.4 details the simulated 

efficiency of the circuit based on the loss breakdown in Figure 6.11. 

Table 6.4: Efficiency of loss breakdown detailed in Figure 6.11. 

Time Between 

Sensor Operations 

(s) 

Input Voltage 

(V) 
Stages Efficiency (%) 

30 
0.4 8 92.8 

0.8 4 93.6 

15 
0.4 8 94.4 

0.8 4 96.1 
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6.3.3 Measurements 

Measurements were performed for both the existing best performing boost 

converter, the BQ25504 [31], and the SSC operating with a DSSC source 

and the LoRa transmitter as shown in Figure 6.12.  

COut

SSC/Boost 
converter

LoRa 
Transmitter

 

Figure 6.12: System overview of simulated sensor test setup. 

The converters’ performance is compared based on the input power required 

to perform a sensor operation at a fixed operation rate (e.g. every 15 and 30 

seconds) due to the inability to accurately measure the efficiency as 

explained above. To ensure a like for like comparison between the 

converters, the output voltage deviation is fixed for both converters. The 

source power level is controlled by placing the solar cell in a light box and 

varying the lux level striking the solar cell. The current and voltage of the 

source were measured using high accuracy ammeter and voltmeter. A 

desktop application displays the received transmissions from the transmitter 

and verifies a correct sensor operation, see Figure 6.13. 

 
Figure 6.13: Desktop user interface for air quality sensor. 

6.3.3.1 Boost Converter  

Figure 6.14 shows a photograph of the demonstrator system for the boost 

converter operating with the LoRa transmitter.  
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Figure 6.14: Demonstrator system of LoRa transmitter operating with the boost converter. 

 

CStor is required to store sufficient energy at a voltage of at least 1.8 V to 

enable boost converter operation and is documented in the datasheet as 

being 4.7 µF [31]. COut is calculated based on Equation (6.1) where the 

energy required for the LoRa transmitter is 8.18 mJ (from Table 6.1) with a 

voltage deviation of between 3.1 and 3.4 V which results in a capacitance of 

6.54 mF (created using two 3.3 mF capacitors in parallel). This capacitor 

ensures that there is sufficient energy available for the wireless sensor to 

operate correctly. Figure 6.15 shows the input (orange) and output (green) 

voltage waveforms of the boost converter. 
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COut CStor 
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(a) 

 
(b) 

 
(c) 

Figure 6.15: Input (orange) and output (green) voltage waveforms of the boost converter 

operating with the LoRa transmitter for varying input powers and sensor timing. 

The drop in the output voltage waveform (green) shows the operation of the 

LoRa transmitter while the open circuit measurement to maintain MPPT can 

MPPT 

Sensor 

Active 
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be seen in the input waveform (orange). The time taken between operations 

is fixed at 30 and 15 seconds for Figure 6.15 (a) and (b) respectively with an 

input voltage of 0.4 V. The input power required to maintain these timing 

requirements is measured as 0.298 and 0.559 mW respectively.  

For completeness the performance of the converter is examined for an 

energy harvesting source delivering higher input voltage (0.8 V) for the 15 

second sensor operation rate (Figure 6.15 (c)). For this case the source is 

replicated using a power supply unit (PSU) with an equivalent DSSC series 

resistance of 800 Ω limiting the current flow. The MPPT of the boost 

converter is disabled for this test due to the source being a PSU. The circuit 

required an input power of 0.534 mW to ensure correct sensor operation 

versus 0.559 mW at 0.4 V input. This shows that for the same sensor load 

conditions, the efficiency of the boost converter increases when the input 

voltage is higher which is as expected based on the findings in Chapter 3. 

6.3.3.2 SSC Operation 

Figure 6.16 depicts the LoRa transmitter operating with the switched 

supercapacitor circuit.  

 
Figure 6.16: Demonstrator system of high-power air quality sensor operating with the switched 

supercapacitor circuit. 
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The 0.1 F supercapacitors [73] documented in Section 6.3.1 are used within 

the circuit while COut is calculated based on Equation (6.1) and results in a 

capacitance of 2.29 mF to ensure an output voltage deviation of less than 30 

mV during delivery of the sleep current of the sensor (approximately 10 

µA). Figure 6.17 shows the input voltage (orange) and COut voltage (green) 

for operation at 0.4 V input with (a) showing the voltage for 30 seconds 

between operation and (b) 15 seconds. Figure 6.17 (c) shows the circuit 

performance for the sensor operating every 15 seconds with an input voltage 

of 0.8 V.  
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(a) 

 
(b) 

 
(c) 

Figure 6.17: Input voltage (orange) and output capacitor (green) voltage waveforms for the SSC 

operating with the LoRa transmission (a) 30 second operation and (b) 15 second operation.  
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The wireless sensor operation occurs on the sharp drop in the output voltage 

following a period of sleep mode. The rise in the output voltage (marked 

“A” in Figure 6.17 (b)) prior to a sensor operation is due to a slight 

mismatch between the circuit charging time and sensor operation. During 

this time the output capacitor voltage is replenished after the supercapacitors 

are switched in, prior to a wireless sensor operation. This issue doesn’t 

occur for the boost converter due to the converter’s higher operating 

frequency resulting in a more constant output delivery. The additional SSC 

delivery after sensor operation is used to replenish the output capacitor 

before the SSC enters charging mode.  

