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ABSTRACT This work deals with the study of the open-source Arduino DUE board as a digital control
platform for three-phase two-level Voltage-Source Converters (VSC) and Current-Source Converters (CSC),
including (i) the description of the power topologies, its connection to the load or the ac grid, and the electrical
signals required for sensors and power valves, (ii) the description of the Arduino Due board, its features,
and its connection with the sensors and power valves in the converter, and (iii) evaluation of the Arduino
DUE’s processing time required for typical power converter algorithms, such as modulation, mathematical
transforms, and linear controllers typically used in these converters. Experimental results are presented to
validate the study, showing that the Arduino DUE is a feasible digital control platform for this type of power
converter.

INDEX TERMS Pulse-width modulation converter, pulse-width modulation inverter, digital control.

I. INTRODUCTION
Power electronics converters based on fully controlled
switches have been widely studied, implemented, and tested
by engineering students, engineers, and researchers owing to
their key role in electrical power applications, such as motor
drives [1], [2], renewable energy systems and their electrical
network integration [3], [4], and electric vehicles [5], [6],
among others. The study and implementation of power
converters require the design and testing of (i) a power cir-
cuit, including passive components such as inductors, capac-
itors, and power valves with their respective gating drivers;
(ii) electronic instrumentation to measure different electrical
and/or mechanical variables (e.g., voltage, current, angular
velocity, etc.), and (iii) modulation and control strategies that
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allow regulating the converter switches appropriately for the
required application [7].

When the power circuit and measurement system are
designed and implemented, the development efforts should
implement the modulation technique and control strategies.
This implementation is typically carried out in a digital
microprocessor-based platform due to its versatility, flexibil-
ity, and the possibility of a straightforward modification of
the control algorithm and its parameters [8],[9]. Typically,
the sequential execution of the controller on a digital plat-
form follows the flowchart shown in FIGURE 1, where the
algorithm is triggered by an interrupt defining the sampling
time. In every execution of the control algorithm, the state of
the power switches is updated, the electrical signals from the
sensors are acquired and converted to a digital register, and
the controller and modulation strategy defines the states of
the power valves for the next sampling period.
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FIGURE 1. Flowchart of the digital implementation of a controller for
power converters.

Some typical digital platforms used to control power
converters are Digital Signal Processors (DSP) based plat-
forms [10]–[14]. Simultaneously, dSPACE systems are pop-
ular to implement new control strategies because they allow
straightforward programming [15]–[19]. At the same time,
Field Programmable Gate Array (FPGA) platforms are also
an attractive alternative because of their parallel processing
capabilities and low cost [20]–[25]. These digital platforms
present some drawbacks, such as a steep learning curve of
the digital device and its development environment, in the
case of DSPs and especially in the case of FPGAs, and
the equipment cost, in the case of the dSPACE systems.
On the other hand, Arduino [26] is an open-source electron-
ics platform based on easy-to-use hardware and software.

The first version of the Arduino board was launched in
2005 and currently offers several boards. This year, the
board’s cost varies between 103 USD (Arduino Portenta
H7, released in 2020 [27]) to 20 USD (Arduino NANO
33, released in 2008). About the most popular boards,
the Arduino UNO Rev.3 (released in 2010, [28]) uses an
ATmega328 microcontroller, while Arduino MEGA2560
(released in 2010 [29]) uses an ATmega2560 microcontroller.
Both boards are based on an 8-bits Reduced Instruction Set
Computer (RISC) processor, use a 16 MHz clock, and cur-
rently cost 23 USD and 40 USD, respectively. Their main
difference is that the Arduino MEGA2560 board has more
physical I/O ports available than the Arduino UNO version,
among other features.

The Arduino DUE board was launched in October 2012
and costs 40 USD [30]. The main difference between the
Arduino DUE and the other Arduino boards is the use of a
32-bits SAM3X8E ARM Cortex-M3 [14], a RISC processor
with more resources than those used in the Arduino UNO and
ArduinoMEGA.Moreover, compared with Arduino Portenta
H7, the last Arduino board launched, which is based on a dual
Cortex-M7+ M4 processor, its main attraction is the lower
cost and physical ports disposition.

Arduino boards can be programmed by the Arduino
Integrated Development Environment (IDE), a free and
open-source software available on the Arduino project web
page. The set of instructions is compatible with different
Arduino boards, allowing a fast and easy board change.
The above reduces the time required to learn the Arduino
DUE if the developer has previous knowledge about Arduino
boards or C programming language. Therefore, due to its
low cost and large technical support, compared with other
digital control platforms, the Arduino DUE is a suitable
alternative for students, academics, and engineers who want

FIGURE 2. Power topologies and their electrical signals (a) rectifier configuration, (b) inverter configuration, (c) six power valves three-phase
power topology, (d) power valves for VSC and CSC and their commutations consideration for each leg.
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to test modulation and control strategies for power electronic
applications.

