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Abstract—In this paper, a space vector modulation 
implementation is done via ATmega2560 microcontroller with 
the Arduino development board. The control parameters are 
defined by the user in MATLAB software and sent to Arduino 
to start or stop the controller or to change the controller 
parameters. Space vector switching times for chosen parameters 
are calculated and given. The implemented algorithm is 
validated via Typhoon HIL 402 system on a three-phase inverter 
model for two different operation points. Voltage and current 
waveforms are obtained in Typhoon HIL. Line and phase 
voltage, as well as the phase current spectrum analysis is done 
via Typhoon HIL and processed in MATLAB for given system 
parameters. The measurement results validates the 
implemented space vector control algorithm. 

Keywords— ATmega2560 microcontroller, MATLAB, space 
vector modulation, spectral analysis, three-phase inverter, 
Typhoon HIL 402 

I. INTRODUCTION 
Today, Power Electronic (PE) converters are used in many 

applications such as consumer electronics, electrical vehicles, 
distributed power generation systems, industrial electronics, 
etc.[1] Among all nowadays trends, the automotive and 
renewables industries are the fastest growing and the most 
significant regarding PE converters utilization [2]. PE 
converters used in such applications are commonly inverters 
(usually three-phase) [3]. Many three-phase inverter 
topologies are developed, such as three-wire bridge inverter, 
four-wire bridge inverter, multilevel inverter, matrix 
converter, etc. [4], [5]. The transistors (e.g., MOSFET, IGBT, 
SiC, GaN) are here used as main switching components which 
are controlled by certain switching technique (usually carrier-
based such as sine PWM or non-carrier based such as Space 
Vector - SV modulation). The two techniques are mutually 
compared in [6]. The choice of which switching technique will 
be implemented in inverter depends on multiple factors among 
which the most significant are the usage purpose, topology 
and the power level of inverter.  

There are few options regarding inverter control hardware 
realization, among which generally are used DSPs, FPGAs or 
MCUs, as presented accordingly in [7]–[9]. These papers also 
present today method of PE control developing using a rapid 
control prototyping method, which one example is shown also 
in [3]. Rapid control prototyping utilize so called Hardware-
In-the-Loop (HIL) system, where the hardware-implemented 
control is developed and evaluated via simulated power 
section of PE converter. HIL systems are slowly becoming an 

industry standard for developing and testing controls in many 
applications such as automotive, microgrid, robotics, 
aerospace, etc. as shown in [10]–[13], accordingly. As 
presented by IEEE document in [14], for research and 
development, HIL systems are much more affordable than real 
or scaled systems, and more reliable and accurate than using 
simulations only.  

In this paper, one such HIL system is used for evaluating 
a developed SV modulation control implemented on 
ATmega2560 MCU based Arduino development board. The 
employed inverter is a three-phase three wire bridge topology 
inverter, as shown in schematic in Fig. 1. 

 
Fig. 1. Three-phase three-wire bridge inverter topology. 

According to our research, there are very few papers 
describing the SV control implementation on Arduino (e.g. 
presented in [15]–[17]), and no papers with such setup 
(regarding MCU and SV control) tested via HIL system. SV 
algorithm implemented in Arduino is available at the 
Supplementary Materials at the back matter of the paper. 

II. SPACE VECTOR MODULATION IMPLEMENTATION 
In this section, the important basics of SV modulation 

technique (implemented in the Arduino), as well as 
fundamental SV parameters calculations will be presented.  

A. Space Vector Modulation Technique 
Instead of looking on inverter (Fig. 1) as on the system 

with three independent and separated phases, due to the 
voltage symmetry, the inverter can be observed as a single 
structure. This means that instead of having a three-axis 
three-phase voltage system representation (dashed a, b, c; 
Fig. 2a), the three-phase system can be set in the two-axis 
system (dashed α, β; Fig. 2b). In real application, this can be 
more easily understood by observing the rotation of magnetic 
field in the motor, which is represented by the single rotating  
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SV. In the same plane, such SV can be drawn either by 
using three vectors ( , , ; Fig. 2a), or by using two 
vectors (, ; Fig. 2b) . The end result (SV position and 
module) will be the same, but the complexity of obtaining 
real-time SV parameters is reduced with using a two-axis 
instead of three-axis system due to less variables for 
calculation. 