The input power required to maintain the circuit operation for a repetition 

time of 30 seconds is measured as 0.266 mW while for 15 seconds it is 

0.487 mW. When comparing these values with the boost converter input 

power of 0.298 mW and 0.559 mW for 30 and 15 seconds respectively, it is 

clear to see that the SSC requires less input power to maintain the same 

LoRa transmission operation. This can be translated to the reduction in size 

of the energy harvesting source or increased sensor operation rate.   

Similar to the boost converter, the circuit was tested with a simulated EH 

input voltage of 0.8 V using a power supply unit with the sensor operating 

every 15 seconds, as shown in Figure 6.17 (c). An input power level of 

0.476 mW was measured to ensure the desired sensor operation. This is 

compared with the 0.534 mW required by the boost converter for the same 

sensor operating conditions at the higher input voltage.  

The SSC is shown to outperform the existing boost converter for a timed 

high-power LoRa transmitter for a range of input source conditions. Some 

issues are seen in relation to timing whereby the SSC performance isn’t 

perfectly synced with the LoRa transmitter, which don’t occur for the boost 

circuit due to the output capacitor acting like a buffer. Despite this, the SSC 

outperforms the boost converter for a relatively high-power load from a 

small form factor energy harvesting source. 
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6.3.4 Smart/Energy-Aware Sensor 

Another possible sensor operation method for a constant energy harvesting 

source is a smart/energy-aware sensor. Taking for example the case of smart 

buildings, the majority of sensor data is required when the building is 

occupied and energy harvesting opportunities (e.g. light or heat sources) are 

available. By operating the sensor only when the EH source is available 

(and the sensor data is needed), this results in reduced sensor power 

consumption as well as the reduction of unnecessary data transmission. 

However implementing such a smart sensor requires extra management. In 

this work, the operation of the sensor depending on the availability of 

energy from the source is demonstrated whereby the sensor operates when 

sufficient source energy has been stored. To enable this, the LoRa 

transmitter is configured to operate in a smart/energy-aware sensor manner 

by adding an enable/ready signal as shown in Figure 6.18. 

 
Figure 6.18: Smart/energy aware LoRa transmitter. 

 

The sensor features two enable pins with one pin reading a low to high 

transition and the other a high to low. The enable signal can be tied to the 

‘charging’ or ‘discharging’ signal detailed in the SSC controller section in 

Chapter 5. Figure 6.19 shows the system overview of the interaction 

between the switched supercapacitor circuit and the smart sensor.  
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Figure 6.19: System overview of the smart/energy aware sensor. 

The circuit setup is the same as shown in Figure 6.16 where COut supplies 

the sleep current of the sensor. Measurements were performed on the circuit 

to prove the operation, whereby the lux is varied to show how the time 

between readings varies depending on the source. The measured circuit 

waveforms for varying input lux are depicted in Figure 6.20.  
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(a) 

 
(b) 

 
(c) 

Figure 6.20: Control signal (orange) and output voltage (green) for the (a) 1000, (b) 700 and (c) 

300 lux input.  

The orange waveform shows the enable signal being supplied from the 

switched supercapacitor circuit while the green waveform is the voltage 

across COut. The output capacitor was selected for the test with the longest 

sleep mode duration, 300 lux. This resulted in a capacitance of 5.7 mF 
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which was used for all test cases.  The time difference between the different 

input lux levels can clearly be seen, with a higher input lux resulting in more 

data being transmitted. The exact time between the sensor operations are 20, 

31 and 69 seconds for 1000, 700 and 300 lux respectively. The efficiencies 

based on the simulations are 93.2, 89 and 85.4% for 1000, 700 and 300 lux 

respectively. It is clear to see that the efficiency is significantly higher for 

the higher input lux which is similar to the trend in results shown for a 

varying input in Chapter 5, where the effect of controller losses is more 

significant at lower power. Despite the decrease, the efficiency is still higher 

than that of the existing boost converter.  

Due to easily accessible control signals within the switched supercapacitor 

circuit and the ability to directly supply high power loads, the circuit 

operates optimally for smart sensors. For the case of existing energy 

management systems, smart sensor operation would require external control 

circuitry due to the low energy per pulse output delivery. Adding an 

additional voltage monitoring circuit would enable smart sensor operation 

for existing solutions, however this would increase the power consumption 

of the system.  

6.4 Intermittent Source Demonstrator 

The aim of this section is to investigate the SSC operating for an 

intermittent source system. This includes a rechargeable long-term storage 

element which allows a sensor to operate continuously while the source 

operates intermittently. An example of this type of system could be a 24/7 

environmental sensor in an office building with a solar cell source may only 

be active for 8 - 10 hours per day. In relation to the SSC performance for 

systems featuring long-term storage, the storage element acts as buffer 

between the circuit and the sensor. This means the energy delivered per 

pulse isn’t required to match the sensor requirements, i.e. in terms of energy 

or timing. For this reason the goal of the DC-DC converter in these systems 

is to deliver energy from source to the long-term storage element in the most 
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efficient manner. The demonstrator system in this work is a temperature 

sensor operating with a solar cell source, as depicted in Figure 6.21. 

