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Abstract.  This paper presents an experimental set-up for performing preliminary 

tests for energy power systems, such as the ones found in the IoT systems. It is 

mainly composed by a harvesting energy device that charges a supercapacitor 

and a Switched Capacitor (SC) DC-DC converter implemented in 130 nm bulk 

CMOS technology to converter the voltage variation of the supercapacitor into a 

stable power supply for the IoT system. The experimental results show that the 

SC DC-DC converter achieves a maximum energy efficiency of 75%, and the 

overall system achieves a maximum energy efficiency of 47%. 

Keywords:  IoT System, Supercapacitor, Energy Harvesting, Power 

Management Unit, Switched Capacitor DC-DC Converters. 

1   Introduction 

The deployment of a large number of IoT systems requires these systems to have a 

lifetime as high as possible to become a viable solution in terms of cost [1]. These 

systems must be autonomous and thus, usually, they make use of one or more energy 

harvesters sources to charge an energy storing device [2, 3]. Using supercapacitors, 

instead of the traditional lithium batteries, allows to extend the lifetime of the system 

because of the millions of cycles endured by these devices [4]. Another crucial part is 

to ensure that the Power Management Unit (PMU) is also reliable, in its durability and 

also in its capability of providing a constant power supply and protect the system from 

overvoltage and overcurrent stresses [5]. Switched Capacitor (SC) DC-DC converters 

have gathered interest in recent years to achieve monolithic integration of PMUs [6, 7]. 

Unlike inductive DC-DC converters, the SC DC-DC converters only use transistors and 

capacitors that are available in CMOS technology, requiring no extra external 

components. This results in a production cost reduction, by reducing the bill of 

materials and the System on Chip (SoC) area. Before deploying IoT systems in the 

field, it is important to perform a preliminary field test to validate and adjust the 

theoretical design [8], and thus achieve an optimal solution that minimizes the 



implementation costs. This paper presents an IoT Power supply set-up for preliminary 

tests before the deployment of the final system. It makes use of a Switched Capacitor 

(SC) DC-DC converter implemented in 130 nm bulk CMOS technology, to power the 

IoT system. 

2   Relationship to Resilient Systems 

A Power Management Unit (PMU) designed for IoT systems must be as reliable as 

possible to extend the system durability so that it becomes a viable solution in terms of 

cost – due to the large number of systems that are deployed. Furthermore, to protect 

both the IoT system and the energy storage device, the PMU must be a resilient system 

as it must adapt and react to keep its normal behavior to upcoming events, which are 

most of the time unpredictable. For example, the voltage level variation of the 

supercapacitor, the inrush current from the system when it turns ON, and control the 

power down when it turns OFF; block the reverse current when the supercapacitor 

voltage is lower than the output voltage, have hysteresis in the comparisons to avoid 

multiple transitions, have undervoltage lock-out (UVLO) mechanisms to turn the 

system OFF if the voltage on the supercapacitor drops below a threshold value, and so 

on. Hence the developed SC DC-DC converter, has real-time mechanisms that try to 

withstand some of these problems while keeping the normal operation. 

3   IoT Power Supply Architecture  

The simplified schematic of the IoT power supply architecture is shown in Fig. 1. It is 

composed by an energy harvester, in this case a Photovoltaic (PV) cell, that charges a 

supercapacitor. Because the IoT node requires a stable power supply, it is necessary to 

convert the exponential voltage variation from the supercapacitor into a stable output 

voltage using a SC DC-DC converter [9] implemented in 130 nm bulk CMOS 

PV
 Cell

SC DC-DC 
Converter

SCAP

S1

S2

IoT 
System

 

Fig. 1 IoT power supply node architecture. 



technology. The converter has an input voltage range of 1.2 V to 2.3 V, and can delivery 

up to 1 mW of output power. Three different SC circuit topologies (1/2, 2/3, and 1/1) 

were merged into a single multi-ratio SC DC-DC converter, composed by 2 flying 

capacitors and 9 switches, to keep the voltage conversion efficiency high throughout 

the whole input voltage range. These switches are turned ON/OFF according to the 

clock signal and the topology (state) in which the converter is operating. The clock 

signal is generated by an Asynchronous State Machine (ASM) with a maximum 

frequency of operation (10MHz). The active state is selected by a second ASM. The 

input voltage ranges of each state are: 2.3 V to 1.9 V for the 1/2 state, 1.9 V to 1.5 V 

for the 2/3, and lastly 1.5 V to 1.2 V for the 1/1 state. These voltages are generated 

using a resistive ladder (with hysteresis) from an external reference voltage of 0.45 V. 

