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RESUMO

Um novo algoritmo SVPWM simplificado baseado em si-
nal portador modificada

Este artigo apresenta um algoritmo simplificado da modu-
lacdo por largura de pulso por vetores espaciais (SVPWM)
para um inversor trifasico de dois niveis, o qual pode ope-
rar em submodulacéo e sobremodulagdo. Em outras simpli-
ficacOes achadas na literatura, as tensdes de referéncia séo
modificadas e comparadas com um portador triangular para
estimar os estados de comutagéo do inversor. N&o obstante,
este artigo propbe a modificagdo do portador, em lugar das
referéncias. Este procedimento reduz o ndmero de opera-
¢Bes matematicas e aumenta a velocidade de execucdo do
algoritmo SVPWM em DSPs ou FPGAs. As ondas de re-
feréncia séo senoidais, ainda no modo de sobremodulagéo.
Resultados de simulagdo e experimentais demonstram que a
simplificacdo proposta produz o mesmo padréo de chavea-
mento que o0 SVPWM convencional, € mais simples e rapida
que outras simplificagdes.

PALAVRAS-CHAVE: Inversor trifasico de dois niveis, modu-
lacdo por largura de pulso por vetores espaciais, sinal porta-
dor triangular, submodulagdo, sobremodulacéo.

ABSTRACT

This paper presents a simplified algorithm of space vector
pulse width modulation (SVPWM) for a two-level three-
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phase inverter, which can operate in undermodulation and
overmodulation modes. In other simplifications founded in
literature, the reference voltages are modified and compared
with a triangular carrier to estimate the switching states of
the inverter. However, this paper proposes the modification
of the carrier signal instead of the references. This proce-
dure reduces the number of mathematical operations and in-
creases the execution speed of SVPWM algorithm in DSPs
or FPGAs. The reference voltages are sinusoidal, even for
overmodulation mode. Simulation and experimental results
proves that the proposed simplification produces the same
switching patterns than conventional SVPWM, is simpler
and is faster than other simplifications.

KEYWORDS: Two-level three-phase inverter, space vector
pulse width modulation, triangular carrier signal, undermod-
ulation, overmodulation.

1 INTRODUCTION

Space Vector PWM (SVPWM) is widely used in variable fre-
quency drive applications, by its superior harmonic quality,
less switching losses and extended linear range of operation
(Holtz, 1994; Van der Broeck et al., 1988; Yu et al., 2008).
However, its conventional implementation requires a high
number of mathematical operations, reducing the maximum
speed that SVPWM can be executed in DSPs or FPGAs.

Different researches were made to simplify SVPWM: The
real and imaginary components of space vectors are used
to calculate the switching times without using trigonomet-
ric functions (Shu et al., 2007; Yu, 1999; Zhai and Li, 2008).
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In Lamich et al. (2002), Zhang et al. (2009), the switch-
ing times are defined in terms of the phase references in-
stead of using space vectors. According to Blasko (1997),
Holmes (1996), SVPWM s equivalent to sinusoidal modu-
lation when a zero-sequence component is added to the ref-
erence signals. In Pinheiro et al. (2005) SVPWM is easily
implemented when the neutral points of the inverter and the
load are connected, establishing the concepts of decomposi-
tion matrices.

On the other hand, the SVPWM algorithm must operate in
overmodulation mode to generate as high AC voltages as
possible for a given DC energy source. Different techniques
in literature (Bakhshai et al., 2000; Filho et al., 2004; Pinto
et al., 2000; Yang et al., 2009) modify the references sig-
nals, adapting the formulas for undermodulation mode to
overmodulation mode. Those values are compared with a
triangular carrier to establish the switching sequence.

In this paper, the number of mathematical operations to im-
plement SVPWM algorithm, even for overmodulation mode,
is reduced by the modification of the carrier signal instead of
the references voltages.

The modified carrier depends on the zero-sequence compo-
nent described in Blasko (1997) and the modulation index.
On the other hand, the reference voltages are sinusoidal, even
for overmodulation mode. This fact simplifies the implemen-
tation of SVPWM.

The proposed technique based on modified carrier is com-
pared with conventional SVPWM, Hybrid PWM and the al-
gorithm described in Filho et.al. (2004). Simulation and ex-
perimental results demonstrate that the proposed simplifica-
tion based on modified carrier generates the same switching
patterns than conventional SVPWM, requires a less number
of arithmetic operations and its execution is faster than other
simplifications.

