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Abstract- This paper presents the digital implementation of the space vector modulation (SVM) technique using the
STM32 nucleo-F446RE microcontroller unit (MCU) to activate a voltage inverter that feeds three-phase AC motors.
The SVM generates modulated trigger signals to activate the power switches of a voltage inverter in the correct
sequence, creating AC waveforms to drive three-phase AC motors at the desired speed or torque. The SVM is
characterized by increasing the efficiency of the electric drive and by generating higher-quality output waveforms with
low harmonic distortion, compared to the conventional sinusoidal PWM technique. The implementation of the SVM
algorithm using the STM32CubeMx and STM32CubelDE development tools is explained in detail. To demonstrate the
correct implementation of the MCU-based code, a three-phase squirrel-cage induction motor is connected to the output
of a commercial voltage inverter, triggered by the implemented SVM. The pulse sequences generated to activate the
voltage inverter are experimentally verified, as well as the voltage and current waveforms supplying the AC motor.

Keywords: AC motors, microcontroller unit, space vector modulation, voltage inverter, variable frequency drive.

I. INTRODUCTION

HE demand for alternating current (AC) motors drives

for variable rotor speed applications is constantly
increasing, driven by the global push for energy efficiency,
stricter sustainability regulations, and cost reduction
requirements in modern industrial automation [1]. AC motor
drives are used to control the magnitude and frequency of
the AC power that feeds the motor, achieving precise control
of the motor shaft with high energy conversion efficiency
when transferring electromagnetic torque to load torque.
Furthermore, it is possible to enable other functions such as
field weakening, which increases the dynamic performance
of the system by allowing the motor to operate at speeds
significantly higher than its nominal base speed, thus
potentially doubling the motor’s power output. These and
other features make electric AC motor drives indispensable
for modern industrial automation [2], [3].

The AC drive system consists of three distinct subsys-
tems: 1) rectifier (usually uncontrolled), 2) capacitive filter
in the DC-link, and 3) voltage source inverter (VSI), as
shown in Fig. 1.

The three-phase, two-level (2-L) VSI is the most used
inverter topology because it is simple and cheap [4]. Tech-
nological advances in power electronics development have
enabled VSIs to become increasingly efficient and to operate
at higher power levels and frequencies. In this regard,
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Figure 1. AC motor drive.

insulated-gate bipolar transistor (IGBT), and metal-oxide-
semiconductor field-effect transistor (MOSFET) have
become established as the most common power switches
comprising the VSI.

The switching signals required to trigger the power
switches of the 2-L VSI can be implemented using different
methods, with two being the most common: 1) the sinusoidal
pulse-width modulation (SPWM), and 2) the space vector
modulation (SVM) [5]. Of the two, the SVM is better, as it
performs calculations to adjust the duration of the “on”-
times to synthesize the desired output voltage waveform to
generate a sinusoidal current to feed AC motors drives with
low total harmonic distortion (THD) [6], [7].
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SVM is compute-intensive, nevertheless it is by far the
most recommended modulation strategy for vector control
of AC motors, as it increases system efficiency, compared
to SPWM. Implementing the SVM algorithm is not trivial,
as it requires several operations, decisions and good
handling of timers and interruptions [8], [9]. However, with
the development of microcontroller units (MCUs) that
process in real time, nowadays it is possible to implement
the SVM algorithm in a more affordable and faster way on
low-power, low-cost digital platforms.

In summary, the main contributions of this paper are:

e The digital implementation of the SVM algorithm using
the NUCLEO-F446RE MCU, which computes in real-
time and is a low-power and low-cost digital platform.

e The method for implementing the SVM algorithm using
the STM32CubeMx and STM32CubelDE development
tools is explained.

e A test bench is set-up using a squirrel-cage induction
motor and a three-phase 2-L. VSI to experimentally
validate the MCU-based code.