This paper presents the study of the Arduino DUE board
as a digital electronic control platform for power converters,
focusing on its application to two-level three-phase Voltage-
Source Converters (VSC) and three-phase Current-Source
Converters (CSC). An extensive explanation of the board
features with its performance to execute modulations tech-
niques, linear controller, and phase-locked loop locked algo-
rithms have been selected because they are widely used in
several three-phase power converter applications. The work
aims to be a reference for engineers and students interested
in developing power electronic applications using this kind
of open-source technology. The paper is organized as fol-
lows: Chapter II deals with the analysis of VSC and CSC
topologies, the digital signals required to turn ON/OFF the
power valve, and the requirements of the control platform
to acquire analog signals from the power converters instru-
mentation. Chapter III presents an analysis of the Arduino
DUE capabilities to implement the control tasks required to
operate a VSC or a CSC, including analog to digital convert-
ers, digital inputs and outputs, and the conditioning circuits.
Chapter IV reviews the Arduino IDE and the programming
for the Arduino DUE to carry out the data acquisition and the
pulse-width modulation. Finally, Chapter V shows the results
of the experimental application, and Chapter VI presents the
conclusions of the study.

II. CONSIDERATION IN THE CONTROL OF THREE-PHASE
POWER CONVERTERS
A. DESCRIPTIONS OF THE POWER TOPOLOGIES
A power converter is an array of power valves that must
be driven with a defined pattern to achieve the desired
power conversion. The three-phase Voltage-Source Con-
verter (VSC) and the Current-Source Converter (CSC) are
two common and widely used six-valve power electronic
converters – see FIGURE 2 -. Both can be used as a rectifier–
to convert the ac voltage/current to dc voltage/current, see
FIGURE 2a - or as an inverter – to convert the dc volt-
age/current to ac voltage/current, see FIGURE 2b-. Hence,
the term converter is used to remark the power bidirection-
ality of the equipment. On the other hand, power valves
are based on semiconductor devices, typically MOSFETs,
IGBTs, or IGCTs, depending on the converter voltage/current
ratings and the required switching frequency. Moreover, the
limitations of these devices must be considered in the opera-
tion of the converter and its control system design.

Three-phase two-level VSCs are typically implemented
using IGBTs or MOSFETs with an anti-parallel diode to
provide a path for the reverse current – see FIGURE 2c and
FIGURE 2d– and a capacitor at the dc side which operates
as a voltage source for the VSC. The power valves states and
their relationship with the ac voltages and the dc current are
shown in Table 1, where it can be noticed that the relation
between the upper and lower switches for each converter leg

TABLE 1. VSC ac voltages and dc current as function of the gating signals.

TABLE 2. CSC ac currents and dc voltage as function of the gating signals.

is the logic inverted signal. Additionally, when the states in
the power valves in a leg are changed, it is necessary to ensure
that both switches are OFF during a period – typically some
nanoseconds or microseconds – which is called dead-time
and is shown in FIGURE 2d. The objective of the dead-
time is to avoid the natural delay during the semiconductor
commutation which could lead to a short-circuit of the dc
source through the converter leg.

The VSC operating as an inverter can be connected directly
to the ac load or through a filter to reduce the harmonics due
to the switching, but when a VSC is connected to the ac grid,
a passive filter is mandatory. For these filters, a first-order
inductive filter can be used to reduce the injected current dis-
tortion, while for the NCRE application, the third-order LCL
filter has become very popular because of its higher harmonic
attenuation compared with a first-order filter [32],[33]. If the
application requires the generation of a sinusoidal voltage
source [34]–[36], a second-order LCfilter is required between
the VSC and the load.

In a three-phase two-level CSC – see FIGURE 2c-, the
power valvemust provide reverse voltage blocking capability,
which can be achieved with a diode in series to the IGBT or
the MOSFET– see FIGURE 2d- or by using a power semi-
conductor with reverse blocking capability –, such as GTO,
SGCT or RB-IGBT-. On the dc side, an inductor is required
to implement the current source for the converter [38]. The
power valve states and their relationship with the ac voltages
and the dc current are shown in Table 2, where it can be
observed that CSCs do not have a logical relation between
power valves. Additionally, during the state changes in the
power valves, it is mandatory always to be at least one upper
and a lower switch are in ON state during some time –
typically some microseconds – which is called overlap and is
shown in FIGURE 2d. -. The overlap’s objective is to avoid
leading the charged dc inductor to open-circuit during the
state change.
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FIGURE 3. Electrical signals and digital electronic controller architecture.