2 SPACE VECTOR PWM

2.1 Two-Level Three-Phase Inverter

The structure of a two-level three-phase voltage source in-
verter is shown in Figure 1. It is composed by six power
transistors (MOSFTET, IGBT, GTO) Q., Qun, Qp, Qvns Qc
and Q.,,, which are controlled by the digital signals s, Sqn,
Sby Sbn, Sc @nd s, respectively. To avoid short circuit in the
energy source and indeterminate output voltages, the switch-
ing states of the upper transistors (Q,, @, or Q.) and the
lower transistor (Qun, Qun OF Q.p, respectively) in the same
leg are opposite.

Pole voltages v, n, vy and vy are the terminal voltages of
each leg respect to the neutral point N (reference point of the
DC supply). These voltages depend of the switching states
of the transistors (Yu, 1999), according to equation (1) :

o=

Where p denotes the phase of the inverter (p = a, b, ¢). Equa-
tion 1 indicates that each output of the inverter has two possi-
ble values. Therefore, there are 23 = 8 switching states, with
their respective output voltages.

0, bvge; ifsp, = 1(switchedon) )
—0, 5vge; ifs, = 0(switchedoff)

In general, the phase voltages (v.0, vso, veo) Of a balanced
star-connected load fed by a three phase voltage source, as a
two-level inverter, depend on the pole voltages (Bose, 2002):

VaO 2 -1 -1 VaN
wo | == -1 2 -1 UpN )
VeO — 1 — 1 2 VeN

2.2 Space Vector Representation

A set of balanced three-phase voltages [v,vpv )T can be rep-
resented through a space vector, a complex number with a
real (v, ) and an imaginary (vg) components defined in the
complex plane, according to equation (3) (Rashid, 2001):

A B R CTian ol I

Table 1 shows the space vectors that represents the eight
switching states of the two-level inverter. Six non-zero vec-
tors (from V to V) divide the complex plane in six sectors
of a hexagon, as illustrated in Figure 2. On the other hand,
two zero vectors (Vo and V) are located at the center of the
hexagon.

Table 1: Output Voltages of the Two-Level Inverter

Vector | s, Sp Se Ve vg

() 0 0 0 0 0

U1 1 0 0 - %vdc 0

Vg 1 1 0 %vdc %vdc

V3 0 1 0 — %vdc % Vde
V4 0 1 1 — %vdc (.})[

U5 0 0 1 — %vdc - % Vde
Vg 1 0 1 %vdc —J3Vde
V7 1 1 1 0 0
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The desired pole voltages [v,.qv.v,]T are represented by
the vector V,., using equation (3) . According to equation
(2) , if the pole references belong to a balanced system, then
they are equal to the load phase references. This vector is
approximated with a combination of the space vectors V to
V-, during the modulation period ¢,,,, according to equations
(4) and (5) :

Vitm = Vit + Vit 4)

ly=1tm — (tw + ty) (5)

Where t,, t, and ¢, are the switching times that V., V, and
the zero vector V, are used, respectively. If V.. is located in
sector s: V, =V and V, = V.1 (except in sector 6, where
Vy = Vl)

Conventionally, the switching times are calculated using
trigonometric functions, according to equations (6) and (7)
(Bose, 2002):

HaGo) o

110

Figure 2: Zero and non-zero vectors of the inverter.

V.| .
ty = \/gtm”UJ sin (g) @)
de

Where || V;. || is the magnitude of the reference vector, and
g is the angle between V,. and V,, as shown in Figure 2.
Trigonometric functions demand many mathematical opera-
tions in DSPs or FPGAs. In order to resolve this problem,
the switching times can also be calculated using the real and
imaginary components of the space vectors. Applying sub-
matrix algebra (Cheng, 1999) to equation (4) :

Vitm=[ Ve Vy [t t,]"

®)
Figure 2 proves that the vectors V., and V,, are not collinear.
Therefore, the matrix [V, V,] is invertible (Cheng, 1999).
Considering V, = [v.q vp5]7, Vo= [Uzavep)? and V, =
[vyavys]T, the switching times can be calculated as follows:

ty -1
L}:[VX Vy | Vity,

Y -1 ©)]
el Tl

ty Vg Uyg vrg |

Table 2 shows the values of ¢, and ¢, for each sector, ac-
cording to equation (8) . The value of ¢, is obtained us-
ing equation (5) . After those operations, the sequence of
the switching states of the upper transistors must be defined.
This arrangement can be done in different ways (Hariram
and Marimuthu, 2005). This paper considers the software-
determined switching pattern described in Yu (1999) and il-
lustrated in Figure 3.