II. THREE-PHASE, TWO-LEVEL VSI

In Fig. 1, it is possible to observe the circuit topology of the
three-phase 2-L VSI. This topology consists of three branches,
each with two IGBTs (in this case) and their respective
freewheeling diodes. The number of voltage levels at the
inverter's output is determined by its pole voltages. In the case
of a 2-L VSI, +Vu/2 and -Vdc/2 are the pole voltages.

With this VSI topology, it is possible to obtain eight different
switching states. The switching states can be expressed as
switching functions (Su, Sy, Sw) with value “1” when the switch
is set to the positive voltage or “0”” when the switch is set to the
negative voltage. Each switching state generates one voltage
space vector. Six of them (see Fig. 2) are active voltage space
vectors (AVSVs) designated as ui(100), u2(110), us3(010),
us(011), us(001), ue(101), and two are zero voltage space
vectors (ZVSVs) designated as uo(000), and u7(111) [9], [10].
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Figure 2. The 8 possible switching states of a three-phase 2-L VSL.
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Table I. Switching states of the three-phase 2-L inverter and the
generated line-to-line voltages.

Switching Conducting

state 1IGBTs Vuv Vvw Vwu
000 T2, Ta, T 0 0 0
001 Tz, T4, Ts 0 -Vdc +Vdc
010 Tz, T3, T6 -Vdc +Vdc 0
011 Tz, T3, Ts -Vdc 0 +Vdc
100 Ty, Ta, Te +Vdc 0 -Vdc
101 Ty, Ta, Ts +Vdc -Vdc 0
110 T], T3, T6 0 +Vdc -Vdc
111 Ty, T35, Ts 0 0 0

U3(010) B w0

us(011) _ U,(100)
- > >
Us(001) Uq (101)

Figure 3. The 6 AVSP and 2 ZVSP generated by the three-phase 2L
VSI in the complex plane o—f.

Table I summarizes the switching states as space vectors, the
conducting IGBTs and the generated line-to-line voltages. The
six AVSVs and the two ZVSVs are graphically represented in
a complex plane a—f3, as shown in Fig. 3.

To trigger the VSI in controlled sequence for generating AC
waveforms as close as possible to sinusoidal waveforms from
a constat DC source (Vac), different methods have been
developed. Among the existing methods, the SPWM is the
simplest to implement and the most widely used to control VSI-
powered AC motors [11]. However, one of the most significant
drawbacks of SPWM is that, since the sinusoidal reference
signals vary during a PWM period, the relationship between
these signals and the carrier signal is not fixed, which produces
a high THD in the output voltage, causing unwanted low-
frequency ripples in the speed and torque of the electrical drive.

To mitigate some of the drawbacks of SPWM, the SVM
technique was developed [12], [13]. With this technique,
instead of using a separate modulator for each of the phases, a
complex reference voltage space vector (us*) is processed,
which intrinsically considers the interaction between the three-
phases. The SVM technique has been shown to generate less
THD in both voltage and current signals, resulting in more
efficient use of the power supplied to the AC motor compared
to the SPWM technique. In addition, SVM is advantageous
because it exhibits a constant switching frequency.

III. SPACE VECTOR MODULATION

A. Principle

The SVM technique is based on the geometric construction
of a required voltage space vector u* using some of the eight
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Figure 4. Synthesis of a us* in sector I, using the AVSV u; and u,.
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Figure 5. u,* in sector I and synthesized form two adjacent vectors.

switching states of a three-phase 2-L VSI. The w* is
synthesized from two adjacent AVSVs and using a ZVSV,
which are selected according to the location of the us* in the
o—f plane (see Fig. 4) [14]. The AVSVs in the a—f plane, are
symmetrically spaced at 60° intervals, and the area between any
two of these vectors is called sector. For example, sector II in
Fig. 4 is the area flanked by the AVSVs u; and u3, and so on.

The goal is to construct a rotating space voltage vector
(space voltage phasor) in the o—fB plane, so that it
subsequently reproduces three-phase sinusoidal waveforms
when it becomes a function of time again, but with the
possibility of being able to adjust its amplitude and frequency.