Supercapacitor
SSC/Boost 
converter

24/7 
Temperature 

Sensor

 
Figure 6.21: System overview of an autonomous hybrid harvesting system. 

A supercapacitor is selected instead of a battery as the long-term storage 

element for the following reasons: 

 Low ESR allows the storage element to power the sensor load 

directly. Batteries can have a low power density and thus require an 

additional parallel capacitor to supply the load. 

 Reduced management of the storage element for supercapacitors 

versus batteries which require over and under-voltage monitoring as 

well as current limited charging. 

The created demonstrator is typical of a sensor operating in a smart building 

for IoT applications. The energy harvesting operation is assumed as 8 hours 

(a typical working day) while the sensor operates continuously. The 

supercapacitor is required to store sufficient energy to power the sensor for 

the remaining 16 hours of the day which results in an energy requirement 

(based on Table 6.2) of 6.6 J. Substituting VUpper of 3.5 V (the upper output 

voltage of the SSC) and a VLower of 1.8 V (minimum voltage requirement of 

the wireless sensor) into Equation (6.1), a capacitance of 1.47 F is required. 

Based on availability, the selected supercapacitor is a 1.5 F, 5 V model from 

AVX [78] with a quoted ESR of 120 mΩ. 

The supercapacitors within the circuit are selected to obtain the highest 

efficiency when supplying a storage element. Taking the 0.1 F 

supercapacitor used in the constant source demonstrator, based on standard 

voltage/current formulas the current drawn by the long-term storage ESR is 

approximately 300 mA. As documented in Chapter 5, the efficiency reduces 

for higher output current due to an increase of conduction losses. Methods 

to reduce the current delivery of the circuit require an increase of resistance 
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to reduce the current flow and ultimately the conduction losses. This can be 

achieved by featuring current limiting resistors, however this results in 

significant conduction and heat losses. Another possibility would be to 

increase the resistance of the supercapacitors with larger ESR.  

6.4.1 Simulations 

Taking the 0.1 F AVX supercapacitors detailed in Section 6.3 as an 

example, based on simulations up to 200 mA peak is drawn by the 1.5 F 

long-term storage supercapacitor. This causes significant losses within the 

circuit which can be seen in Figure 6.22, where supercapacitor A is the 

AVX 0.1 F, B is the PowerStor 0.1 F and C is PowerStor 0.2 F. 

 
Figure 6.22: Loss breakdown for the SSC supplying a long-term storage for 2 supercapacitors. 

With such a high current flowing through the circuit, the conduction losses 

significantly increase with up to 20 mW peak lost within the 

supercapacitors. Examining Table 6.3, the 0.1 F PowerStor supercapacitors 

have a documented ESR of 5 Ω with the loss breakdown shown in Figure 

6.22 as supercapacitor B. The 0.2 F PowerStor was selected as 

supercapacitor C as it has an ESR of 2 Ω which will help reduce the current 

flow within the circuit. It is clear to see that the MOSFET conduction losses 

are significantly reduced for 0.1 F PowerStor due to the peak current 

delivered being approximately 20 mA. The simulated efficiencies are 

81.7%, 86.2% and 84.9% for supercapacitor A, B and C respectively.   
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6.4.2 Measurements 

Measurements are performed on a demonstrator system featuring a solar cell 

source, the temperature sensor (detailed in Section 6.2) with a 1.5 F 

supercapacitor connected in parallel for long-term storage, for both the 

boost converter and the SSC, as shown in Figure 6.23 (a) and (b) 

respectively. The SSC features the 0.1 F PowerStor supercapacitors as it has 

the highest simulated efficiency of the examined supercapacitors. 

 
(a) 

 
(b) 

Figure 6.23: Temperature sensor operating with (a) the boost converter and (b) the switched 

capacitor circuit. 
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Circuit performance is shown for the charging of the storage supercapacitor 

from 2.65 V (mid-point of the set operating voltage range of the 

supercapacitor [3.5 – 1.8 V]) for a fixed time period, 2 hours for the case of 

this test, with continuous sensor operation and a fixed solar cell input power 

of 0.4 mW. To ensure that a correct sensor operation occurs, a desktop 

application displays the received temperature value for the wireless sensor, 

see Figure 6.24. 

 
Figure 6.24: Desktop user interface application for temperature sensor. 

Figure 6.25 shows the input and output voltage waveforms of (a) the boost 

converter and (b) the SSC supplying the long-term supercapacitor. 
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(a) 

 
(b) 

Figure 6.25: Input (orange) and output (green) voltage of (a) boost converter and (b) SSC 

powering the long-term storage element. 

The boost converter is operating at a relatively high frequency, whereby the 

circuit is discharging from the source to the load approximately every 90 µs. 

Due to the large value of the output supercapacitor, the discharging of the 

boost converter doesn’t visibly increase the output voltage. For the case of 

the SSC, the circuit discharges to the output approximately every 4 seconds. 

The input voltage drops sharply during discharging before increasing when 

the circuit enters charging. This is due to the high current draw of the output 

supercapacitor causing the circuit voltage to fall outside the MPPT. Again 

the output voltage shows no indication of being charged or powering the 

wireless sensor due to the short time scale of its operation and the filtering 

effect of the output supercapacitor impedance. Figure 6.26 shows the 

measured voltage on the output supercapacitor storage element for both 

converter circuits over a larger timescale. 
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Figure 6.26: Measured voltage of supercapacitor storage element connected to SSC and boost 

converter.  