8

Table 2: Switching Times in Function of v, and v, g

Sector | t, t

Y
e o = VO] | = (VB
227;; (31]7‘05 + \/gvrﬁ) ﬁ (_3Ura + \/gvrﬁ)
%::; (\/gvrﬂ) ﬁ (_3Ura - \/gvrﬁ)

e e Vi) = (Vi)

Vdc
\/gvr[i’)

OO | WI N

o VBu)

Vdc

;TTZC (_3Ura - \/gvrﬁ) Qtvn;C (Svroz -
2ug (Svra + \/gvrﬁ)

2.3 Operation Modes of SVPWM

The modulation index m is defined as follows (Holtz, 1994):

Vel

R ET)

Where 2v4./7 is the fundamental peak value of the square
voltage wave. The modulation index varies from 0 to 1,
defining three operation modes (Bose, 2002):

(10)
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e Undermodulation mode (0 < m < 0,907): The refer-
ence vector always reminds within the hexagon, while
the reference voltages are perfectly sinusoidal.

e Overmodulation mode 1 (0,907 < m < 0,952): The
reference vector crosses the hexagon at two points in
each sector. When SVPWM operates in overmodula-
tion mode, there is a loss in the magnitude of the funda-
mental voltage. To compensate this effect, the reference
voltages must be modified. In overmodulation mode 1,
those references are composed by linear and sinusoidal
segments.

e Overmodulation mode 2 (0,952 < m < 1): The refer-
ence vector increases even further compared with over-
modulation mode 1. The reference voltages are com-
posed only by linear segments.

Figures 4, 5 and 6 show the operation region in sector 1
and the reference voltages for the three operation modes of
SVPWM.

Sectors | /4 | t/2 1 t/2 | t/4 | t/4 | 4/2 | t/2 | t/4 |
L3 [ | | | T |
and5 | | | | | | "
| [ T T T | |
— [ [ | —
| | | 1 | | |
I T 1 T I 1 T 1 1
I Voo Vii Vy i Vo Vo Vy @ Vi Vo
Sectors | t/4 | t/2 | t/2 | t/4 | t/4 | /2 | /2 | t/4 |
2,4 . | [ [ | [ | [
and 6 ! ! | i
| [ T T T | |
R N | | | —_—
| [ |  ——— | | [

T T T T I T T T 1
I Voo Vy 1 Vx 1 Vo1 V7 Vi Vy | Vo
Finnire ?' Qnftware-detarmined awitchina cenilienca

2Vdc/ 3

Vdc/ 3

b3 .
rV] O 1‘['

Figure 4: Operation region in sector 1 and reference voltage
for undermodulation mode.

2.4 Turn-on Times

In order to simplify SVPWM algorithm, the turn-on times
ta—ons to—on aNd t._,,, are defined in Filho et al. (2004) to
estimate the state of the upper transistors, to avoid working

Vz Via
2Vdc/ 3

Vdc/ 3

= éV, >

0 T

Figure 5: Operation region in sector 1 and reference voltage

for AvrAvrmandilatian maAAdA 1

Vra

y
2Vdc/3 T

Vdc/ 3

Figure 6: Operation region in sector 1 and reference voltage
for overmodulation mode 2.

with the switching times ¢, ¢, and ¢,. The formulas of the
turn-on times for the sector s (from 1 to 6) are presented in
equations (11) , (12) and (13) :

tm 3fec Yr Lo —
tn [1+ 3 (—um - %g) s=14
ta—on = % |:]- + 231)];1 (721}7“04) ;s =2,5
tm 3f(: Vr . j—
2 [1+2vdc (_vm—i'\/g) ;8= 3,6
11)
(14 2= (ore = VBung) |15 = 1,4
th-on = b [1+ 2t (-253)] s =25
tm 3fc Ur . j—
e [14 2 (va = %2 )| 15 =36
(12)

b 3. s\ .o
J— tm Sfc Ur . —
teom = tn [1+2% <2¢§ s=25
(13)

The factor f. compensates the attenuation of the fundamen-
tal voltage in overmodulation mode. This compensation fac-
tor can be implemented in a look-up table, and depends on
the modulation index: f. is unity in undermodulation mode,
and it tends to infinite in overmodulation mode (Filho et al.,
2004).
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The advantages of working with turn-on times is that the
switching states can be easily determined by a simple com-
parison with a triangular carrier ¢(t), as illustrated in Figure
7 (Pinto et al., 2000). However, the formulas of the turn-on
times require many mathematical operations for each sector
and phase. This problem is solved using the concept of mod-
ified carrier signal, which is explained in sequence below.