For inverter applications, the CSC must be connected to
the load using a first-order capacitive filter – if the ac load
is inductive, such as an ac motor – or by a second-order LC
filter - to connect the CSC to the electrical grid [39], [40]. For
renewable energy applications, an LC filter is also typically
used.

The power converter interacts with an electronic con-
troller through electrical signals. The signals are classified as
(i) signals generated by sensors in the application and (ii) gat-
ing signals generated by the controller to drive the power
valves, as is shown in FIGURE 3. Electrical isolation is
mandatory because of the different voltage levels between the
power topology and the electronic controllers.

B. SENSORS SIGNALS
For power electronics applications, the sensed variables can
be electrical, such as voltages and currents, or non-electrical,
depending on the application, for example, angular position
and speed in a motor drive or temperature in a controlled
furnace (see FIGURE 3). Independent of the variable, they
are measured with special transducers whose output can be
analog or digital signals. If the output of the transducer is an
analog signal, it cannot be directly processed by the digital
control platform, requiring it to be converted to a digital value.
Two alternatives are possible for this task: (i) the use of a
comparator and an analog reference to detect if the variable
is higher or lower than a reference, or (ii) the use of an
Analog-to-Digital Converter (ADC) that converts the analog
value to a digital representation of n bits. On the other hand,
the digital outputs in power electronic applications could be
generated by on/off sensors to define alarms or operational
modes.

The number of transducers required depends on the appli-
cation and its characteristics. For example, if three-phase
balanced voltage or currents are to be measured, only two
transducers are needed, as the third signal is obtained as a
linear combination of the first two; also, there are control
strategies and algorithms that could even require sensing
only one phase voltage/current. The number of transducers
is typically equal to the number of analog inputs required in
the digital controller.

C. GATING SIGNALS
Gating signals are required to drive power valves in the
converter. In each VSC power leg, the gating signal of the
upper power valve is the logical complement of the lower one
(Table 1). With the above, three signals are required to drive
the converter if the dead-time is implemented by hardware,
or six signals are required if the dead-time is implemented in
the digital control platform. On the other hand, CSC always
requires six signals because there is no relation between
the states of the upper and lower valves in a leg (Table 2).
The overlaps can be implemented in external hardware or
implemented in the digital control platform.

Each type of power valve requires different electrical sig-
nals according to its technology to change its state. At the
same time, the control platform generates digital signal levels
according to its electronic digital technology. Thus, they must
be electrically conditioned to the levels required by the power
semiconductor devices.

III. ARDUINO DUE RESOURCES TO CONTROL POWER
CONVERTERS
The Arduino DUE uses a SAM3X8E microcontroller
at 84 MHz, which is based on an ARM R©Cortex R©-M3 pro-
cessor; SAM3X8E includes, among other features,

• 9-channel 32-bit Timer Counter (TC) for capture, com-
pare, and PWM mode.

• Sixteen channels, 12-bits Successive-Approximation
(SAR) ADC at 1 MSPs (multiplexed), one of them
reserved for the internal temperature sensor.

• Six 32-bit Parallel Input/Output Controllers
• Eight-channel, 16-bit PWM with Complementary Out-
put (PWMC) and 12-bit Dead Time Generator.

• Two channels, 12-bit, 1 MBPS Digital-to-Analog Con-
verter (multiplexed).

The Arduino DUE limits the access to the SAM3X8E I/O
ports to 69 of them, and the individual pins of each port are
not typically physically close to the others.

A. PROCESSOR AND MATHEMATICAL OPERATION
The SAM3X8E is based on an ARM R©Cortex R©-M3
processor, a deterministic 32-bits Harvard architecture
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TABLE 3. Mathematical operations.

TABLE 4. Arduino IDE instruction.

processor. It supports Nested Vectored Interrupt Con-
troller, with 16 different priority levels and dynamically
re-prioritized. About mathematical operation, Cortex R©-M3
included a 32-bits integer Arithmetic Logic Unit (ALU)
with hardware support for multiplications and divisions. This
means that the Arduino DUE can compute arithmetic oper-
ations using 32-bits integer values, including signed integer,
and results of 32-bits for and 64-bits for multiplications and
divisions. On the other hand, Arduino IDE allows defining
and operating single and double floating-point operations,
synthesized using the integer operation in the SAM3X8E.