The voltage on the output supercapacitor can clearly be seen increasing over 

the course of the test where it should be remembered that temperature 

readings are being continuously transmitted to the base station. The increase 

in performance over the course of the 2 hour test is minimal between the 

SSC and boost converter. The SSC performance is limited by the available 

supercapacitors, but despite this the circuit is shown to operate correctly as 

well as being comparable to the existing boost converter when supplying 

energy to a long-term storage element. 

6.5 Discussion/Conclusions 

This chapter has demonstrated the capability of the switched supercapacitor 

circuit to operate for various energy harvesting powered wireless sensor 

systems. Initially the typical wireless sensor loads were detailed with 

particular focus on a high-power transmitter and a low-power environmental 

sensor with the sensors showing a good range of current and power 

demands representative of existing wireless sensor. A design procedure 

outlining the required capacitance for the SSC is documented for a specific 

sensor power profile operating under different source conditions. Based on 

the readily available supercapacitors, appropriate supercapacitors are 

selected for the wireless sensor load. This design tool is critical in making 

the SSC a viable energy management circuit solution for a range of 

applications. 
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From here the performance of the boost converter and the SSC are 

compared for 2 typical energy harvesting power systems. The first examined 

system is a constant source demonstrator in particular a solar cell energy 

harvesting source and the LoRa transmitter load. The converters’ 

performances are compared for fixed sensor operation whereby it is shown 

that the SSC outperforms the boost converter in terms of efficiency. The 

performance increase is due to the reduced switching of the SSC in 

comparison with the boost as well as the pulsed power delivery overcoming 

the energy and power mismatch between source and sensor. With the 

development of smart/energy-aware sensors, the SSC performance is 

detailed for the LoRa transmitter operating in smart sensor mode. Again the 

circuit operates optimally due to the sufficient discharging capabilities as 

well as the circuit’s capability of interacting with the sensor.  

Finally both converters performances are compared for an intermittent 

source system with the sensor operating continuously while the source is 

intermittent. For this work a large supercapacitor was selected as the long-

term storage element due to the relative ease of implementation. The SSC 

for this system required supercapacitors with relatively high ESR to reduce 

the current flow in the circuit and ultimately the conduction losses. The 

circuit performance is somewhat limited for these systems, nonetheless the 

performance was found to be comparable to the existing boost converter. 

Table 6.5 shows the comparison of the boost converter and SSC for various 

different demonstrator systems. 

Table 6.5: Comparison of boost converter versus SSC for a range of different IoT systems. 

Demonstrators 

Boost Converter SSC 

Plug and 

Play 
Ƞ 

Bill of 

Materials 

Plug and 

Play 
Ƞ 

Bill of 

Materials 

Constant 

Source 
 83 - 85% 

€ 

 93 - 96% 
€€€€  

Smart Sensor  N/A  85 – 93% 

Intermittent 

Source 
 83%  85% €€ 

Battery 

Supplementary 
 83%  93 – 96% €€€€ 
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For the case of the constant source system both systems were found to 

operate correctly with the SSC operating at higher efficiency. For the smart 

sensor, the SSC operated correctly and efficiently, while the existing boost 

converter didn’t readily operate. Additional circuitry could be added to 

ensure correct operation of the boost converter, however this is outside the 

scope of this work. Both systems were again shown to operate for an 

intermittent source, with the efficiencies being comparable for both systems. 

Battery supplementary systems operate similarly to constant source systems, 

whereby the converter supplies the sensor when the harvester is supplying 

energy. However during periods when the harvester is not operating, a long-

term primary (non-rechargeable) storage element supplies the sensor to 

ensure continuous operation.  

The cost of the boost converter for any of the demonstrator systems 

examined in this chapter is relatively cheap. The key component costs of the 

system from most to least expensive are the boost converter controller, 

output storage element (in particular for the intermittent source as a battery 

or supercapacitor is required) and the inductor. For the SSC, different 

supercapacitors can be used depending on the demonstrator system. For all 

the demonstrator systems, excluding the intermittent source, the 

supercapacitors are relatively expensive due to the cost and power density 

being proportional, as shown in Table 6.3. For the case of the intermittent 

source, the cost is reduced as supercapacitors with a higher ESR increase the 

system efficiency versus lower ESR supercapacitors. It is worth noting that 

for all systems, the number of stages of the SSC can be reduced to reduce 

cost, however this often reduces efficiency. Table 6.5 shows the capability 

of the SSC to outperform existing solutions for a range of applications and 

thus makes the circuit a desirable solution for energy harvesting power 

wireless sensors for IoT applications. 
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CHAPTER 7 7 
DISCUSSIONS/CONCLUSIONS 

7 Discussions/Conclusions 

7.1 Introduction 

This thesis details the most significant challenges encountered in creating an 

energy harvesting powered wireless sensor for a range of applications, 

accounting for the effects of low-power, low-voltage energy harvesting 

sources and the pulsed nature of wireless sensors. Ultimately it proposes a 

high efficiency energy management circuit that supplies the pulsed power 

requirements of wireless sensors from energy harvesting sources. The 

resulting solution is comparable to existing state-of-art solutions in all 

aspects of cost, form factor, efficiency and power delivery. The steps 

involved in achieving this objective and the resulting thesis contributions 

are reviewed in this chapter.  