3 PROPOSED ALGORITHM

3.1 Simplified Formulas about Turn-on
Times

In Zhang et al. (2009), the switching times ¢, and t, are
expressed in terms of the reference voltages. In this paper,
the same strategy is used, but to express the turn-on times
ta—ons th—on and t._,,,. FOr example, according to equation
(11) , the turn-on time for the phase « in sector 1 is:

ta—on = % l:l + Sfc (_Ura - W>:| S = 174 (14)

QUdC \/§

On the other hand, based on equation (3) :

PTRRCIY: R 200 —(UrbtUre) 1 (Vrb—Yrc)
V] 3 3 V3 (15)
— _ Vg =2(Vra—Urc)
UTOC \/g - 3

As the sum of the three reference voltages is zero in a bal-
anced three-phase system (v,.q + vy + v, = 0):

(16)

—Upe = Uraq + Urb

Figure 7: Comparison between t,_,, and the carrier c(t).

Replacing equations (15) and (16) in equation (14) :

__tm (Ur'af'UTC) ca —
tafon— 2 1_f071|as_]—a4

Vde

tafon:% 1_fcw};szl74

Vdce

(17)

Using the similar procedure to obtain equation (17) , the turn-
on times are defined in function of the reference voltages:

b [1— g, Cueatvm)] g 1 g

tocon =1tz [1— futuallig o5 (1)
t72n, -1 —f. (2%;;;1)”)‘ s=3,6
tn 1 fci(%zljz;mb)_ is=1,4

tyon =4t [1— f@mtua) o955 (19)
tp [1 - f, Qe[ g — 3.
A S

feon = { o [1— fGuctua) g0 5 (20)
% 1—f. (2vT;:rchc)‘ s =3,6

Equations (18) , (19) and (20) have the following structure:

tm (2vrp + vzs)

tp—on = 7 1- fc (21)

Vdc

Where v, is the reference voltage in phase p, while v, is
based on the zero-sequence component described in Blasko
(1997), and depends on the sector s where the reference vec-
tor is located:

Urp; S = la 4
Vzs = Vpq;8 = 2,5 (22)
Upe; 8 = 3,6
3.2 Modified Carrier Signal
Equation (21) can be expressed as follows:
beon =5 = o (32 ) Gup b 0n) @)
p—on — 2 c 2Udc Urp Vzs

If the terms ¢,,,/2 and ¢,,,/(2v4.) are considered as constants,
then six multiplications are needed to calculate the turn-on
times using equation (23) , without considering the estima-
tion of the compensation factor f..

However, it is possible to reduce even more the number of
mathematical operations using the concept of modified car-
rier proposed in this paper.
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Figure 7 indicates that the upper transistor @), is switched on
(sp =1) when the carrier c(t) is greater than the turn-on time:

c(t) > tp—on (24)
From equations (23) and (24) :
c(t) > %m {1 - f07(2v75dtv25):|
2¢(t) > 11— fc (2vrp+v2s)
= |: Vde ) (1 (25)
2Urp +Uzs Z % |:1 - :TL):|

2’1)7@ 2 D;CC |:1 — 72;(;)] — VUyzs

Dividing equation (25) by the amplitude of the reference vec-
tor ||V..||:

R 2 i |- R - e
Vr - Vr Je tm Vr
20,p ><2Ui (L) 17267@)}7 v.. (26)
Vel = \IVellr ) \ 2fc tm Vel
By the definition of modulating index:
1 Q'Udc
— = 27
AL &7
Replacing equation (27) in equation (26) :
2U7~p s |: 2c (t):| Vzs
> 1- — (28)
INAY 2mfe tm Vel

Four variables v,,n = v, /||Vr|], Vasn = vas/||Ve|], k(t) =
1—[2¢(t)/tm) and g(m) = 7/(2mf.) are defined as the nor-
malized (from -1 to 1) reference voltage in phase p, the nor-
malized zero-sequence component, a triangular carrier and a
new correction factor, respectively. The waveforms of g(m)
and k(t) are shown in Figures 8 and 9. Equation (28) can be
expressed in function of these new four variables:

QUT‘IJW Z g (m) k (t) — VUzsn (29)
The modified carrier signal ¢(¢) is defined as follows:
q (t) =g (m) k (t) — Uzsn (30)

The value of s, (p denotes the phase a, b or c in the inverter)
can be expressed in terms of the modified carrier ¢(t):

1(switchon), if2v,py, > ¢ (¢)

% = { 0(switchoff), otherwise (31)

Correction factor
200,

180

160

140

120

£ 100H

80|

60

40

20

0 T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Modulation index (m)

Figure 8: Correction factor g(m).

1 k(t)
0,5ty /
-1

Figure 9: Normalized triangular wave k(t).

Sector identification is required to calculate v, and q(t).
This problem is treated in the next section.