To test the execution time for mathematical operation in
the SAM3X8E, they were implemented in Arduino IDE
for integer and floating-point values (see Table 3), using
the methodology presented in [41]. Also, conversion times
between the two formats were measured. The results show
the differences in the execution time between integer and
floating-point values, the last ones with variable executing
time, which take less than 3 µs for sum, subtraction, and
multiplication. In comparison, a division could take approx-
imately 14 µs. Based on these results, it can be concluded
that it is possible to use floating-point values in the Arduino
DUE within the algorithm to control and modulate a power
converter. Nevertheless, it is necessary to verify that the
algorithm’s execution time is lower than the sampling time
required for the application.

B. TIMERS
Nine timers were available in the SAM3X8E. They can be
configured using the individual timers register or installing
the DueTimer library available in the Arduino IDE platform.
With the library, the following instruction set and starts the
timer

Timerx.attachInterrupt(Ctrl_Function);

Timerx.setPeriod(TimerValue);

Timerx.start();

where Timerx is the timer to be configured (from
Timer0 to Timer8), Ctrl_Function is the function
to be called in the timer interruption, TimerValue is
the time (in microseconds) to set the timer interrupt, and
Timerx.start() starts the Timerx count. At least one
timer could be required for control applications to handle the

FIGURE 4. Arduino due pinout.

control algorithm with a fixed sampling time. In any case, the
other timers can be used to manage the modulation algorithm,
master control loop over a slave control loop, or diagnostic
algorithm, among others.

C. DIGITAL INPUT/OUTPUT PORTS
The Arduino DUE has 54 physical digital I/O, and all of
them can be configured as 3.3 V CMOS input/output digital
ports. Arduino IDE allows the configuration, writing and
reading of each Arduino board port with the commands
pinMode(pin, OUTPUT), digitalWrite(pin,
HIGH/LOW), and digitalRead(pin), where pin
is the digital port according to the Arduino board.
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FIGURE 5. Recommended Conditioning Circuit to digital output signal to
the semiconductor driver.

The digitalWrite instruction takes 1.5 µs to write one
digital output, but it is better to simultaneously write all
the outputs for the converter modulation. The recommended
alternative is to use ports C.1 to C.9 available in pins 33 to
41 of the Arduino DUE board (see FIGURE 4) because they
are close to each other, simplifying the connection. To set
these pins as digital outputs, it is necessary to write the
SAM3X8E as

REG_PIOC_OWER = 0×000001FE;

REG_PIOC_OER = 0×000001FE;

while to write the pins, the following command can be used

PIOC->PIO_ODSR = unsigned_int_value;

Arduino IDE supports these instructions. Because C.0 is
not available on the Arduino DUE board, the developer
must have in mind to make a left-shift to the int_value
(int_value � 1) or write the int_value considering
that C.0 is not available. To write the whole port using the
above command takes 0.08 µs, which is much smaller than
the time required by the digitalWrite command. This
option is highly recommended for modulation techniques that
cannot be implemented using the internal PWM hardware,
such as Selective Harmonic Elimination (SHE), Sliding Con-
trol, or Hysteresis Control. Table 1 and Table 2 show the valid
states of VSC and CSC and their hexadecimal equivalents
to write the register. Dead-times or overlaps must be imple-
mented during the state change by software.

Each digital output signal must drive a power semiconduc-
tor device. A conditioning circuit is proposed for the above
(FIGURE 5), where a pull-up configuration is used to drive
an optocoupler or an optical fiber transmitter connected to the
semiconductor driver’s input. It should be noted that because
of the pull-up configuration, there is a logic inverter relation
between the digital output and the pull-up output.

D. PULSE WIDTH MODULATION HARDWARE
Pulse Width Modulation (PWM) hardware allows the gen-
eration of gating signals for a VSC, including dead-time
and complementary signals for the lower valves in each leg.
Thus, three PWM channels allow driving a three-phase VSC,
while an external digital circuit is mandatory for the CSC
case to convert the VSC gating signals to CSC gating sig-
nals. In Arduino IDE, the instruction analogWrite(pin,
value) generates a PWM signal with a variable duty cycle
into an I/O digital pin of the Arduino board. However, this
instruction does not control the frequency nor synchronizes

FIGURE 6. PWM Waveform and Register Values (a) Triangular waveform
(center aligned) compared with the duty cycle, (ii) dead time generation
using DHTx and DLTx.

the three channels among them. The recommendation is to
write the PWM register directly.