A double-tail dynamic comparator is used to compare these voltage limits with the 

supercapacitor voltage. The output regulation is done by sensing the output voltage and 

compare it with the external reference voltage using a comparator. This comparator 

enables (disables) the clock if the voltage is lower (higher) than 0.9 V - Single-bound 

hysteretic controller. The converter has also a start-up circuit that charges the output 

node directly from the supercapacitor (using an internal CMOS switch) when the 

voltage on the supercapacitor is below 1.2 V. 

4   Experimental Evaluation of the Deployment Conditions 

The measurement of the system operation (voltages and currents) is carried out using a 

programmable system-on-chip (PSoC) from Cypress (CY8C5888LTI-LP097). The 

PSoC is used to both measure and control the harvester connection to the supercapacitor 

and to the bank of output loads of the DC-DC converter. Fig. 2 shows the state diagram 
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Fig. 2. State Machine of the measurements implemented in the PSoC. 



implemented in the PSoC. It initiates on the Start state that goes directly to the Reset 

state. In this, the PV cell is disconnected from the supercapacitor, and the 

supercapacitor is discharged to ground. Only when the supercapacitor is completely 

discharged (0 V) the state machine changes to the Charging without Load state. In this 

state the supercapacitor is charged by the PV cell without any load at the output of the 

converter. When the voltage on the supercapacitor reaches 1.2 V, the converter should 

be operating. Thus, if the voltage at the output of the DC-DC is higher than 0.7 V, it 

means that the DC-DC is working and so the state machine changes to the Charging 

with load state; if the output voltage of the converter is lower than 0.7 V, it means that 

the DC-DC is not working properly and the state machine goes back to the Reset state, 

and repeats the process. When the output voltage reaches 0.9 V the converter is working 

properly and «a load can be connected. The state machine only leaves this state in two 

conditions: when the supercapacitor voltage reaches the maximum voltage allowed by 

the DC-DC converter (2.3 V), which disconnects the PV cell – Stop Charging state. It 

goes back to the previous state when the voltage of the supercapacitor is below 2.3 V. 

The other possible transition is to go back to the Reset state when the voltage on the 

DC-DC is lower than 0.7, that is, when the DC-DC has stopped its operation. This can 

happen when the voltage of the supercapacitor is lower than 1.2 V, or if a sudden failure 

had occurred. 

While keeping the system running, through the state machine, the PSoC also collects 

the electrical signals from the system. To do so a Delta-Sigma (ΣΔ) ADC is connected 

to a multiplexer that sense the following signals:  

▪ 𝐼𝑠𝑐𝑎𝑝 – the current that charges the supercapacitor from the PV cell; 

▪ 𝑉𝑠𝑐𝑎𝑝 – the voltage at the supercapacitor; 

▪ 𝐼𝑖𝑛𝐷𝐶−𝐷𝐶
 – the input current of the DC-DC converter, provided by the 

supercapacitor/PV cell; 

▪ 𝑉𝑖𝑛𝐷𝐶−𝐷𝐶
 – the voltage at the input of the converter; 

▪ 𝐼𝑜𝑢𝑡𝐷𝐶−𝐷𝐶
 – the output current of the DC-DC converter; 

▪ 𝑉𝑜𝑢𝑡𝐷𝐶−𝐷𝐶
 – the output voltage at the DC-DC converter; 

▪ 𝑉𝑅𝐸𝑆𝐸𝑇 – the reset signal generated by the DC-DC converter; 

▪ 𝑉𝑆12, 𝑉𝑆23, 𝑉𝑆11 – the voltage signals of the three states of operation (1/2, 2/3, 

and 1/1). 

 

Note that all the currents are sensed by measuring the voltage across a 10 Ohm resistor 

in series; and the time step for each measurement is 1 second.  

The power at any given point in time is given by the multiplication between the voltages 

𝑃𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 = 𝑉𝑠𝑐𝑎𝑝 𝐼𝑠𝑐𝑎𝑝  (1) 

𝜂𝑉𝐶𝐸 =
𝑃𝑜𝑢𝑡𝐷𝐶−𝐷𝐶

𝑃𝑖𝑛𝐷𝐶−𝐷𝐶

=
𝑉𝑜𝑢𝑡𝐷𝐶−𝐷𝐶

 𝐼𝑜𝑢𝑡𝐷𝐶−𝐷𝐶

𝑉𝑖𝑛𝐷𝐶−𝐷𝐶
 𝐼𝑖𝑛𝐷𝐶−𝐷𝐶

 (2) 



and currents (1), (2). Hence, the voltage conversion efficiency (𝜂𝑉𝐶𝐸) is given by the 

ratio between the output and input power (2). The 𝜂𝑉𝐶𝐸 of the converter varies from 

state to state, and so for a given input voltage and output power the 𝜂𝑉𝐶𝐸 value can vary 

significantly. In terms of the system, the instantaneous efficiency does not provide an 

accurate measure of the overall system efficiency. So instead of looking at the voltage 

conversion efficiency in terms of the ratio between instantaneous power values, we look 

at the efficiency in terms of the amount of energy consumed or provided. The energy 

is calculated by integrating the power values over time. There are three important 

energy values that are recorded: 