The main challenge when synthesizing three-phase
voltages from the VSI lies in its discrete nature. To overcome
this, the VSI must modulate the width of the output pulses, so
that their instantaneous average magnitude equalizes the
magnitude of the us* [15].

B. Undermodulation Region

Fig. 5 shows a zoom of the case where us* is located in sector
I, this is constructed from the vector addition of two suitable
adjacent AVSVs. For the case where us™* is in sector I with u;
and u2. Additionally, an appropriate ZVSV must be used (the
selected ZVSV will be the one that exhibits the fewest
switching state changes relative to the used AVSVs, to maintain
the switching frequency low).

Considering the undermodulation region where the VSI
transfer characteristics are naturally linear, i.e., the u* will
have a maximum amplitude of us*=3/2 Vg (represented in
Fig.4 by a circle), thus, when the us* is in sector I, it can be
calculated as [2]:

(1)
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sin(p) = u, sing

solving for both components, (1) and (2) are rewritten as

u==w sin(3— o) (3)
up = us sin(e) @)

where 1. and up are the components of u; that are arranged in
the same direction as u; and w2 respectively. ¢ represents the
angle between the u; and the AVSV immediately adjacent to
its right side.

Considering a constant time (7¢) that lasts half the sampling
time (75), the vector addition can be expressed as:

©)

* _ _ ta tp to
W=Uy tw, = 2ty 2+ (wo ory)
c c c

being

=T, (6), 6=2T, (7) and t=T, ~ (ta +5,) ()

It is observed that the time intervals 7, and #» satisfy the refe
rence voltage, but the time # fills the remaining space for 7.
with the ZVSV either uo or us.

C. Switching Pattern

After calculating the switching time, these are arranged
according to a symmetrical pattern corresponding to the sector
where the u,* is located. The main objective of this symmetrical
pattern is to reduce THD in the output waveform.
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Figure 6. Switching signal sequence using thew SVM technique for
the six sectors, when rotor turns counterclockwise.
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The arrangement of commutation times and the switching
pattern for each sector when the rotor turns counterclockwise
are shown in Fig. 6.

The sequence within the first half of the T’s is reversed in the
second half, ensuring symmetry, which helps to reduce
harmonic content and facilitates the digital implementation.

IV. DIGITAL SYSTEM

A. The Microcontroller

The STM32 NUCLEO-F446RE is a 32-bit MCU developed
by STMicroelectronics. It is based on the ARM CortexM4 core
with floating-point unit (FPU) [16].

Common Characteristics
- STM32 MCU in LQFP64 encapsulation.
- Flash memory: 512 KB
- 128 KB SRAM(divided into several blocks).
- 2 advanced timers with support for PWM and dead-time.
- General and special purpose timers.
- 50 GPIOs programmable as in, out or interrupt.

Specific Features

- External or internal SMPS to generate logical supply

- 180 MHz (Maximum operating frequency).

- 3 12-bit ADCs, up to 2.4 MSPS, with multiple channels.

- 1 12-bit DAC with 2 channels.

- Comm: 3xUSART, 3x SPI, 2x 12C.

- Debugger/ST-LINK programmer (STLINK V2-1, V3E,
and V2EC) integrated with USB renumeration capability.

B. STM32CubeMx

STM32CubeMX is a graphical tool that allows for the simple
and intuitive configuration of MCUs and development plat-
forms of the STM32 family. This tool allows the configuration
of peripherals, timers, and other MCU features, as well as the
generation of the corresponding preliminary C code for the
Arm® Cortex®-M core through a step-by-step process [17].

First, the user intuitively selects the STM32 development
platform that matches the required set of peripherals. The next
step consists in configuring each required embedded software
thanks to a pinout-conflict solver, a clock-tree setting helper, a
power-consumption calculator, and a utility that configures the
peripherals and the middleware stacks. In fact, it creates
blueprints (the project configuration) and initializes all the
hardware peripherals like clocks, GPIO, UART, 12C, etc.