PWM channels are based on a 16-bits register. They
must be configured to (i) use the SAM3X8E physical out-
put considering the pulses for the upper and lower valves
of the converter leg -as a recommendation, PWM0 to
PWM3, including their complementary outputs PWMxL and
PWMxH are available in the Arduino DUE expansion port,
see FIGURE 4-, (ii) have a center-aligned mode and enable
dead-times using the PWM_CMR register, and (iii) set the
period, which is a function of the selected clock frequency
in the PWM_CLK register and the PWM_CDTY register.
PWM outputs are defined by comparing the PWM register
and the duty cycle register, and the last one must be updated
by the sampled value of the modulator signal (FIGURE 6a).
The duty cycle register can be updated for each interruption,
but the value is applied in the next period; thus, a delay is
introduced due to the hardware operation. The dead-time can
be configured to set the DTH andDLT bits in the PWM_CMR
register (FIGURE 6b), while its duration must be set in the
PWM_DT register.

Because the PWM output is a digital output of the Arduino
DUE, the circuit shown in FIGURE 5 is proposed to convert
the SAM3X8E levels to the levels required by the power
semiconductor device. Finally, the PWM hardware interrup-
tion can be used to trigger the control algorithm instead
of using a timer interruption. The above is recommended
because it allows synchronization of the control algorithm
with the PWM period, ensuring that the computed power
valve states will be applied in the next sampling period.

E. ANALOG INPUTS
The 15 ADC inputs provided by the SAM3X8E are available
on the Arduino DUE board, and 12 of them are located
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FIGURE 7. Example of a Conditioning Circuit to connect the signal from
the sensor to the ADC.

FIGURE 8. Recommended Conditioning Circuit to the DAC output.

closely, as shown in FIGURE 4. By compatibility with other
Arduino boards, the ADC is set by default for 10-bits conver-
sion and can be set to 12-bits using the following instruction

analogReadResolution(12);

The 12-bit ADC allows converting voltage from
0 V to 3.3 V to an integer range from 0 (0 × 000) to
4095 (0xFFF); thus, the electrical signals from the sensors
must be conditioned to this range. FIGURE 7 shows an
example of a conditioning circuit that can be used for the
above, including an instrumentation amplifier, offset stage–
for ac signals with negative values-, and a buffer stage to
ensure a voltage between 0 V and 3.3 V.

Analog signal can be easily acquired using the Arduino
IDE command

Vin = analogRead(Ax);

where Vin could be an int or an unsigned int, and
Ax is the ADC channel fromA0 toA14. The integer value can
be scaled to a float value using the following linear equation

Vfloat = m ∗ (float)Vin + b;

where Vfloat, m, and b are values in float format. The
execution time of the above instructions requires 4.8 µs for
the ADC conversion – because the Arduino IDE sets the
board to use the ADC with polling- and 2.8 µs for scaling
the acquired value to a floating-point format, as is shown in
Table 4. Thus, to acquire an analog signal and scale it to a
floating-point value requires 7.6 µs.

F. DIGITAL TO ANALOG CONVERTERS
The Arduino DUE includes two channels of 12-bit Digital-
to-Analog Converter (DAC) with a conversion range from
0.55 V to 2.75 V. The DAC resolution can be set using the
Arduino IDE command

analogWriteResolution(RES);

where RES is the DAC resolution (12-bits or lesser) while to
write a DAC channel, the instruction

analogWrite(DACx, value)

can be used, where value is an unsigned int, which a max-
imum value is given by 2RES – 1 and take 3.47 µs to be
executed by Arduino DUE. Although digital-to-analog con-
version is not required for power converter control, the two
DAC channels can be used – and it is highly recommended to
do it – as analog outputs to monitor the control algorithm in a
scope. FIGURE 8 shows a recommended conditioning circuit
to compensate the offset of the DAC output.

G. COMMUNICATION PERIPHERAL
Arduino DUE supports several types of digital communica-
tions. Among others, it provides (i) Universal Asynchronous
Receiver Transceiver (UART) and Universal Synchronous
Asynchronous Receiver Transmitter (USART), (ii) Serial
Peripheral Interface, (iii) Synchronous Serial Controller
(SSC) and, (iv) Controller Area Network (CAN).

The digital communications allow the integration of addi-
tional ADC or DAC devices into the digital control sys-
tem (using SPI or SSC as I2C), communicate the board to
other machines as a personal computer using RS232 with the
UART or to a PLC using MODBUS over RS485, or commu-
nicate the board with a net of other power converters by CAN.