▪ 𝐸𝑆𝐶𝐴𝑃 – the energy stored in the supercapacitor, provided by the PV cell; 

▪ 𝐸𝑈𝑆𝐸𝐷𝐷𝐶−𝐷𝐶
 – the energy absorbed by the DC-DC converter, from the 

supercapacitor; 

▪ 𝐸𝐿𝑂𝐴𝐷 – the energy dissipated by the output load (IoT system). 

These energy values are then used to determine the energy efficiency of the converter 

(𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝐶−𝐷𝐶
) and of the overall system (𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑌𝑆𝑇𝐸𝑀

) (3),(4). The last equation (4) 

is very important as it gives the minimum amount of energy necessary for the operation 

of any given system. Thus, by carry out preliminary tests with the IoT system in a real 

scenario, the energy efficiency of the overall system can be determined and then be 

used to determine the minimum capacitance value of the supercapacitor value [8], or 

either to determine the minimum PV cell size that must be used.  

𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝐶−𝐷𝐶
=

𝐸𝐿𝑂𝐴𝐷

𝐸𝑈𝑆𝐸𝐷𝐷𝐶−𝐷𝐶

 (3) 
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Fig. 3 – System set-up. 



𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑌𝑆𝑇𝐸𝑀
=

𝐸𝐿𝑂𝐴𝐷

𝐸𝑆𝐶𝐴𝑃
 (4) 

To this end, the experimental set-up (Erro! A origem da referência não foi 

encontrada.) is set so that it is close to a real condition of deployment. It is composed 

by two monocrystalline Solar Cells (SLMD121H04L) connected to the supercapacitor 

bank through a switch (TPS22860). In the SC DC-DC converter test board there are 

four supercapacitors of different types and values that are manually selected – 10 F 

(Maxwell - BCAP0010 P270 T01), 1 F (Eaton - HV0810-2R7105-R), 0.474 F (Kemet 

- FC0V474ZFTBR24), and 0.1 F (Kemet - FTW0H104ZF). To simulate an IoT system, 

three different resistance values are used to generate three output power levels – 1 mW, 

0.5 mW, and 0.1 mW. These are selected using three load switches (TPS22860) 

controlled by the PSoC. All the data collected by the PSoC is sent via UART to a 

graphical interface developed using the Processing environment (Fig. 4). The interface 

displays in plots the above voltages and currents sensed by the PSoC. With those signals 

it determines the electric power and energy overt time. It also allows to act on the PSoC 

(Start/Stop) and generates a csv file with all the collected data.

5   Experimental Results 

The performed experiments were carried out as follows: the supercapacitor was charged 

to the maximum value allowed by the DC-DC converter (2.3 V) without any load 

connected at the output. When the supercapacitor voltage reaches 2.3 V, the PV cell is 

disconnected (by turning OFF the switch) and, at the same time, one of the loads is 

connected. The supercapacitor then slowly discharges until the output voltage of the 

converter is lower than 10 % of the nominal output voltage (0.9 × 10% = 0.81 V). At 

𝐸𝑉𝑠𝑐𝑎𝑝 =
1

2
 𝐶𝑠𝑐𝑎𝑝 𝑉𝑠𝑐𝑎𝑝𝑚𝑎𝑥

2  (5) 

 

Fig. 4 – Graphical Logger interface developed using the Processing environment. 



that voltage, the supercapacitor is discharged to ground, and a new cycle with a different 

load begins. There are in total three cycles, one per each load (1 mW, 0.5 mW, and 0.1 

mW), for each supercapacitor. Table 1 shows the measurement results of the already 

mentioned signals (3), (4); the theoretical equation of the energy stored in a capacitor 

(5) to compare with the measured energy value of the supercapacitor (𝐸𝑆𝐶𝐴𝑃). And 

lastly, the voltage left in the supercapacitor (𝑉𝑆𝐶𝐴𝑃𝐿𝐸𝐹𝑇
) after the converter stopped.  