C. STM32CubelDE

STM32CubelDE is an all-in-one multi-SO development
tool, part of the STM32Cube software ecosystem. It is an
advanced C/C++ development platform with peripheral
configuration, code generation, code compilation and
debugging functions for STM32 microcontrollers [18].

After selecting an empty STM32 MCU or a pre-configured
microcontroller, the project is created and the initialization code
is generated. This interface integrates projects creation of
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STM32 and configuration capabilities to save development
time. It includes compiler analyzers, memory requirements,
debugging functions (that include CPU kernel log views),
peripheral memories and registers, real-time variables
observation, a serial cable interface and a fault analyzer.

V. DIGITAL IMPLEMENTATION

A. Algorithm Implementation Sequence

Implementing the SVM strategy in a digital system involves
not only translating the theory into code, but also translating
and structuring the algorithm to be compatible with hardware
and software resources of the digital system.

In this case, the first step will be to describe the SVM and
structure it into a series of steps.

Algorithm Implementation Sequence

1. Generate a rotating reference space vector with a rotation
speed equal to w = 27 f (where f is the fundamental freq.).

2. Establish a space (in a-f plane) where the vector rotates; this

space will be divided into 6 sectors.

. Determine the position of u,* in the a-f plane.

. Obtain components u, and ug of the u* in a-f (see Fig. 3).

. Define the PWM period.

. Obtain the angle ¢ of the us*.

. Determine the projections uq and us of us*.

. Calculate the times t4, 5, and fo.

. Generate the three PWM outputs and their complements.

O 0 3N L AW

Note that this implementation sequence does not require the
three reference sinusoidal waves, nor does it apply the Clarke
transform, since it directly generates the rotating space vector
with the required rotation components.

B. Timers

The STM32-F446RE MCU has timers with features
necessary for generating PWM signals, which facilitate the
digital implementation of the algorithm.

Timer TIM1

The SVM technique requires the generation of three PWM
signals (to activate the upper IGBTs of the inverter) and three
complementary negated signals (to activate the lower IGBTs of
the inverter). The TIM1 timer has three main channels and three
complementary channels, making it ideal for controlling the
three-phase inverter.

The SVM technique requires symmetrical PWM signals, so
selecting the center-aligned PWM counting mode of the TIM1
meets the symmetry requirements. Since a switching frequency
of 10 kHz for the VSI is selected, the timer meets the frequency
requirements, in addition the TIM1 timer has a configurable
dead-time insertion for complementary signals, which is
necessary to prevent short circuits in any of the three inverter
branches. For the implementation of the algorithm on the
STM32-F446RE, timer TIM1 will be used to generate the
trigger signals along with their respective complementary
signals. However, a second timer is necessary to update the
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Figure 7. Assigning physical pins to TIM1 channels using the
STM32CubeMX tool.
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Figure 8. Configuring channels as PWM Generation.

process variables via interrupts, thus reducing the processing
load on TIM1 by delegating the value updates to a second timer.
Any general-purpose timer, such as TIM3, can be used for this

purpose.

Assigning Output Pins to Timer TIM1

Fig. 7 shows the CubeMX interface, where the selected
MCU is displayed in the foreground. In this case, 6 outputs are
used, 3 of which are complementary. Therefore, pins PAS,
PA9, and PA10 have been selected as channels 1, 2, and 3, and
pins PB13, PB14, and PB15 as complementary channels of
timer TIMI, as depicted in Fig. 7.

Switching Frequency and PWM Mode Configuration

Locate the configuration section on the left side of the
interface and go to "TIM1 Mode and Configuration" and
configure the three TIM1 channels as PWM Generation, as
detailed in Fig. 8. In this case, the period value for ARR was
set to 50 to generate 20 kHz frequency and to produce a
symmetrical 10 kHz PWM signal.

The PWM counting is also selected as center aligned mode
as shown in Fig. 9 [19]. In this mode, the counter counts-up
from 0 to ARR and then counts-down from ARR to 0,
generating one full cycle. This results in a symmetrical PWM
signal: the rising and falling edges are evenly spaced with
respect to the center of the period. The PWM signal will be
center-aligned and will increase or decrease on both sides.

