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Abstract: For several decades, electric drives were used to control the speed of induction motors. The new
generations of electric drives are based on high speed power transistors, like IGBT and MOSFET. The main part
of electric drive is the inverter which works as DC to AC converter using a power transistor bridge. Since the
output of this inverter is a high frequency square wave, a high speed microcontroller is needed to produce the
proper switching sequence. Various switching techniques are used to generate PWM signal which is used to
determine the amplitude and the frequency of the output voltage. This paper describes the digital
implementation of Space Vector Pulse Width Modulation (SVPWM) technique using 8-bit microcontroller for
three-phase inverter. The proposed system uses 8-bit PIC16F877A microcontroller to generate SVPWM signal
needed to trigger the gates of MOSFET bridge of the inverter. The inverter includes a low-pass LC-filter which
is used to give a sine waveform output. The experimental results show the ability of the proposed system to
generate a three-phase sine wave signal with desired frequency.
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INTRODUCTION

In the past few decades and as a result of the
improvement  of  fast-switching  semiconductors,
variable-frequency drives (VFD) became widely used in
various applications of industry. These drives are
controlled using pulse width modulation (PWM)
switching techniques [1].

Among  the   various   PWM   techniques,   Sine Fig. 1: Basic idea of PWM.
Wave  Pulse  Width  Modulation  (SPWM)  is  considered
as  one of  the most popular techniques. SPWM uses Sine   Wave     Pulse-Width     Modulation    (SPWM):
sine-triangle method to generate pulses with desired The SPWM is considered one of the most common
frequency  [2]. On the other hand, Space Vector Pulse techniques; for its  simplicity  and  its  easy  generation.
Width Modulation (SVPWM) has advantages that made In this method, two signals are used to produce the PWM
it the most switching technique used in power converters signal: one is the reference sinusoidal wave V  and the
[3]. other is the triangular carrier wave V , as  shown in

This paper describes the theory of SVPWM Figure 1.
technique and its implementation using 8-bit To  generate   the   SPWM,   a  comparator  is  used
microcontroller. to compare the instant values of V  and V  signals.

Background: This section describes the algorithm of both PWM signal is high (“on”)  and  when  the  V   is  less
SPWM and SVPWM techniques. than    V ,  the   output    of  PWM  signal  is  low  (“off”).
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Fig. 2: Waveforms of three-phase SPWM inverter. values of three variable signals. The three-phase inverter,

In  the three-phase inverter, this process is done for the switching functions [3]:
three waves independently to produce three phase shifted
PWM signals. The reference (V ) and carrier (V ) signalsref car

are shown in Figure 2, in addition to the output PWM of
line to line (V , V , V ) and line to neutral (V , V , V )AB BC CA A0 B0 C0

waveforms [4].

Space  Vector    Pulse-Width   Modulation   (SVPWM):
In this sub section, the principle of SVPWM is illustrated.
The first part includes the SVPWM representation, while
the second part describes the steps that are needed to where   f ,    f     and    f   represent   the   switching   states
realize SVPWM algorithm. of the  upper  switches  of  the  three-phase  inverter,

SVPWM Representation: The early vectorial them.
representation of three-phase inverters was presented by The various switching states of the three-phase
Park [5] and Kron [6]. But the first use of space vectors inverter yield to eight possible vectors of the  inverter
was done by Kovacs and Racz [7], who presented a Hex-bridge:  six   active  vector  (V ,V ,…,V )  and  two
mathematical treatment and a physical description of the non-voltage vectors (V  and V ). All these switching
drive transients of machines fed through electronic states and the output voltage for each state are illustrated
converters. in Table 1.

Fig. 3: Voltage source three-phase inverter.

On the contrary of PWM method which treats the
three-phase quantities separately, SVPWM method treats
the three modulating signals as a single unit called the
reference voltage. This reference voltage contains the

as seen in Figure 3, could be modeled using the following

1 2 3

while  the  bottom  switches  are  complementary  with

1 2 6

0 7

Table 1: Output Voltages Of Three-Phase Inverter

Switch state Line to line Voltage Line to neutral Voltage

---------------------------------------------- ------------------------------------------------- -----------------------------------------------

Voltage Vector S S S V V V V V V1 2 3 ab bc cd an bn cn

V 0 0 0 0 0 0 0 0 00

V 1 0 0 - - 1 0 -11

V 1 1 0 - 0 1 -12

V 0 1 0 - - -1 1 03

V 0 1 1 - - -1 0 14

V 0 0 1 - - 0 -1 15

V 1 0 1 - 1 -1 06

V 1 1 1 0 0 0 0 0 07

(Note: all voltage values are multiplied by V )dc
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Fig. 4: Voltage Space Vector and its components in (d, q)
plain.

Fig. 5: Reference vector as a combination of adjacent
vectors.

