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Introduction

Smartphones are often one of the most impor­
tant everyday items for students and using them 
is a very popular leisure activity. A problem with 
modern smartphones which is still not solved is 
their comparatively short battery life. A common 
solution is using powerbanks to recharge smart­
phones on the go, which can sometimes be fully 
done several times over. Powerbanks provide a 
voltage of about 5 V with varying maximum cur­
rents (smartphones are built to charge with up to 

1 A or 2 A). An important characteristic in which 
powerbanks differ from one another is their maxi­
mum of stored energy and with it the total energy 
that can be put to charging a smartphone. During 
a charging-process powerbanks behave quite dif­
ferent to, for example, alkaline-manganese batter­
ies: charging electronics are put in place to ensure 
a steady voltage (around 5 V) compatible with the 
to be charged devices instead of a declining bat­
tery voltage. With too little charge left the charg­
ing current will be disabled entirely in order to 
protect the batteries.
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Abstract
Powerbanks differ in the amount of energy they can store. Usually this 
capacity (in a colloquial sense) of the powerbanks is stated in the form of 
charge in mAh for effective advertising. From a physical point of view, 
shouldn't the energy that a powerbank can provide be of interest? For 
students, charging smartphones with power banks is commonplace—but the 
terms voltage, current, power, charge and energy are often not understood 
clearly. Since misunderstandings can also be expected on this subject, a 
more detailed analysis of the characteristics of powerbanks provides an 
opportunity for a context- and life-oriented physics education. In combination 
with microcontrollers such as the Arduino, simple, inexpensive computer-
based experiments and measurements are possible. In this article we present 
a measurement circuit (see figure 1) for the Arduino, with which series 
of measurements on the characteristics of various powerbanks can be 
recorded and evaluated during discharge. Example measurements of various 
powerbanks are shown and discussed.
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Figure 1.  Set-up for measuring physical characteristics of various powerbanks with an Arduino. All calculations 
are done via Arduino and the data is written on an SD card.

The capacity (colloquially used) of a power­
bank and smartphone batteries is usually indicated 
in form of charge in mAh while from a physics 
perspective especially the energy stored by a pow­
erbank seems to be of most interest. In case of a 
powerbank both indicators can however be used 
analogous, if only theoretically: as long as a con­
stant voltage U is put out, the energy E = U · I · t  
will be proportional to the charge Q = I · t. A 
more close look to the indicated characteristics 
however shows that they sometimes can be made 
out a little ‘imprecise’. One of our tested devices 
for example has their maximum capacity indicated 
as a current in form of ampere (see figure 2).

Recharging smartphones with powerbanks 
is commonplace for students, physics terms 
like voltage, current, power, charge and energy 
however are not and are often times not clearly 
distinguished. Moreover while dealing with this 
content misconceptions are to be expected (e.g. 
Wilhelm and Hopf 2019). Therefore a more 
detailed analysis of characteristics of powerbanks 
provides an opportunity for a context- and life-
oriented physics education. In combination with 
microcontrollers such as arduinos (see Pusch 
2019) simple and cost-effective experiments with 
computer-aided measurements are possible.

In this article we describe such a measur­
ing setup via Arduino (figure 1) able to make 
long-term measurements of powerbanks while 

discharging. The focus in the design of this exper­
imental setup lies in its usefulness in a science 
classroom and its ability to target several differ­
ent school science and math topics. We show and 
discuss measurement series of characteristics of 
several powerbanks.

How to measure voltage and current with 
Arduinos?
Arduinos such as the affordable and popular model 
UNO R3 are able to measure DC voltages between 

0 V and 5 V at six analog inputs with a resolution 

of 5 V
1023 steps, therefore in about 5 mV steps.

Currents cannot be measured directly via 
arduino, but for example with external modules. 
These modules however are intended for measur­
ing currents in the range of several ampere and 
above. They give very low precision at low cur­
rents suitable for use in schools. External modules 
are therefore not suitable for our purpose. There is 
however a more simple and school-related way by 
measuring the voltage drop over a known resistor. 
Via Ohm’s law the current can then be calculated. 
Figure 3 shows the resulting circuit diagram of our 
measurement setup. A small light bulb is used as 
a load to drain the powerbank, its resistance does 
not have to be known. The lamp was chosen as it 
can be easily distinguished from the resistors (for 
measuring the load) and it offers the possibility 
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of visually recognizing the energy transforma­
tion. It thereby can be recognized when the pow­
erbank’s energy is drained and the measurement 
can be stopped. Between measurement point 1 
(MP1) and ground (GND) the voltage drop over 
the known resistance is measured. In our case a 
1 Ω resistor is used so that the measured voltage 
is equal to the current of the serial circuit.