Dead-Time
Dead-time is the time delay between the gating signals of
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Figure 9. Frequency and PWM mode settings in STM32CubeMX.
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Figure 10. Dead-time setting.

switching devices to prevent them from turn-“on” or turn-“off”
at the same time and therefore avoiding short circuits. It is a
critical parameter for generating PWM signals.

On the "Stop and downtime management" tab, it is possible
to set the dead-time, in this case to 2 s, using the procedure to
calculate the timer ticks based as function of the operating
frequency (see Fig. 10) [20].

C. Code Programming
Main Code
The main code begins by defining some important constants,
such as the w value, the frequency of the desired fundamental
output sine wave, the frequency of the PWM signal, and the
ARR period for the 10 kHz signal. Then, the u* is generated as
shown in Fig. 11. It should be noted that the angle theta must
be encapsulated, this is so that if the angle theta exceeds 2x, the
rotation calculation resets to 0. This ensures that the advance of
theta remains between 0 and 2.

Once the reference vector is established, the space where it
will rotate is generated. This space must be divided into 6 parts,
and its position at each instant must be known.

First, within the TIM3 callback, a variable "sector" is defined
as an integer value. This variable will be the result of the sector
calculation in the main block called “calculate_sector”, as seen
in the upper lines of Fig. 12. The sector is the result of dividing
the angle theta where the vector is located by m/3, or 60°. If the
calculation yields a value greater than 6, then it is assumed that
the vector is in sector I. The alpha-beta components of u* are
computed using trigonometry as: ve=cos(¢), vg=sin(p) and the
magnitude and the angle ¢ of the us* are calculated using: us*=
\/(uaz +up)and @ = tan~! ug/u,, as detailed in the lower lines
of Fig. 12.
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<math.h>

PI 3.14159265f
FREC_SENOIDE 20.0f
FREC_PWM 10000.0f
PWM_TIEMPO 50

theta = @.0f;
avance_theta = 2.0f * PI * FREC_SENOIDE / FREC_PWM;

Figure 11. Declaration of constants and generation of the u,* using
the STM32CubelDE interface.

calcular_sector( theta)
sector = ( Y(theta / (PI / 3.ef)) + 1;
(sector > 6) 2 1 : sector;

calcular_tiempos_svm( Va, Vb, )
vref = sqrtf(va * Va + Vb * Vvb);
angulo = atan2f(Vvb, Vva);

(angulo < @)

angulo += 2 * PI;

Figure 12. Calculation of the sector and determination of the
magnitude and angle of the u,*.

For the declaration of times t, t, and #: within the TIM3
callback, the times t., #», and 7o are declared, as well as in the
main block within the CALCULATE SVM TIMES
instruction block. The time 7's or PWM period is also adjusted.
After obtaining all the necessary elements, the projections uq
and u» of us* onto the adjacent space vectors are calculated
[21]. Times ta, t», and 7/2 are assigned, depending o n which
sector the u.* is, and the following assignment of times #4, ,
and #o/2 will be carried out according to table II.

Table II. Assignment of times ta, tb and to/2, depending on which
sector the u* is.

Sector Su Sv Sw
1 tattb+ to/2 th+ to/2 to/2
II tat+ to/2 ta+tb+ to/2 to/2
111 to/2 tattb+ to/2 tb+ to/2
I\ to/2 tat+ to/2 ta+tb+ to/2
\% tb+ to/2 to/2 tattb+ to/2
VI tattb+ to/2 to/2 ta+t to/2