SVPWM   Algorithm:   The   algorithm   of  SVPWM
could   be  summarized   in   the   following   two  main
steps [8]:

Step 1: Determination of space vectors and angle ( ).
The first step is to determine V , V , V  and angled q ref

( ) through the following equations which use abc to dq
Park transformation as shown in Figure 4:

(1)

(2)

(3)

(4)

(5)

where f  = fundamental frequencyS

Step 2: Determination of time duration.
Second step is to determine time durations: T , T  and1 2

T  for the first adjacent vector, second adjacent vector0

and zero-vector V , V  and V  respectively. The vector1 2 0

summation of adjacent vectors gives the reference voltage
vector V  as shown in Figure 5.ref

To calculate the switching time duration for any of
the sixth sectors, the following equations are applied:

(6)

(7)

(8)

where n=1 through 6 (that is sector 1 to 6)

0  60°

Comparison of SPWM and SVPWM: Based on their
characteristics, the main differences between SVPWM
and  SVPWM  techniques  could be summarized as
follows [9]:

SVPWM has better utilization of V  voltage; sincedc

the amplitude of line-to-line voltage equal to 1/ 3Vdc

compared with ½V  in SPWM, which means 15%dc

more voltage utilization, as shown in Figure 6.
SVPWM uses only one reference space vector to
generate three-phase sine wave.
SVPWM switching rules gives less total harmonic
distortion (THD) and less switching loss.
More advanced vector control could be implemented
using SVPWM; as the reference space vector is a
two-dimensional quantity.

Implementation of SVPWM: The following lines describe
the  implementation  of  SVPWM  in  the digital domain
(i.e. PIC microcontroller) [9].

PIC microcontroller  consists  of  several
input/output pins used for transmitting or receiving
signals  from  the  connected  peripheral.  Six  of  these
pins could be used for the generated  PWM  output
signals  to  drive  the MOSFETs of three-phase inverter.
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Fig. 6: Locus of maximum voltage in SPWM and SVPWM.

Fig. 7: Space vector hexagon.

Since SVPWM is a time based technique, a (delay)
function could be used by PIC to realize this type of
waveforms. PIC also has the capability to generate center
aligned sequence of PWM as this sequence scheme can
decrease the THD.

The reference voltage vector (V ) should be createdS

to rotate 360° in space, as shown in Figure 7. Such
rotation is essential to produce a sine wave output
voltage.

For digital implementation, the following quantities
should be known before applying SVPWM algorithm to
PIC to approximate the position of V :S

Rotation angle ( ), which depends on the frequency
of the fundamental frequency.
Sampling time (T ), which represents the interval ofS

one complete pulse wave of the PWM waveform.
Modulation index (m), which is the amplitude ratio
between voltage supply (V ) and reference voltagedc

(V ).S

(T ) Time, which is the switching duration of the firstA

adjacent vectors.
(T ) Time, which is the switching duration of theB

second adjacent vectors.

(T ) Time, which is the switching duration of the0/7

zero-voltage vectors.

The following equations illustrate how to obtain the
unknown values of the above quantities:

(9)

(10)

(11)

T  = (12)S

From   Equation   10   and   Equation   11,   it is
noticed that T  and T  are inverted with respect to eachA B

other  in  the  same  sector  of  60  degrees.  So,  only  one
look-up table with time delay entries is needed. Then, this
table could be used for T , while its inversion could beA

used for T .B

As mentioned before, the amplitude of the output
sine wave of the inverter is determined by the duration
time of the two adjacent vectors and non-active vectors.
Practically, this is done by adjusting the modulation index
(m) to achieve the desired amplitude.

On the other hand, the rotation rate of V  is used toS

generate the desired frequency of the output sine wave,
which will determine the speed  of  motor.  Accordingly,
V  need to do (jumps) while rotating using a jump sizeS

based on the desired frequency. That is, when the
frequency is increased, the jump size is  also  increased.
To achieve good resolution, it is better to divide each
sector into enough number of steps, which can fit a wide
range of frequencies.

Finally,  the  pulse  frequency  should  be  high
enough  to   achieve   smooth   output  voltage  and
current after being filtered. Pulse frequency depends on
the sampling period which is affected by computing
power of the microcontroller. In most systems, pulse
frequency is normally chosen in the range between 2.5
and 20 kHz. Figure 8 illustrates the influence of pulse
frequency  (f ) on the shape of the output voltage andp

current [10].
As seen in the above figure, increasing of pulse

frequency yields to smoother output voltage and current.
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Fig. 8: Pulse frequency influence on the output voltage 0.235 (60 divided by 255) to increase the resolution of
and current. space vectors and at the same time use one-byte

Design  and  Development:  The  microcontroller  used in out enough range of degrees to be used to
this project is Microchip PIC16F877A. While MikroC distinguish the various values of frequency between
programming language was used to generator SVPWM 20 to 50 Hz.
signals as described in the following part. The look-up table shows that calculated delay time

SVPWM Generator Module: This module reads the value values of T , while the delay time intervals for
of the desired (fundamental) frequency, then it generates inactive vector (V /V ) can be calculated during the
the appropriate PWM signals using space vector program running. So, one look-up table was included
algorithm. This process could be summarized using in the program code which contains T  time delay
Program Description Language (PDL) as follows: intervals only.