IV. APPLICATION EXAMPLES
A VSC and a CSC rated at 2 kVA -FIGURE 9a-, including
their power valve drivers and instrumentation, were imple-
mented to evaluate the performance of the Arduino DUE
as a digital control platform. VSC power valves are based
on CREE-C3M0065090D SiC MOSFET, while CSC power
valves are based on an IRG4PC40UD Si IGBT in series
with an ON-GRG5060 Si hyperfast diode (FIGURE 9b). Six
gating signals were required to drive each converter. Each
driver uses a 660 nm optical fiber system compatible with
the CMOS level of the Arduino DUE. Electrical variables
were acquired using Hall-effect sensors LA25-p and LV25-p.
At the same time, signal conditioning was implemented to
ensure that the sensor signals were in the range from 0 V to
3.3 V. The optical fiber system and Hall-effect sensors isolate
the digital controller and the power circuit. Also, key internal
variables are obtained using the Arduino DUE DAC, updated
them each control interruption.

With the above, two modulation techniques -sinusoidal
pulse-width modulation and selective harmonic elimination-
two linear controllers – a proportional-resonant controller
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FIGURE 9. Prototype (a) power converter and digital control system,
(b) VSC and CSC power legs.

and a proportional-integral controller - and a phase-locked
loop algorithm were programmed in Arduino IDE and loaded
into the Arduino DUE board. The computing time for each
function is summarized in Table 5, while flowcharts for the
linear controller and a phase-locked loop (PLL) are shown in
FIGURE 10.

A. MODULATION FOR A VSC
The VSC Sinusoidal Pulse Width Modulation (SPWM) strat-
egywas implemented using theArduino PWMhardware. The
SPWM compares three modulator signals with a triangular
carrier with a higher frequency. Thus, the threemodulator sig-
nals can define the converter’s ac fundamental voltage [42].

To implement SPWM with the six gating signals required,
three PWM channels are used – one per leg -, with their
complementary outputs and the dead-time generator. The

control interrupt is set at the beginning of each carrier period
to compute the modulation values and apply them to the next
period. Table 5 shows the required time to execute the above
routines, where (i) to read the sine-cosine look-up tables takes
1.2 µs, (ii) to compute the three references for modulation
takes 13.5 µs, and (iii) to update the PWM register takes
13.7 µs from floating-point references. Finally, other oper-
ations – as increase the indexes for the look-up table and the
sum of all actions is lesser than 30 µs, leading to having
a maximum modulation frequency of 33 kHz, which is an
acceptable switching frequency range for most of the VSC
applications.

The experimental results are shown in FIGURE 11 for
a fundamental frequency of 50 Hz, 1050 Hz (21 p.u.)
for the carrier frequency, and unitary modulation index.
FIGURE 11a shows the ac inverter voltages (CH1 to CH3)
and the Arduino DUE digital signals, including a mark for
the beginning of the fundamental period (D6) and the gating
signals (D0 to D5), while FIGURE 11b and FIGURE 11c
show the difference between a no dead-time implementation
and the dead-time implementation (2 µs in this case) and,
including the digital signals for a power leg (D0 and D1)
and the gate voltage at the SiC MOSFET (CH1 and CH2).
Waveforms show the feasibility of the SPWM implementa-
tion, obtaining characteristic SPWM patterns at the line-to-
line voltages and avoiding short-circuits when the state of the
power valves changes.

B. MODULATION FOR A CSC
A CSC is modulated using Selective Harmonic Elimination,
which allows getting a defined frequency spectrum with a
low number of commutations. The modulator is defined by
a modulation index and a phase angle, defining the gating
angles of the switching pattern. For the above, two techniques
are widely used are (i) to use look-up tables to get the gating
angles for two points near the modulation index, and then
to interpolate them or (ii) to use a polynomial function to
describe the relationship between the modulation index and
each gating angle. For this work, SHE used in [43] is imple-
mented using 720 samples per cycle (0.5◦ resolution), where
the sampling is triggered by a timer using the DueTimer

TABLE 5. Function for power converters applications.
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FIGURE 10. Algorithms Flowchart, (a) proportional-resonant controller, (b) proportional-integral controller,
(c) phase-locked loop.

library. About the algorithm, (i) to read the phase references
from look-up tables takes 0.44 µs, (ii) to compare the gating
angles with the phase references and define the six gating
signals takes 7.2 µs, and (iii) to write the digital port with
the gating signals takes 0.2 µs and increases the indexes
for loop-up table takes 0.5 µs. Overlap was implemented by
software using a delay instruction, adding the overlap time to
the modulation sample.