Mathematical method used to convert a time-domain 
three-phase system (a, b, c; Fig. 2a) to a two-phase 
orthogonal stationary system (α, β; Fig. 2b) is called a Clarke 
transformation. Furthermore, the stationary α – β system can 
be rotated around coordinate system origin via Park 
transformation, which is also known as d – q transformation. 
Simplified, the AC current and voltage waveforms are 
actually converted into DC signals with the two above 
transformations. These two transformations are standard and 
well explained in [18], and will be not further elaborated. 

B. Determination of SV Modulation Parameters 
SV(s) can be plotted on so called polar diagram (Fig. 3) 

where all the SV attributes can be observed in proportion. 
Here, all switching states of the inverter can be seen referring 
to Tab. 1. According to Tab. 1, it can be seen that polar 
diagram (Fig. 3) can be divided into six so called sextants 
(60° parts of the hexagon). By observing Fig. 3 and Tab. 1, it 
can be noticed that the switching states (V1-V6) are placed 
on the vertex line of the hexagon, which also denotes the 
fundamental SVs, which further defines the position of all 
other vectors in the polar diagram. In Fig. 3, SV parameters 
of   3 and   0.4 are chosen. Here, by observing the 
marked red stars, those parameters can be identified.  

 
Fig. 3. SV polar diagram plotted in MATLAB;   3 and   0.4. 

The parameter   3 means that there are three SVs 
(three red stars) in every sextant, and this represents the SV 
position in the polar diagram. Since all SVs are evenly spaced 
around fundamental SVs, starting vector is positioned at 10° 
(Fig. 3). The parameter  depicts module of the SV and has 
the meaning of amplitude modulation depth (   0.4 
means the 40 % of the max. voltage output amplitude). It is 
important to mention that the SV amplitude (module) has to 
be kept in the inner hexagon circle if sine modulation is 
required (otherwise, overmodulation occurs and the voltage 
and current harmonic spectrum worsens), Fig. 3. 

TABLE I.  POLAR DIAGRAM AND SWITCHING STATES. 

Fundamental 
vector 

Switching 
state 

Transistor state 
(V1,V3,V5) Sextant 

0° V1 100 1      
60° V2 110 2    

 120° V3 010 

 
3   

180° V4 011  4  
240° V5 001   5 300° V6 101    6 0° V1 100      

- V0 000 1 2 3 4 5 6 V7 111 

A full SV rotation of 360° with all belonging switching 
states is denoted in Tab. 1. Also, every position of the SV in 
the polar diagram (Fig. 3) can be determined by adding two 
basic vectors. Here, switching states V0 and V7 are always 
engaged. These two switching states creates the same effect 
by outputting zero voltage in inverter due to on/off state in 
upper/lower branch of the inverter, Fig. 1. The amplitude 
modulation depth or the module of the SV is controllable by 
V0 and V7, and since SV must be kept inside the inner circle 
of the hexagon, engaging zero switching state is inevitable. It 
is worth to mention here that there is another option of 
modulation – hexagonal besides the sine), in which the SV 
must be kept inside the hexagon. In hexagonal SV 
modulation, the only time when zero switching states are not 
engaged is when the SVs are in position of fundamental 
vectors (in another words when SV is defined just by a single 
switching state; Tab. 1).  

Anyhow, the reason why engage both zero switching 
states in sine modulation is due to the optimal switching 
method, also known as a 7-segment switching algorithm [19]. 
Control signals for 7-segment switching algorithm for sextant 
1 are shown in Fig. 4. Such switching algorithm is the most 
effective way to change from previous to the next switching 
state, since only one switching component state changes at a 
time (Tab. 1). This switching method is also applied in the 
paper. 