5   Conclusions 

The values of the theoretical energy stored in the supercapacitor (𝐸𝑆𝐶𝐴𝑃𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
) differ 

significantly from the measured energy values (𝐸𝑆𝐶𝐴𝑃). For the 0.1 F (Kemet - 

FTW0H104ZF) the 𝐸𝑆𝐶𝐴𝑃 >  𝐸𝑆𝐶𝐴𝑃𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 by a maximum of 37%; the 0.474 F 

(Kemet - FC0V474ZFTBR24) the 𝐸𝑆𝐶𝐴𝑃 <  𝐸𝑆𝐶𝐴𝑃𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 by a minimum of -20.76%; 

And for the 1 F (Eaton - HV0810-2R7105-R) and 10 F (Maxwell - BCAP0010 P270 

T01), the 𝐸𝑆𝐶𝐴𝑃 >  𝐸𝑆𝐶𝐴𝑃𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
 with a maximum of 18.7% and 34.3%, respectively. 

This can be explained by the variation in the capacitance of the supercapacitors, which 

according to the datasheets can go as high as 20% for some supercapacitors. Hence, the 

importance of previously measure the real energy stored in the supercapacitor.  

As for the energy efficiency of the SC DC-DC converter, 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝐶−𝐷𝐶
, it reaches 

values of approximately 75% for output power values higher than 0.5 mW. As the 

output power decreases, 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝐶−𝐷𝐶
 also decreases, reaching values of approximately 

68%. This is caused by the power consumption of the internal circuits that does not 

scale with the output power level. Furthermore, the 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝐷𝐶−𝐷𝐶
 values are kept 

constant independent of the type and value of the supercapacitor. The overall energy 

efficiency of the system, 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑌𝑆𝑇𝐸𝑀
, shows that in the best case the system uses 

47% of the energy stored in the supercapacitor. The main reason for this value is the 

input voltage limitation of the SC DC-DC Converter, that is unable to work when the 

supercapacitor voltage is below 1.12 V to 0.823 V, depending on the output power 

level. Moreover, the 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑌𝑆𝑇𝐸𝑀
 decreases substantially for lower output values (0.1 

mW) and higher supercapacitor values (1 F, 10F). This is because both condition result 

in a longer measuring time, which allows for the energy lost due the leakage current in 

the supercapacitor to become more important in the overall energy balance. Knowing 

the 𝜂𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑌𝑆𝑇𝐸𝑀
, it is possible to determine the required energy to be stored on the 

supercapacitor for a specific 𝐸𝐿𝑂𝐴𝐷, consumed by any IoT system. Hence the value of 

the supercapacitor can be roughly sized using the theoretical equation (5), or by 

performing the charging process and measure the amount of energy stored.  
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Table 1 Experimental results  

Scap 

Value 

(F) 

𝑷𝑶𝑼𝑻 

(mW) 

𝑽𝑺𝑪𝑨𝑷𝑴𝑨𝑿
 

(V) 

𝑽𝑺𝑪𝑨𝑷𝑳𝑬𝑭𝑻  

(V) 

𝑬𝑺𝑪𝑨𝑷𝑻𝒉𝒆𝒐𝒓𝒆𝒕𝒊𝒄𝒂𝒍
 

(mJ) 

𝑬𝑺𝑪𝑨𝑷 

(mJ) 

𝑬𝑼𝑺𝑬𝑫𝑫𝑪−𝑫𝑪
 

(mJ) 

𝑬𝑳𝑶𝑨𝑫 

(mJ) 

𝜼𝑬𝒏𝒆𝒓𝒈𝒚𝑫𝑪−𝑫𝑪

(%) 

𝜼𝑬𝒏𝒆𝒓𝒈𝒚𝑺𝒀𝑺𝑻𝑬𝑴
 

(%) 

0.1 

1 

2.3 

1.121 264.5 318.5 185.4 139.6 75.29 43.83 

0.5 0.977 264.5 327.8 198.5 148.7 74.88 45.35 

0.1 0.852 264.5 362.3 174.9 119.5 68.35 32.99 

0.474 

1 

2.3 

1.115 1253.7 993.4 552.7 413.3 74.78 41.60 

0.5 0.974 1253.7 1005.1 611.7 458.7 74.98 45.64 

0.1 0.852 1253.7 1000.5 558.6 381.7 68.33 38.15 

1 

1 

2.3 

0.823 2645.0 3251.4 1776.9 1330.7 74.89 40.93 

0.5 0.861 2645.0 2980.8 1874.8 1411.3 75.28 47.35 

0.1 0.852 2645.0 3124.5 1448.9 982.44 68.81 21.96 

 1 

2.3 

0.823 26450.0 37336.0 20797.0 15440.0 74.24 32.65 

10 0.5 0.824 26450.0 40249.0 21229.0 16006.0 75.40 39.77 

 0.1 0.852 26450.0 37074.0 17.274 12.189 70.57 32.88 