Experimental results are shown in FIGURE 12 for 50 Hz,
720 samples per period, and unitary modulation index.
FIGURE 12a shows the ac inverter currents (CH1 to CH3)
and the Arduino DUE digital signals, including a mark for
the beginning of the fundamental period (D6) and the gating
signals (D0 to D5), while FIGURE 12b and FIGURE 12c
show the difference between no overlap implementation and
overlap implementation (5µs in this case), including the digi-
tal signals for a power leg (D0 and D5) and the gate voltage at
the Si IGBT (CH1 and CH2). Waveforms show the feasibility
of the SHE implementation, obtaining characteristics patterns
at the phase current and avoiding open-circuit the dc inductor
when the state of the power valves is changed.

C. PROPORTIONAL-RESONANT CONTROL FOR A VSC
USING CLARKE TRANSFORMS
Using the Clarke transform, the three-phase signals are con-
verted into two oscillatory signals – αβ frames- which can
be controlled with two Proportional Resonant (PR) con-
trollers [44], allowing power control using the p-q the-
ory [45]. The PR controllers compute the modulators in the
αβ frames, which must be converted to abc frames using the
inverse Clarke transform. The controller steps -FIGURE 10a-
are (i) to measure the ac currents and read the references
from internal register, (ii) to convert them, and the references
from abc frames to αβ frames, using Clarke transforms,
(iii) to compute the error between the references and the
measured currents, (iv) execute the PR algorithm to determine
the modulator in αβ frames, (v) convert the modulator from

αβ frames to abc frames and (v) use the modulator in abc to
drive the converter.

The algorithm was implemented using floating-point val-
ues, and the SPWM previously presented was used to drive
the VSC for a fundamental frequency of 50 Hz and 1050 Hz
(21 p.u.) for the carrier frequency. The PWM interrupt is
used to trigger the controller algorithm, leading to 21 samples
per fundamental period. To apply the Clark transform takes
11.2 µs; to compute each PR controller takes 14.2 µs and
to convert the modulator to the abc frame takes 9 µs. Addi-
tionally, to acquire the three currents and the dc voltage and
escalate them takes 30.4µs. FIGURE 13 shows the controller
performance for a step reference change for the α and β
variables (FIGURE 13a and FIGURE 13b respectively); the
internal variables and the references are shown using the
DAC in CH1 (current) and CH2 (reference); CH3 and CH4
show the line-to-line voltage and the current for the a phase,
D0 to D5 show the pulses for the power valves, D6 the
samples (HIGH when the algorithm is executing and LOW
when the Arduino DUE waits for the next interruption) and
D7 is used to trigger the reference step change. From the
waveform, it can be observed that the control implemented
in the Arduino DUE accomplishes its objective, while the
LOW period in D6 shows the available processing time on
the processor between samples.

D. PROPORTIONAL-INTEGRAL CONTROL FOR A VSC
USING PARK TRANSFORMS
The Park transform allows the conversion of three oscillatory
ac signals into two continuous signals; thus, a Proportional-
Integral (PI) regulator can be used to control them [44],
allowing power control using the p-q theory. The PI controller
defines the modulator values in the dq frame, which could be
used with a modulator strategy after applying inverse Park
transform. The controller steps - FIGURE 10b- are (i) to
acquire the ac currents, (ii) convert them from abc frames
to dq frames using Park transforms, (iii) to compute the
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FIGURE 11. Key waveforms for VSC modulation using SPWM a)
line-to-line voltage and Arduino digital pulses (CH1 to CH3 line-to-line
voltages, D6 begin of the internal period, D0 to D6 are the gating signals
by the Arduino DUE), (b) gating pulses for a power leg without dead-time,
(c) gating pulses for a power leg with 2 µs dead-time (please note the
inverted relation between the Arduino signal and the gate voltage).

error between the references and the currents, (iv) execute
the PI algorithm to determine the modulator in dq frames,
(v) convert the modulator from dq to abc and (v) to use the
modulator in abc to drive the converter using a modulation
technique.

The algorithm was implemented using floating-point val-
ues. The SPWM previously presented was used to drive
the VSC, using 50 Hz for the fundamental frequency
and 1050 Hz (21 p.u.) for the carrier frequency. The PWM
interrupt is used to trigger the control algorithm, obtaining

FIGURE 12. Key waveforms for CSC modulation using SHE (a) phase
currents and Arduino digital pulses (CH2 to CH4 are the phase currents,
D6 shows the begin of the internal period, D0 to D6 gating signals by the
Arduino DUE), (b) gating pulses and gate voltages without overlap,
(c) gating pulses and gate voltages with 5 µs overlap (please note the
inverted relation between the Arduino signal and the gate voltage).