Generation of Trigger Signals

To generate the trigger signals, the Capture and Compare
Register (CCR) of TIM1 is used. This is called through the
HAL TIM SET COMPARE macro, which converts the
application times into timer ticks and then into PWM cycles.
Within the CCR macro, it is specified that it is a TIM1 register
with the line &htim1 and the channel with TIM_CHANNEL
X, thus specifying the comparison for each TIM1 channel.
The three main and complementary channels of TIM1 must
be enabled to obtain the six signal outputs for inverter control.
This is done in the Peripheral Initialization section (initialize
all channels are enabled using the HAL TIM PWM_Start
macro. The additional outputs are enabled with the
HAL TIMEx PWMN Start macro with their respective
TIM1 and channel addresses, as shown in Fig. 13.
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197
198
199
20¢
201
202

MX_GPIO_Init();
MX_TIM1_Init();
MX_TIM3_Init();

HAL_TIM_PWM_Start(&htiml, TIM_CHANNEL_1);

265l HAL_TIMEx_PWMN_Start(&htiml, TIM CHANNEL_1);
2048l HAL_TIM_PWM_Start(Rhtiml, TIM CHANNEL_2);
205@ HAL_TIMEx_PWMN_Start(&htiml, TIM CHANNEL_2);
206fl  HAL_TIM_PWM_Start(&htiml, TIM CHANNEL_3);
267l HAL_TIMEx_PWMN_Start(&htiml, TIM CHANNEL_3);

Figure 13. Enabling the PWM outputs in the TM32CubelDE.

VI. RESULTS

A. The Experimental Setup
The algorithm was programmed using a laptop computer and
once completed and compiled, it was uploaded to the MCU via
a USB port. After this, the laptop is no longer required. Since
the voltage inverter requires 15Vie CMOS logic signals to
trigger the IGBTs, and since the development board cann ot
supply logic signals at these voltage levels, a circuit was
implemented to convert the 3.3 V. output signal from the MCU
to signals of 15Vq.. For this purpose, a transistor-based IC
operating in cutoff and saturation modes has been selected.

For the power stage, a commercially available three-phase,
2-L inverter by Semikron (SKiiP 232GD120-313CTV) and a 1
hp squirrel-cage induction motor have used. To power the
inverter with high DC voltage, the single-phase line voltage
was rectified and filtered using power capacitors.

A 500 MHz, 4-channel LeCroy HDO6054 oscilloscope was
used to capture the waveforms. Fig. 14 shows a photograph of
the experimental setup.

A ‘.‘ ‘ |

Figure 14. The experimental setup.

A. Experimental Results
Figure 15 displays two experimental trigger signals for one
branch of the three-phase inverter, in order to show the
programmed dead-time, which in this work was set to 2 ps.

Figs. 16 a) and 16 b) show the logic signals for triggering the
inverter when the ug* is in sectors I, and in sector III,
respectively. These signals are measured at the MCU's outputs
PAS, PA9, and PA10 using the oscilloscope to verify the
SVM's switching pattern.
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Figure 15. The programmed dead-time, [2 us/div], [2 V/div].

wYE\lDY‘M‘: ROY
Figure 17. Line voltage Vuw and current of the phase U, [20 ms/div],
[50 V/div], [0.5 A/div].

Su §

Sv

wymnmnsﬁ o

Sw

A T o0y

Su §
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Figure 16. SVM trigger signals, [20 us/div], [1 V/div]. a) us* is in
sector I, b) us* is in sector III.

Fig. 17 shows the line-to-line voltage Vuw, and the current
of the phase U with halfload. These measurements were taken
at the input of the AC motor. Fig. 18 shows a zoomed-in view
of Fig. 18, to appreciate the modulated voltage and the low Figure 19. Phase voltage and current of the phase W, [20 ms/div], [50
THD that the phase current presents. V/divl, [0.5 A/div].

Fig. 19 shows the phase-to-line voltage Vun, and the current
of phase W, when the motor is fully loaded. This demonstrates
that the SVM algorithm has been successfully implemented
affordably on the low-power, low-cost development board.

inverter operates at a frequency of 10 kHz. A 1 hp three-phase
squirrel-cage induction motor was connected as the load.
The experimental results show a suitable implementation of

VIL. CONCLUSIONS the SVM algorithm and excellent performance of the AC drive.
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