The total voltage drop of the circuit could be 
measured between MP3 and GND, but often times 
powerbanks have a voltage output slightly higher 
than 5 V. Since arduinos can only measure up to 
5 V this would skew the measurements. This is 
why a third resistance, this one equal to the known 
resistance, is connected in series. Now the total 
voltage of a powerbank with voltages above 5 V 
can be measured and calculated via Kirchhoff’s 
voltage law: by choosing a third resistance equal 
to the first one, the total voltage (MP3 to GND) is 
equal to the sum of the voltages MP1 to GND and 
MP2 to GND.

By multiplication of the momentary total 
voltage Utot,i and current Ii the momentary power 
Pi for measurement i is calculated (see table  1 
for an overview over the various calculations). 
Numerical integration over the time results in the 
Energy E =

∑
i ∆Ei =

∑
i Pi∆ti . In this equa­

tion ∆ti = ti − ti−1 describes the time difference 
between the momentary measurement i and the 
preceding measurement i − 1. This numerical 
integration is easily realizable in the program code 
of the arduino since it consists of a simple addi­
tion in each measurement loop. Calculating the 
charge (in Coulomb) is done in an analogous way, 

by numerical integration of the momentary cur­
rents Ii. This results in Q =

∑
i ∆Qi =

∑
i Ii∆ti. 

Division of this value by 3.6 results in the charge 
with the unit mAh, which is usually used in man­
ufacturers specifications of powerbanks.

All of the measured and calculated values 
could be read out via serial monitor of a connected 
computer, but for long-term measurements the val­
ues are also written on an SD card which can be 
read out afterwards (figure 4 shows an example of a 
measurement)1. From thereon they can be analyzed 
and visualized in typical spreadsheet applications 
without further postprocessing. The program code 
as well as measurement data of several powerbanks 
and an alkaline-manganese-battery are available 
under http://physikkommunizieren.de/powerbank.

Figure 2.  Manufacturer specifications of tested powerbanks. Which one will be the ‘best’? Do they deliver what 
is promised?

MP1

MP2

GND

MP3

Powerbank

Figure 3.  Circuit diagram of the measurement circuit. 
Voltages of the three measurement points (MP) to 
ground (GND) can be measured.

1 Having a computer connected to the arduino while measur­
ing can influence the voltage reference of the arduino which 
in turn lessens the accuracy of the measurements. This can be 
avoided by writing the data on an SD card as well as discon­
necting the computer and instead connecting a power supply. 
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Implementations of the circuit
The given circuit can for example be realized on a 
breadboard or on ‘Prototype-boards’ (a board that 
can be directly plugged on top of the Arduino, see 
figure 5). An advantage of the latter being that all of 
the cables are firmly soldered, hindering unplanned 
short-circuits or changes of the circuit while in use.

When the only teaching goal is measure­
ment of powerbanks’ specification a realization 
of these measurements without Arduino and the 
programming thereof is also feasable. This is 
possible as long as voltage and current can be 
measured over a long timespan (depending on the 
powerbank 48 h and more). Using other devices 
the shown circuit is not necessary since cur­
rents can be directly measured and there is no 5 
V limit. While this is a technically much simpler 
way of measuring a powerbanks specifications, 
it excludes many learning opportunities that are 
available in measuring via Arduino such as apply­
ing Ohm’s law and Kirchhoff’s voltage law as 
well as gaining programming and mathematical 
skills. An alternative measurement like this was 
for example done by using a Cassy-module to 
successfully reproduce the voltage–time-graph 
seen in figure 6.

Do powerbanks deliver what they 
promise?
Looking at the voltage–time-graphs while dis­
charging the powerbanks some abnormalities 
can be found. With some powerbanks the volt­
age output fluctuates in timespans of several 
hours, for example between 5,12 V and 5,05 V 
(figure 6, compare to figure  7). By the end of 

this discharge the frequency of these sawtooth 
shaped ramps increases rapidly until the volt­
age suddenly drops to 0 V. This can be traced 
back to the charging electronics. These convert 
the initial voltage of several parallely connected 
lithium batteries of a maximum of about 3,7 V 
(Brown et al 2011) up to a voltage around 5 V. 
The discharge curve of an alkaline-manganese 
battery (figure 8) shows an ordinary discharge 
without such electronics.

Our measurements of voltage and current with 
the subsequent calculation of put out energy and 
charge of several powerbanks results in the values 
seen in table 2. It is noteworthy that some manufac­
turers specifications do not differ too much from 
the measured values while others deviate strongly.

Table 1.  How are energy and charge calculated from the measured values? Overview over measured and 
calculated values.