7.2 Summary & Conclusions 

The literature review carried out in Chapter 2, shows the volume of work 

focused on the challenges of low-power, low-voltage energy harvesting 

powered wireless sensors. These challenges include: 

 Providing high DC-DC conversion efficiency from a low-power, 

low-voltage source.  

 Extracting the maximum available energy from energy harvesting 

sources with limited energy available for implementing controller 

circuitry. 

 Ensuring sufficient energy and peak power is made available from 

an energy harvesting source for a wireless sensor to perform a sense 

and transmit operation. 
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 Identifying suitable energy storage solutions to address the mismatch 

between energy harvesting source and wireless sensor load profiles 

and the optimum configuration to utilise these solutions. 

From this review, it is clear that there are areas of research which have yet 

to be targeted, i.e. high efficiency DC-DC converters for low-power, low-

voltage energy harvesting sources, and their integration into system level 

solutions for wireless sensors to enable IoT applications.  

Prior to targeting DC-DC converters, the characteristics of energy 

harvesting sources, in particular DSSCs, are examined in detail to determine 

their effect on the performance of a typical wireless sensor system. In 

Chapter 3, it is shown that by altering the configuration of a DSSC source to 

produce a higher output voltage, the existing best performing DC-DC 

converter efficiency can be increased by up to 15%. Analysis of the 

breakdown in system losses shows that the increase in efficiency is due to a 

reduction of the required voltage step-up ratio which in turn reduces all 

system losses, in particular MOSFET conduction losses. Despite this 

increase in efficiency, overall output power is limited due to the loss in 

active area required to accommodate cell interconnects in the reconfigured 

DSSC cell. For applications with ample space available for energy 

harvesters or for harvesters that don’t require additional area for 

reconfiguration, the loss in power would be negated and the overall output 

power would be increased. 

Based on these findings, an alternative method to reduce the required 

voltage step-up ratio of the DC-DC converter, while maintaining the energy 

harvester output power is detailed in Chapter 4. This involves connecting a 

high efficiency switched capacitor circuit between the energy harvesting 

source and a boost converter. By choosing a suitable value of capacitor, the 

switched capacitor stage increases the efficiency of the boost converter by 

increasing its input voltage and reducing its operating time, while also 

maximising power extraction from the energy harvesting source. This 

method shows promising simulated results of between 10 and 15% increase 
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in circuit efficiency when compared to the existing best performing solution. 

Measurement results were limited due to practical issues in integrating the 

switched capacitor stage with an existing boost converter, but these may be 

overcome by co-designing both stages. 

Despite the boost circuit providing suitable output voltage, it still relies on 

an additional energy storage element to supply pulsed power to a wireless 

sensor. Instead, building on the capabilities of the switched capacitor circuit 

to provide pulsed output power at high efficiency, the design of a switched 

supercapacitor circuit which delivers sufficient energy and power to a 

wireless sensor load, while maintaining MPPT at the source is proposed in 

Chapter 5. For a range of average pulsed power levels demanded by typical 

wireless sensor loads, the switched supercapacitor circuit is shown to have 

efficiencies of 90% or above, which is significantly higher than existing 

solutions. This is put in context versus other solutions in Section 7.2.2.  

Finally in Chapter 6 the SSC performance is shown for two demonstrator 

IoT sensor systems, including constant and intermittent sources, as well as 

smart sensor operation. For the case of constant source and smart sensor 

applications the SSC is shown to outperform existing solutions due to the 

circuit’s pulsed power delivery. For intermittent source conditions, where a 

long-term storage element is required the SSC performance is found to be 

comparable to existing circuits.  

7.2.1 Contributions 

In summary, this thesis provides the following contributions: 

 An in-depth review of the existing energy management circuits 

compared based on topologies and key system parameters including 

input voltage, output power, voltage step-up ratio and efficiency.  

 The techniques required to reconfigure a typical low-power, low-

voltage energy harvesting source to obtain increased DC-DC 

converter efficiency.   
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 An investigation of the combined performance of a high efficiency 

switched capacitor circuit operating in conjunction with a boost 

converter. 

 The design of a switched supercapacitor energy management circuit 

delivering high power pulses, similar to wireless sensor 

requirements, from a low-power, low-voltage source in an efficient 

manner. The circuit is demonstrated for a high-power sensor 

operating in a constant source system and a low-power sensor 

operating in an intermittent source system.   

7.2.2 Scope 

Figure 7.1 shows the efficiency of the switched supercapacitor circuit versus 

(a) output power, (b) input voltage and (c) voltage step-up ratio.  The SSC 

efficiency values were taken from measured results presented in the thesis. 
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(a) 

 
(b) 

 
(c) 

Figure 7.1: Shows the efficiency of the examined converters and the switched supercapacitor 

circuit for efficiency versus (a) output power, (b) input voltage and (c) voltage step-up ratio. 