 
Fig. 4. Control signals for 7-segment switching algorithm; sextant 1. 

a) b) 

  

Fig. 2. Three-axis (a) and two-axis (b) three-phase system 
representation. 
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To calculate switching times t0 , t  and t2  for sextant 1, 
with the parameters of   3  and   0.4 , the 
expressions (1) - (4) will be used. 

||    √33  (1) 

Here are: |U|  – module of output phase voltage, ma  – 
amplitude modulation index, E – DC link voltage. 


 

3
√3

||
  3   (2) 

Here are: t1  – time of switching state V1, Ts  – total 
switching time (period), φr – space vector position in polar 
diagram. 


 

3
√3

||
  (3) 

Here are: t2 – time of switching state V2. 

  1  
 


 (4) 

Here are: t0 – zero switching time of switching states V0 
or V7. The calculated switching times for sextant 1 with three 
SVs per sextant (  3; Fig. 3) and   0.4 are visually 
shown in Fig. 5. 

 
Fig. 5. Calculated switching times for sextant 1;   3 and   0.4. 

It can be seen in Fig. 5, as SV rotates (thus increasing the 
SV angle  , switching time   (switching state V1) 
decreases, while switching time   (switching state V2) 
increases. Zero switching time  changes according to an SV 
diagram (Fig. 4). Here is visible that the angles of   10° 
and   50° has the same zero switching time , but at the 
angle of   30° ,   is slightly lower (Fig. 5). This is 
because every change in SV position alters the SV module 
(Fig. 3), which is also visible by Exp. (4). Graphical 
representation of SVs positions in sextant 1 for   3 and 
  0.4 is shown in Fig. 6. 

 

Fig. 6. Graphical representation of SVs in sextant 1;   3,   0.4. 

In Fig. 6, U1 and U2 are the fundamental vectors 
corresponding with switching states V1 and V2 accordingly, 
which modules are determined by switching times. 

III. MEASUREMENT SETUP 
The measurement setup consists of three main parts as 

shown in Fig. 7. The PC here is connected to the Typhoon 
HIL hardware as well as to the Arduino via USB 2.0. 

 
Fig. 7. Measurement setup wiring. 

Once the control program is uploaded to Arduino, user 
controls the algorithm parameters by MATLAB and Typhoon 
HIL software. Typhoon HIL and Arduino are connected with 
Dupont wires, where Arduino sends control signals to 
Typhoon HIL, while Typhoon HIL sends analog output to 
Arduino to control the output frequency of the inverter. The 
Typhoon HIL and Arduino connection is shown in Fig. 8. 
while measurement setup photo is shown in Fig. 9. Since the 
Arduino is limited with computational resources, it is worth 
to mention here, that the max. number of  is limited to 
around 15. 

 

Fig. 8. Typhoon HIL and Arduino connection. 

 

Fig. 9. Measurement setup. 
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A. Typhoon HIL Model 
Inverter model created in Typhoon HIL is shown in Fig. 

10. The inverter topology behind the block mask 
3ph_inverter1 is given in Fig. 1. The DC input Vs1 is set to 
  320 V. The input resistance is set to 4  1 Ω to avoid 
the bad voltage loop. Load is chosen to be inductive-resistive 
with parameters set to 1  2  3  100 Ω , and 
inductance set to 1  2  3  300 mH.  All 
measurement instruments measure instantaneous voltages 
and currents to be able to obtain all the waveforms in 
experiment. The blocks and wirings marked with blue lines 
are control part of the model, and serves for scaling the f_ref 
(output frequency) voltage to appropriate analog output level 
for Arduino which is limited to receive +5 V max. The analog 
outputs of Typhoon HIL hardware can provide ± 10 V, and 
thus one need to be careful to not to damage the hardware. 