Begin avoid using of floating-point type which is used to
Set initial values represent real numbers which require  more  memory
Read fundamental frequency (4 bytes for each number).
Calculate step value The calculated delay times in the look-up table had

 1 Sector = 1 values between   0  and  433,  so  they  require
2 Find T  and T  from look-up table integer-type  (two bytes) to be stored in memory.A b

T  = T  – T  – T But, since the symmetric sequence of SVPWM signalZ S A B

Send switching pattern of current sector is used in this system, as seen in Figure 9 and T , T
with delay times to port B and T  are repeated two times in each sampling time
Sector = Sector +1 (T ); all values of delay time intervals in the look-up
If sector>6 then goto 1 else goto 2 table were divided by two  to  become  below  255.

End As a result, they will be stored in short-integer-type

As seen above, SVPWM technique has a
straightforward algorithm, but at the same time, the
implementation of such algorithm using 8-bit PIC
microcontroller is a challenge. That is because the
microcontroller is limited in speed and available memory.
Since the SVPWM algorithm is based on a high frequency
switching; it deals with tiny time intervals (microseconds).
Furthermore, the small size of PIC memory adds extra
limitations to program environment.

Unfortunately, SVPWM algorithm includes equations
that use sine function, besides using floating-point type
to represent real numbers, which means consuming more Fig. 9: Symmetric sequence of SVPWM waveform.

time and memory of the microcontroller. To cope with
these two problems, the following steps were done:

A pre-calculated look-up table was used to calculate
the delay time intervals (T ) for space vector (V ) forA 1

all degrees between 0 and 60; as these degrees cover
one sector and they are simply repeated in the other
sectors. The look-up table was designed in Microsoft
The range of degrees between 0 and 60 was
converted to (0 to 255) range with a graduation of

representation for each degree. Such process gives

intervals (T ) for space vector V  has the invertedB 2

A

0 7

A

All values were rounded to the closest integer; to

A B

Z

S

(one byte) and save more of microcontroller memory.



void vdelay_us(unsigned short
interval)
{ asm{
loop:

nop
nop
decfsz FARG_vdelay_us_interval+0,1
goto loop}}

void main()
{trisb=0;
portb=0;
while (1)
       {portb=255;
        vdelay_us(10);
        portb=0;
        delay_us(10);}}
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Fig. 10: vdelay_us function code. Fig. 11: Test code to verify (vdelay_us) function

The main advantage of using look-up table is to The process of microcontroller programming could be
avoid using (sine) function and types of numbers that summarized in the following steps:
need more  than  one  byte,  such  as  double-type or
long-integer-type; accordingly, using less time and Writing C code using MikroC compiler.
memory of the microcontroller. Compiling C code using MikroC compiler.

Another  problem  that   rose   up  during Generating Hexadecimal code (Hex file).
programming was (delay_us) function of MikroC compiler Loading Hex file into WinPIC800.
which is used to suspend the execution of program for a Downloading Hex file to PIC16F877A.
specific time in microseconds. The function deals with Running and testing software performance.
constant parameter and doesn't accept variable  parameter
which is   essential    for    SVPWM    algorithm First  step  of  microcontroller  programming is
programming. For example, the following statement is writing the algorithm of the objective program. The
used to suspend the program execution for a period of 30 second step is writing the C code based on program
microseconds: algorithm.  Compiling  C  code  is  the  third  step to

delay_us(30); corrections or modifications. Compilation process

To overcome this problem, a new function was Hex-type. The C-type file contains the text code of the
created using assembly language. The function was program  which  could  be  edited  and  compiled  again
named (vdelay_us) and it accepts  variable  parameter. later.  The Hex-type file contains the program instructions
The new function is shown in Figure 10. in Hexadecimal format which suits microcontroller

The  (interval)   parameter   represents   the   delay structure. In the next step, PIC is applied to JDM
time in microseconds. The function runs a loop of programmer while WinPIC800 software is used to
instructions that cause a delay in microseconds equal to download the Hexadecimal file into PIC through RS-232
(interval).  The  (nop) instruction means (no operation), serial port of PC.
but it is considered as one instruction and takes 0.2
microsecond. To verify the new function, a short code Experimental   Results:   Experimental   results   are
was written and tested using various parameters. This test divided  into  two  parts:  The  first  part  is   the  test
code is shown in Figure 11, while the output results of results  of   (vdelay_us)   function,   while   the  second
this code are shown and discussed in experimental results part is the test results of three-phase voltage source
section. inverter.