0

20

40

60

80

100

0.0001 0.001 0.01 0.1 1 10

Ef
fi

ci
e

n
cy

 (
%

) 

Output Power (mW) 

Converter Efficiency vs Output Power 

Transformer based Converter Switched Capacitor

Inductor based Converter This Work

0

20

40

60

80

100

0.01 0.1 1

Ef
fi

ci
e

n
cy

 (
%

) 

Input Voltage (V) 

Converter Efficiency vs Input Voltage 

Transformer based Converter Switched Capacitor

Inductor based Converter This Work

0

20

40

60

80

100

1 10 100

Ef
fi

ci
e

n
cy

 (
%

) 

Voltage Step-up Ratio (Vout/Vin) 

Converter Efficiency vs Voltage Step-Up Ratio 

Transformer based Converter Switched Capacitor

Inductor based Converter This Work



Chapter 7: Discussions/Conclusions 2018 

 

159 

 

Initially an 8-stage SSC is compared to the existing energy management 

circuits for output power. The efficiency is shown to decrease with a 

reduction of output power which is predominately due to the low-power 

source and relatively high controller losses. However it is worth noting that 

the SSC delivers pulse of power suitable to directly power wireless sensor 

while the existing circuits require an additional short-term energy storage 

which introduces losses.  

For the case of input voltage, the SSC efficiency is shown to increase with 

an increase of input voltage with the data points depicting an 8-, 4- and 2-

stage circuit implementation. The circuit is shown to outperform existing 

solutions over a typical small form factor energy harvesting voltage range. 

Finally the efficiencies are compared based on voltage step-up ratio with the 

SSC values shown for a 5- to 8-stage version when supplying a fixed 

resistive load. A decrease in efficiency with a reduced step-up ratio is shown 

which is due to increased conduction losses for a fixed output power. 

However the efficiency is still higher than existing systems across a range of 

voltage step-up ratios.   

The circuit is shown to outperform the existing circuits for all 3 circuit 

performance criteria for fixed resistive loads which as detailed in Chapter 3 

are not representative of wireless sensor power profiles. In Chapter 6 the 

SSC performance is demonstrated for a high-power sensor operating in a 

constant source system (no long-term storage) with the supercapacitors 

selected for a specific sensor. The circuit is shown to outperform a boost 

converter across a range of test conditions including smart sensor operation. 

For the case of an intermittent source system (featuring a long-term storage 

element) the SSC is found to have comparable efficiency with the boost 

converter.  

The SSC energy management is shown to meet all the criteria required for 

DC-DC converters and energy management circuits for low-power, low-

voltage energy harvesting powered wireless sensor. The circuit increases 
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system performance in terms of efficiency and for certain applications can 

remove the dependency on long-term storage element.  

7.2.3 Practical Circuit Limitations 

Despite the circuit showing an optimised performance versus existing 

solutions, there are a few drawbacks to the circuit, i.e. supercapacitor 

utilisation ratio, form factor and ESR. Current supercapacitor rated voltage 

values vary from 2 V to 5 V and above, to conform to existing circuit and 

energy storage voltage levels, in particular standard battery voltage levels. 

Due to the nature of energy harvesting powered wireless sensors (i.e. low-

power, low-voltage input and a relatively fixed output), supercapacitors are 

underutilised for energy harvesting powered systems. For the switched 

supercapacitor circuit, this results in a small portion, less than 5%, of the 

overall storage capacity of the supercapacitor being utilised due to the 

MPPT control. Researchers are developing on screen-printed 

supercapacitors which have a voltage rating of 1 V and have been optimised 

for energy harvesting applications [151]. These supercapacitors are 

currently not readily available but when available would greatly increase the 

utilisation ratio.   

In terms of form factor, the examined supercapacitors (documented in 

Chapter 5) result in a slightly larger system form factor versus existing 

solutions, however the overall volume is comparable with wireless sensors, 

(e.g. 42 x 42 x 17 mm for the COZIR CO2 sensor [152]) as well as energy 

harvesting sources (e.g. 40 x 40 x 3.9 mm for thermoelectric harvester [12]). 

Some existing supercapacitors have extremely small form factor, e.g. 21 x 

14 x 2.2 mm for [72], however the current financial cost of these 

supercapacitors is relatively high. As mentioned, it is expected that research 

focused on processes for producing supercapacitors on silicon will greatly 

reduce their form factor in the future [153]. However due to the size of the 

currently available supercapacitors, wearable or implanted sensor 

applications are outside the scope of the proposed circuit. 
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In relation to the ESR, the state-of-the-art supercapacitors ESR is reducing 

significantly in particular the Murata supercapacitor has an ESR of 0.3 Ω 

[72]. Again the current cost of these supercapacitors is high however over 

time the cost of these supercapacitors will become lower as the technology 

is further refined. Despite these drawbacks of existing supercapacitors, the 

switched supercapacitor circuit is shown to increase the system performance 

of low-power, low-voltage energy harvesting powered wireless sensors. 

Finally there are applications for which currently the SSC isn’t a suitable 

energy management circuit. These are applications where the energy 

harvesting source is sporadic resulting in the energy management circuit 

entering cold-start frequently. Examples of these applications include 

wearable sensors where the user’s daily pattern varies significantly or car 

sensors where the car is making frequent short rather than long journeys. 

Both examples result in reduced energy harvested and thus increased cold-

start operations. For these cases an inductor based converter, switched 

capacitor circuit or transformer based converter are more suitable. Finally 

the SSC is also not suitable for ultra-low-power systems (e.g. < 0.1 mW 

input power). As documented in Chapter 5, at lower input power levels the 

controller losses become dominant which results in reduced system 

efficiency. For these systems, based on the literature review, switched 

capacitor circuits provide an optimised solution. 