IV. SPACE VECTOR MODULATION VALIDATION 
Four measurement sets with different parameters are 

chosen for validation and are given in Tab. 2. 

TABLE II.  MEASUREMENT SETS. 

   
Set 1 0.4 1 
Set 2 0.4 5 
Set 3 0.8 1 
Set 4 0.8 5 

In Fig. 11, output phase voltage of inverter for set 1 and 
set 2 is shown. It can be seen that higher SV number per 
sextant yield with higher segmentation of the phase voltage. 
This means that a phase voltage with a higher number of SV 
per sextant will also yield more convenient phase voltage 
harmonic spectrum, which cannot be seen yet, but will be 
shown later in voltage spectral analysis.  

a) 

 
b) 

 
Fig. 11. Output phase voltage of inverter; set 1 (a) and set 2 (b). 

Analogously as phase voltage waveforms in Fig. 11 for set 
1 and set 2, the line voltage waveform is more segmented 
when higher number of SV per sextant is used, as shown in 
Fig. 12.  

a) 

 
b) 

 
Fig. 12. Output line voltage of inverter; set 1 (a) and set 2 (b). 

The SV number per sextant can be easily determined by 
observing the waveforms in Fig. 12. If   1, it means that 
single SV per sextant (60°) is utilized, and observing the full 
cycle of 360°, there are expected to be total of six segments in 
the voltage waveform (which is true as seen in Fig. 12a). 
Equally, for   5  there will be total of 30 waveform 
segments in full cycle. The main indicator of modulation 
quality is the current spectral analysis. The current spectrum 
relies on the voltage modulation quality and here, in Fig. 13, 
it can be seen that with higher SVs per sextant, the current 
yield better results, e.g., the current waveform approaches the 
sine waveform as  increases. 

a) 

 
b) 

 
Fig. 13. Output phase current of inverter; set 1 (a) and set 2 (b). 

Measurement results of set three parameters are shown in 
Fig. 14. If waveforms in Fig. 11a and Fig. 14a are mutually 
compared, it can be concluded that the waveform shape is 
preserved, with a difference that the voltage segments are 
wider in case when   0.8. In another words, with higher 
amplitude modulation index  , switching times are 
increased, which yield with the higher output phase voltage 
amplitude, as also shown by Exp. (1) – (4). 

 
 

Fig. 10. Software model of inverter. 
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a) 

 
b) 

 
c) 

 
Fig. 14. Output phase (a) and line (b) voltage and phase current (c) of 

inverter; set 3. 
With increasing the  , line voltage waveforms in Fig. 

14b have same behavior as phase voltage mentioned earlier – 
waveform segments are wider. When comparing the phase 
current obtained in Fig. 13a with the current obtained in Fig. 
14c, one can conclude that with the higher amplitude 
modulation index , the current has more favorable shape, 
which means more convenient THD. Measurement results 
from set 4 are given in Fig. 15. If those results are compared 
to the results obtained in Fig. 14, the conclusion is preferable 
waveform when having higher numbers of SV per sextant, as 
shown before in set 1 and set 2 comparisons. Between all 
conducted measurements, current from set 4 has the most 
favorable waveform shape. The final conclusion is that higher  and higher the  is, the better the current would be. 

a) 

 
b) 

 
c) 

 
Fig. 15. Output phase (a) and line (b) voltage and phase current (c) of 

inverter; set 4. 

In Fig. 16, a harmonic spectral analysis of phase and line 
voltages, as well as of the phase current is shown. 

a) 

 
b) 

 
c) 

 
Fig. 16. Spectral analysis of phase (a) and line (b) voltage, and of the 

phase current (c); set 3. 