21 samples per fundamental period. The sine and cosine
values for the Park Transformwere read from a look-up table.
To apply the Park transform takes 16 µs (8 µs each variable);
to compute each PI controller takes 11.5 µs and to convert
the modulator to the abc frame takes 15.5 µs. Additionally,
to acquire the three currents and the dc voltage and escalate
them takes 30.4 µs.

FIGURE 14 shows the control performance for refer-
ence changes for the d and q variables (FIGURE 14a and
FIGURE 14b, respectively). In each figure, the internal vari-
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FIGURE 13. Key waveforms for the PR controller performance
(a) response for id response for step reference change, (b) response for
the iq response for id change (CH1: internal variable, CH2 internal
reference, CH3 line to line voltage, CH4 ac current, D0 to D5 gating signal
generated by the Arduino DUE, D6: executing of the algorithm, D7 trigger
of the step reference).

ables and the reference are shown using the DAC in CH1
(current) and CH2 (reference), while CH3 and CH4 show the
line-to-line voltage and the current for the a phase. D1 to D5
show the pulses for the power valves, D6 shows the algorithm
samples (HIGH when the algorithm is executed and LOW
when the Arduino DUE is waiting for the next interruption),
and D7 is used to trigger the reference step change. From the
waveform, it can be observed that the control implemented
in the Arduino DUE accomplishes its objective, while the
LOW period in D6 shows the available processing time on
the processor

E. PHASE-LOCKED LOOP
For grid-connected applications, a Phase-Locked Loop (PLL)
is necessary to track the grid voltage frequency and phase
angle and synchronize the power converter controller with it.
As an example, the PLL presented in [46] was implemented in
the Arduino DUE. This PLL requires measuring one voltage
as an external reference, which is multiplied by an internal
cosine reference. A PI regulator is used to follow a zero
value as a reference by modifying the sampling time. (see
FIGURE 10c). Because the multiplication of the two signals
has an oscillatory component, a low-pass filter is required

FIGURE 14. Key waveforms for the PI controller performance
(a) response for id response for step reference change, (b) response for
the iq response for id change (CH1: internal variable, CH2 internal
reference, CH3 line to line voltage, CH4 ac current, D0 to D5 gating signal
generated by the Arduino DUE, D6: executing of the algorithm, D7 trigger
of the step reference).

before the PI regulator. The output of this PI was used to set
the control interrupt.

The implemented PLL algorithm uses floating-point values
and takes 9.2µs, excluding the external signal acquisition and
the set of the interruption period. In this case, an SPWMwith
21 samples per period is implemented, and the PLL sets the
PWM duty register. The experimental results for an exter-
nal 50 Hz sine reference are shown in FIGURE 15a, where
CH1 shows the internal reference for a sine, CH2 shows the
external reference acquired by the Arduino DUE, and CH4
is the original reference. Also, D6 shows the synchrony of
the control algorithm, and D0 to D5 show the gating pulses
for the VSC. It can be noticed that the implemented PLL
allows the synchronization of the internal reference phase
with the external reference phase for a sinusoidal reference,
but also for distorted references as triangular (FIGURE 15b)
and square waveforms (FIGURE 15c).

V. CONCLUSION
This work studies the use of the Arduino DUE as a digital
control platform for a three-phase power converter and the
modulation for two-level converters. The study includes (i)
the requirements to modulate and control two-level voltage-
source and current-source topologies and (ii) the Arduino
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FIGURE 15. Key waveforms for PLL performance (a) performance for a
50 Hz sinusoidal signal, (b) response for distorted signals (triangular and
square waveform) (CH1 internal reference, CH2 acquire external
reference, CH4 external reference, D0 to D5 gating signals, D6 begin of
the internal period).

DUE board capabilities to perform the required task. Finally,
the experimental results revised the modulation, control, and
PLL implementation and measured the time required to exe-
cute each task in the Arduino DUE microcontroller.

This study demonstrates the feasibility of the Arduino
DUE board to execute the required task in acceptable times
for digital modulation and control of the power converters,
allowing the computation of the algorithms using the floating-
point emulation provided by Arduino IDE. Additionally, the
low cost of the board and the software required to program

it made the Arduino DUE board an attractive device to
implement the modulation and control strategies for power
converter applications. Experimental results show the fea-
sibility of the proposal and the available computing time
between control interrupts to implement master control loops
or communication algorithms.
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