7.3 Future Work 

As shown in the literature review there is a possibility to investigate 

inductor based converters at lower output power levels. By reducing the 

output power of the converter, the form factor can be reduced as well as the 

possibility of increasing the converter efficiency but the circuit would still 

require a long-term storage element. Building on this there is the possibility 

of creating a hybrid converter which features a boost converter in 

combination with a switched capacitor or switched supercapacitor circuit, 

similar to the work documented in [48]. With a reduced inductor size, the 
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circuit could more easily align with switched capacitor circuits which as 

shown are often focused on small form factor and high switching frequency.  

Another possibility of future work would be in relation to supercapacitors 

and in particular supercapacitors on silicon [153]. An issue faced when 

implementing the SSC, was the availability of suitable supercapacitors as 

detailed in Chapter 6. For the available supercapacitors the characteristics 

were found to be limited to, at most, two of the following characteristics: 

 Small form factor 

 Low ESR 

 Relatively low cost  

Future iterations of supercapacitors, including on silicon, will increase the 

performance of supercapacitors thereby increasing the SSC performance. As 

an extension to this, a near future possibility could be an integrated 

supercapacitor and capacitor within a single package. This would reduce the 

ESR and cost relatively easily while form factor would still remain an issue.  

In relation to the switched supercapacitor circuit, a redesign of the controller 

circuitry could be a possibility. The majority of the SSC losses consist of the 

controller as well as supercapacitor conduction. However with the lower 

ESR supercapacitors detailed in Chapter 6 the conduction losses were 

reduced. This means that the bulk of the remainder of the losses consists of 

the controller losses. A possible redesign of the controller could further 

reduce losses which would increase overall efficiency. Despite this the 

circuit still performs extremely well especially when compared to existing 

solutions across a range of criteria as shown in Figure 7.1. 
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Appendix 

A. Existing DC-DC Converter Characteristics 

Reviewed converters key circuit parameters, including input and output voltage, current and power for switched capacitor, 

transformer and inductor based converters. 

Switched Capacitors: 

Reference Vin (V) Vout (V) Efficiency  Conversion 

Ratio 

IIN (mA) IOUT (mA) PIN (mW) POUT (mW) 

[37] 0.15 – 0.5 V  0.3 - 2 V 72.5% (Vin = 0.45 V & Vout = 1.8V)  4 1.379310345 0.25 0.62069 0.45 
[38] 0.14 – 0.5 V 2.2 – 5.2 V 50% (Vin = 0.45 & Vout ≈ 5 V) 11.111111 0.000888889 0.00004 0.0004 0.0002 

[103] 0.27 – 0.45 V 0.4 – 1.6 V 65% (Vin = 0.45 V & Vout = 1.4 V) 3.1111111 0.042145594 0.007857 0.018966 0.011 
[85] 1 – 5.5 V 1 – 5.5 V 58% (Vin = 1.5 V & Vout = 2 V) 1.3333333 0.008885057 0.003865 0.013328 0.00773 
[87] 0.6 – 4 V 1.8 – 4 V 70% (Vin = 2 V & Vout = 4 V) 2 0.05 0.0175 0.1 0.07 
[94] 2.1 – 3.5 V 3.6 – 4.4 V 67% (Vin = 2.7 V & Vout = 4.4 V) 1.6296296 0.292294085 0.120173 0.789194 0.52876 
[90] 0.21 – 0.65 V 0.6 – 1.8 V 73.6% (Vin = 0.49 V & Vout = 1.46 V) 2.9795918 0.964951198 0.238356 0.472826 0.348 
[95] 0.35 – 0.6 V 1.8 – 5.2 V 75.8% (0.59 Vin & 1.41 Vout) 2.3898305 0.885470238 0.280851 0.522427 0.396 
[93] 1 – 2.7 V 2 V 86 % (@ 35 µW) (Vin ≈ 1.25 V) 1.6 0.550697674 0.296 0.688372 0.592 
[39] 0.2 – 0.5 V  0.6 & 1.2 V  27% 4 0.012345679 0.000833 0.003704 0.001 
[40] 0.4 V  4 V  60%  10 0.0038 0.000228 0.00152 0.000912 

[105] 1.1 – 1.5 V 3.3 V 86.4% (Vin = 1.3 V) 2.5384615 0.010683761 0.003636 0.013889 0.012 
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Transformer based converters: 
[41] 0.02 – 0.5 V 2.35 – 5 V 40% (Vin = 0.06 V & Vout = 4.5 V) 75 150 0.8 9 3.6 

[45] 0.04 - 0.3 V 2 V 61% (Vin = 0.3 V) 6.666667 14.7541 1.35 4.42623 2.7 

[106] uses [41] 0.02 – 0.175 V 1.8 – 5 V 15 – 40% Not included in Figure 2.7-Figure 2.9 as these works utilised the converter detailed 

in [41] [44] uses [41] 0.26 V 2 V 15 – 40% 

[43] 0.021 – 1 V 1 V 74% (Vin = 0.2 V & Vout = 1 V) 5 10 1.48 2 1.48 

[42] 0.4 - 1.4 V 5 V 86% (Vin = 1.4 V) 3.571429 0.045681 0.011 0.063953 0.055 

[46] 0.2 – 0.5 V 2 V 
68% (Vin = 0.2 V) 