In Fig. 16 the higher harmonics of phase and line 
voltage occur at the same frequencies, but with different 
amplitudes of individual harmonics. The higher harmonics 
of phase voltage are greater in amplitude than in the line 
voltage. But fundamental harmonic is higher in line voltage 
compared to the phase voltage. Later, this will yield certain 
conclusion. In Fig. 17, spectral analysis results are shown 
for set 4. 

a) 

 
b) 

 
c) 

 
Fig. 17. Spectral analysis of phase (a) and line (b) voltage, and of the 

phase current (c); set 4. 

Same as in spectral analysis conducted for set 3 (Fig. 
16), all phase and line voltage harmonics occur at same 
frequencies, but with the differences in amplitudes. In Tab. 
3, conducted spectral analysis is given in numbers for set 3 
and set 4. Measured values of higher harmonics implies that 
increasing the number of SV per sextant yield with 
decreasing the amplitudes of higher harmonics in lower 
harmonic spectrum but increasing the amplitudes of higher 
harmonics in higher harmonic spectrum. It is interesting to 
notice in set 4 results, the appearance of 29th and 31st as 
dominant higher harmonics in line voltage. Here, the 
parallel can be drawn with unipolar sine PWM. In PWMs, 
frequency modulation index  is defined as: 

  


 (5) 

where   – switching frequency, and   – 
fundamental frequency. Since in unipolar sine PWM the 
first dominant higher harmonics occurs at 2 ± 1 , by 
using Exp. (5) it can be concluded that frequency 
modulation index in this case would amount to   15.  

TABLE III.  SPECTRAL ANALYSIS RESULTS. 

n Set 3 (ma =0.8, nsv=1) Set 4 (ma =0.8, nsv=5) 
 U [V] V [V] I [A] U [V] V [V] I [A] 

1 113.6 196.7 0.827 104.0 180.1 0.758 
7 48.03 83.02 0.072 - - - 

11 36.94 64.06 0.035 10.33 17.90 0.010 
13 10.62 18.20 0.009 17.25 29.87 0.014 
17 8.00 13.98 - 21.14 36.64 0.013 
19 21.34 36.59 - 15.86 27.40 0.090 
23 14.55 25.13 - - - - 
25 - - - 9.3 16.23 0.004 
29 3.99 6.85 - 35.67 61.68 0.013 
31 3.57 6.08 - 28.14 48.91 0.009 

 THDU THDV THDI THDU THDV THDI 
 53.33% 53.31% 9.71% 43.68% 43.56% 2.14% 

Similarly, by analyzing line voltage from set 4 (Fig. 15b), 
the same result can be obtained by counting the number of 
voltage segments. Also, the  can be easily determined by 
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multiplying the   with the number three (since there are 
three sextants in one half-period). Back to the results from 
Fig. 16 and Fig. 17, the conclusion is that although higher 
harmonics of phase and line voltage differs in amplitude, the 
difference in fundamental harmonics compensates this, 
resulting with about the same THDU and THDV results (Tab. 
3). The THDI shows significant improvement by increasing 
the . 

V. CONCLUSION 
Calculated switching times of the SV depicts how the SV 

pass through the polar diagram, visually. In SV modulation, 
the number of SV in one sextant can be chosen arbitrary. By 
increasing the SVs number per sextant, the SV modulation 
show better results regarding modulation quality. Spectral 
analysis shows that with increasing the  from 1 to 5, THDI 
lowers from 9.71 % to 2.14 %. The higher the amplitude 
modulation index   is, the output phase current has more 
favorable waveform. In the setup, the maximum quality of the 
modulation is determined by the MCU power (the max 
number of   is limited). However, HIL validation shows 
that even with the affordable and approachable MCU like 
ATmega2560, the SV modulation can be obtainable. The 
further research on the account of this work will be the 
utilization of an MCU with higher processing power such as 
the Raspberry Pi or other similar development board. 

SUPPLEMENTARY MATERIALS 
The code used in this paper is available in publicly 

accessible repository at Figshare at 
https://www.doi.org/10.6084/m9.figshare.20407209. 
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