Programming PIC Microcontroller: As mentioned Verification  of  (vdelay_us)  Function:  As  discussed
earlier, PIC16F877A microcontroller was used for earlier  in this    paper,    (vdelay_us)    function   has
implementation of SVPWM algorithm. Six pins of Port B of been   created    to    deal    with    variable   parameter. The
the microcontroller were used to send the output pulses. following figure shows the output result of testing this
 The software that was used for PIC microcontroller function using oscilloscope.
programming was MikroC compiler, while WinPIC800 As seen in Figure 12 (a & b), the created function
software was used for downloading the program into the (the high signal) shows a good reliability compared with
PIC microcontroller. the built-in function (the low signal).

verify the written code and then doing required

generates  several  types  of  files  such  as  C-type  and
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(a) (b)
Fig. 12: (75 & 200 µs) delay using (vdelay_us) and (delay_us) functions.

(a) (b)
Fig. 13: Non-filtered (20 & 50) Hz frequency using SVPWM

Although the previous tests of (vdelay_us) function
show excellent results, but when it was tested in whole
program an extra delay was observed. This delay comes
from   frequent  recalling    of     (vdelay_us)   function.
To overcome this problem, the (nop) instructions were
removed from the (vdelay_us) function to compensate the
extra delay of time. After this modification, good results
were achieved.

Test Results of Three-Phase Voltage Source Inverter

The following figures show the output results of
three-phase inverter for various frequencies. The output
wave takes the shape of PWM waveform that results from
the high frequency switching of the inverter switches.

Figure 13 (a & b) shows the output result of the
inverter for the following frequencies 20 and 50 Hz
respectively. In each figure, the first wave represents line
A of the three phase inverter output. The second wave
represents  line  B  of  the  three phase inverter output.
The third wave represents the line to line output wave,
which takes the shape of non-filtered sine wave. Fig. 15: Filtered three-phase output wave with 40 Hz.

Fig. 14: Filtered three-phase output wave with 30 Hz.
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Fig. 16: Filtered Line to line three-phase output wave Industrial Electronics Society, IECON'01, Colorado,
with 50 Hz. USA, pp: 1583-1592.

As seen in the previous figures, the results showed Power electronics: Converters, applications and
the ability of the proposed system to generate the desired design, second edition. John Wiley & Sons. Inc. New
frequency using SVPWM algorithm. The output is non- York.
filtered PWM waveform. 5. Park, R.H., 1929, Two-reaction theory of

The following figures show the filtered output sine synchronous   machines,  AIEE  Trans.,  NY,
waves that result after applying LC-filter to the PWM 48(1929): 716-730.
wave. 6. Kron, G., 1942. The application of tensors to the

Figures  14  to  16  show  the  filtered  output  sine analysis of rotating electrical machinery.
wave using different frequencies. As seen in these Schenectady, NY, USA, General Electric Review.
figures,  the  output  wave  is  almost  a  smooth  sine 7. Kovacs, K. and I. Racz, 1959. Transiente vorgange in
wave.  The  small  distortion  that  is  noticed  in  the wechselstrommachinen, Verlag der Ungarischen
output  sine  wave  could  be  referred  to  the quality of Akademie der Wissenschaften, Budapest, Hungary,
LC-filter,  either  in  inductor  or  in  capacitor  or  both. Akad. Kiado.
The first line of Figure 14 clearly shows a balanced three 8. Masood, T., A. Edris and R. Aggarwal, 2003. Space
phase output voltage of 30 Hz frequency with  120°  phase vector (PWM) digital control and sine (PWM) Pulse
shift. The second line shows the line to line waveform width modulation modelling, simulations techniques
between Line A and Line B which peak equal to phase & analysis by MATLAB and PSIM (Powersys).
peak×sqrt(3). The phase shift could be seen also in Figure 9. Parekh, R., 2005. VF control of 3-phase induction
15 using 40 Hz and  Figure  16  using 50 Hz. As a result, motor using space vector modulation, AN955,
the previous figures showed satisfactory results of the Microchip.
three-phase inverter with almost a smooth sine wave 10. Quang, N.P. and J.A. Dittrich, 2008. Vector control of
output. three-phase AC machines: system development in

CONCLUSION

This  paper   describes   the  digital  implementation
of   SVPWM    technique    for    three-phase   inverter.
The proposed system uses 8-bit Pic16F877A
microcontroller for  generating  SVPWM  signal  needed
to trigger the gates of MOSFET bridge of the inverter.
This inverter contains low-pass LC-filter to produce a sine
waveform output. The experimental results show the
ability of the proposed system to generate a three-phase
sine wave signal with desired frequency.
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