76% (Vin = 0.5 V) 

10 14.70588 1 2.941176 2 

4 31.57895 6 15.78947 12 

 

Inductor based converters: 
[154] uses [155] 

& [156] 
0.5 – 0.7 V 3.3 V 85% (Vin = 0.6 V) 5.5 1.666667 0.257576 1 0.85 

[102] 0.125 – 2.9 V 3 V 80% (Vin = 0.5 V & Vout = 3.0 V) 6 1 0.133333 0.5 0.4 

[32] 0.02 – 0.65 V 1 V 75% (Vin = 0.1 V) 10 1.333333 0.1 0.133333 0.1 

[86] 0.5 – 2 V 0 – 5 V 87% (Vin = 1 V & Vout = 3 V) 3 0.8 0.232 0.8 0.696 

[31] 0.13 – 3 V 2.5 - 5.25 83% (Vin = 0.5 V & Vout = 5.5 V) 11 1 0.073636 0.5 0.405 

[157] 0.03 – 0.16 V 1 V 57% (Vin = 0.16 V) 6.25 0.712719 0.065 0.114035 0.065 

[107] uses [158] 0.3 – 5.5 V 1.8 – 5.5 V 40% (Vin = 0.3 V & Vout = 3.8 V) 12.66667 5.566667 0.175789 1.67 0.668 

[159] 0.025 – 0.035 V 1.8 V 58% (Vin = 0.035 V) 51.42857 14.77833 0.166667 0.517241 0.3 

[160] 0.074 – 2.5 V 1 – 5 V 60% (Vin = 0.45 V & Vout = 3.5 V) 7.777778 0.11476 0.009886 0.051642 0.0346 

[161] uses [155] 

& [162] 
0.3 – 5.5 V 2.7 – 5.5 V 70% (Vin = 1 V & Vout = 3.3 V) 3.3 3.448 0.606012 3.448 1.99984 

[163] 0.36 V 2.5 V 55% 6.944444 1.197318 0.1 0.431034 0.25 

[164] 0.05 – 0.08 V 1.3 V 72% (Vin = 0.05 V) 26 18.05556 0.5 0.902778 0.65 

[165] 0.13 – 0.3 V 3 – 4 V 63% (Vin = 0.15 V & Vout = 3 V) 20 2.6 0.0819 0.39 0.2457 

[166] 0 – 1.5 V 1.8 – 4.25 V 50% (Vin = 1  V & Vout = 1.8 V) 1.8 0.72 0.2 0.72 0.36 

[167] 0.1V 0.9 V 72% 9 12.5 1 1.25 0.9 

[33] 0.02 – 0.25 V 4.5 V 30% (Vin = 0.25 & Vout = 4.5 V) 18 13.33333 0.222222 3.333333 1 

[168] 0.037 – 0.2 V 1.2 V 73% (Vin = 0.1 V & Vout = 1.2 V) 12 3.424658 0.208333 0.342466 0.25 

[125] 0.22 – 1.3 V 1.8 V 75.42% (Vin = 0.5 V & Vout = 1.8 V) 3.6 47.7327 10 23.86635 18 

[169] 0.02 – 0.75 V 1.8 V 87% (Vin = 0.7 & Vout = 1.8 V) 2.57 1.5 0.51 1.05 0.914 
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B. Design Procedure for Optimised Energy Harvesting 

Source 

The steps taken to optimise output power delivery at a given voltage level 

from a DSSC source are summarised in this flowchart, where equations are 

generalised to enable their application for other ranges of source voltage and 

power levels (at the maximum power point), other circuit operating 

conditions and other load power profiles. In this way, this approach can be 

utilised for a wide range of energy harvesting sources, e.g. solar cells, 

thermoelectric and microbial fuel cells and power conversion topologies, to 

obtain the optimum system level solution to achieve maximum power 

delivery. 

 

DC-DC Converter Parameters
- Topology (Boost Converter)
    - Components (Inductance, Capacitance, Switches)
    - Operating Conditions (Switching Frequency & Duty)

Boost Circuit Losses
 - Inductor Conduction 
 - MOSFET Conduction 
 - MOSFET Switching Related 

Source Parameters
- Source Type (DSSC)
- Source Power (Irradiation)
- Equivalent Circuit Model
- Structure & Form Factor (NCELL)

Output 
 - Identification of optimum POUT vs. NCELL for 
specific design 

PMPP & VMPP

PLOSSES

Specifications
- Maximised <POUT> 
- VOUT (e.g. 3.3 V wireless sensor)

NCELL = 1 : VOUT/VIN

(3.1) - (3.3), 
(3.6) - (3.9)

(3.4), (3.5), 
(3.10) – (3.12)
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C. SSC Losses for Different Supercapacitors 

The loss breakdown of the Murata 0.2 F supercapacitor in an 8-stage 

implementation of the SSC is shown below versus output power. 

 
The loss breakdown of the AVX 0.1 F supercapacitor in an 8-stage 

implementation of the SSC is shown below versus output power. 

 
The efficiency of the SSC for the supercapacitors versus output power for an 

8-stage implementation is shown below.  
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