Measured values 
labels (for  
measurement i) Calculated values

labels (for  
measurement i)

Voltage MP1 to GND U1,i Current Ii = U1,i / Rmeasure

Voltage MP2 to GND U2,i Total voltage Utots,i = U1,i + U2,i

System time when starting 
measurement i

ti Time interval of measurement ∆ti = ti − ti−1

Power Pi = Utot,i · Ii

Output energy in interval of 
measurement

∆Ei = Pi ∆ti

Output charge in interval of 
measurement

∆Qi = Ii ∆ti

Figure 4.  Start of the textfile of a measurement 
example.
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Possible reasons lie in the following aspects:

	 •	�The usable capacity of a battery depends 
on the discharge current and the discharge 
voltage, which is regulated by the charging 
electronics. Higher discharge currents (e.g. 
in the so-called ‘fast charging’) can result 
in a smaller amount of energy that can be 

provided. One of the reasons for this lies in 
the internal resistance of the batteries.

	 •	�The maximum capacity of powerbanks may 
decrease over time of usage.

	 •	�The indicated charge usually refers to the 
total charge of the battery cells. It is not 
completely emptied to protect the cells (up 
to 10% of the capacity remain). Likewise, 

Figure 5.  (left) Measurement circuit on a prototype-board. The same circuit can also be realized on breadboards 
(right).
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Figure 6.  Voltage-time graph of the Li-ion powerbank with 11000 mAh indicated. The charging electronics are 
clearly visible as sawtooth type fluctuation.
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the consumption of the charging electronics 
itself is usually not included.

	 •	�The reference value of the specified charge is 
usually not the output voltage of 5 V but the 
internal voltage of the battery cells (up to 3.7 V). 

This is especially evident in the powerbanks, 
where an energy (here in Wh) is indicated. The 
indication in Wh has much smaller deviations 
from the measured and calculated value. If the 
specified charge is referenced to the extractable 
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Figure 7.  Voltage–time graph of the Li-ion powerbank indicated with 4400 mAh. The voltage is mostly constant.
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Figure 8.  Voltage–time-graph of an AA alkaline-mangenese battery. The battery does not have a charging 
electronic, so the voltage drops while discharging.
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voltage the presumed losses are between 30% 
and up to 65%. By relating the charge to the 
voltage of a lithium cell (up to 3.7 V) results in 
losses between 10% and 50%.

Fast charging with high currents up to 2 
A, instead of 300 mA as with our set-up, could 
result in even lower efficiency. A comparative 
measurement of the characteristic data by means 
of an alternative circuit which allows a discharge 
current of 1 A, however, shows no appreciable 
differences. The latter was realized via an equiva­
lent circuit with a total resistance of 5 Ω, capable 
of high power, resulting in a current of about 1 A.

Discussion
The measurements with our circuit are subject to 
an uncertainty. Thus, the resolution of the ardu­
ino at the analog inputs is 0.005 V, which mainly 
affects the voltage drop across the 1Ω resistors 
and the resulting current. Furthermore, the 1Ω 
resistors can be measured only conditionally, as 
in a conventional, school-typical measurement 
by multimeter, the contact points already provide 
significant resistance. Therefore the specified tol­
erance of 5% has to be assumed.

In our measurements some powerbanks were 
analyzed that had already been in use. The capacity 
of the powerbanks could therefore have subsided. 
However, comparative measurements with new 
powerbanks also show comparable deviations. 
When taking into account the losses described 
above and the measurement accuracy of our set-up, 
the charge indicated on the powerbanks is realistic. 
It is misleading, however, because it does not cor­
respond to the actual utilizable charge or energy.

In summary, the measurement characteristics 
of powerbanks for physics lessons is an excit­
ing experiment in an everyday context. In addi­
tion to the measurement of electrical quantities 

Kirchhoff’s and Ohm's law can be applied. Also 
simple programming of microcontrollers with 
related mathematical applications such as numer­
ical integration and even the accuracy of measure­
ments can be addressed.
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Table 2.  Manufacturer characteristics and measurements of five different powerbanks.

Type
Charge  
(manufacturer)

Energy  
(manufacturer)

Charge  
(measurement)

Proportion 
measured to 
manufacturer

Energy  
(measurement) 

Lead 2600 mAh — 1470 mAh 56% 7,21 Wh
Lithium 2200 mA (sic) — 800 mAh 36% 3,93 Wh
Lithium 10400 mAh 36,16 Wh 6240 mAh 60% 32,01 Wh
Lithium 6000 mAh 22,22 Wh 4100 mAh 68% 20,21 Wh
Lithium  
(factory new)

4400 mAh — 2760 mAh 63% 13,85 Wh
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