3.3 Sector Identification

In order to identify the sector and estimate the value of vy,
variables by, bs, b3, by and b5 are defined as follow:

= { braeme @
e
b2 ={ Dot ©)
by = xor (b1, ba) (35)
bs = zor (ba, bs) (36)
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Table 3: Sector Identification and Selection of v. s,

Sector | Relation bi| ba| by | by| bs| v.y

1 Vpren < Uppn < |1 112 10 [0 |1 | v
v’r’an

2 Uren < VUran < 0 1 O 1 1 Uran
Urbn

3 Uran < Uren < 0 1 1 1 0 Urcn
Urbn

4 Vpan < Uppn < | 0 |0 [ 2 |0 |1 | v
Urcn

5 Upbn < Upan < |1 [0 |1 |1 |1 | v
UT‘C”L

6 Urbn < Upen < |1 |0 |0 |1 |0 | Vren
U’l”(l?’l

Table 3 shows the values of these variables for the six sectors,
calculated using the relations between the reference signals
in each sector described in Zhang et al. (2009). Equation
(39) determines the value of v.,, based on Table 3 and the
variables b4 and bs.

Uran; 1fb4 = 1andb5 = 1;
Uren; Otherwise.

(37)

Vzsn =

3.4 Complexity of the Proposed Simplifi-
cation

Sector identification requires three comparisons (b1, b2, bs),
two XOR functions (b4, b5), two AND functions and two IF-
THEN sentences. When v, is known, the modified carrier
q(t) is calculated using only one multiplication, one subtrac-
tion and a look-up table. The terms 2v,.q,,, 20y and 2v,.¢,,
can be obtained by three additions, to avoid real-number mul-
tiplications.

As a result, the proposed simplification of SVPWM requires:

e Three additions;

e One subtraction;

e One multiplication;

e Two IF-THEN sentences;
e Three comparisons;

e Two XOR functions;

e Two AND functions;

e One look-up table for g(m), with its respective opera-
tions.

One advantage of the proposed algorithm is that v,.q,, Vrpn
and v,..,, have unitary amplitude, independently of the modu-
lation index. Only their frequencies change according to the
desired electric frequency of the output voltages. Those sig-
nals are perfectly sinusoidal, even for overmodulation mode.

3.5 Comparison with other Modulation
Techniques

The proposed technique is compared with the hybrid PWM
(HPWM) and the simplification of SVPWM based on turn-
on times, respect to their computational complexities (num-
ber of mathematical operations), to prove the advantages
of the concept of modified carrier in the implementation of
SVPWM.

Real-number arithmetic operations complicate the design
and increase the execution time of the algorithms imple-
mented in DSPs or FPGASs (Tzou and Hsu, 1997). Therefore,
an algorithm with a less number of mathematical operations
can be executed faster.

It is considered that the generation of the triangular waves,
sinusoidal functions and look-up tables have the same com-
putational complexity in all cases, while comparisons and
Boolean operations are executed in a negligible time.

3.5.1 Comparison with HPWM
HPWM generates the same switching pattern of conventional
SVPWM, using a triangle-comparison method (Blasko,

1997). In first place, the reference voltages with amplitude
[|V.|| and phase ¢,, are produced through equation (40) :

Urp = [[ Vel sin (0) (38)

After that, the zero-sequence voltagev,, is calculated:

vp = 0,5 [mln (v'r’a7 Urb, Urc) + max (Ura7 Urb, Urc)} (39)

From Table 3 and equation (41) :

Vzh = 07 O (40)
The switching state in the phase p of the inverter is deter-
mined by the comparison established in equation (43) .

5 = { 1(switchedon), ifv,, + v.p > vy (t) (41)

O(switchedofl), otherwise
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According to Figure 9 and Blasko (1997):

v (t) = 0, 5vack (t) (42)
As HPWM does not operate in overmodulation mode, the
comparison between this modulation technique and the pro-
posed simplification of SVPWM will be made only for un-
dermodulation mode, where f. is unity (Filho et al., 2004)
and g(m) is calculated easily:

s

g(m) 43)

" om

Replacing equations (42) , (44) and (45) in equation (30) ,
the upper transistors of the inverter are switched on (s, = 1)
in the proposed technique when the following inequality is
satisfied:

2U?“pn Z ﬁk‘ (t) — Uzsn

2U'rpn > ﬁk (t) — Vzsn

Vel Urpn > 0, 5vgck (8) — 0,5 Vel Vasn
Vpp > v () — 0, 50,4

Upp + Vzs > g (t)

(44)

As a result, the switching states in the proposed simplifica-
tion of SVPWM based on modified carrier signal are deter-
mined by equation (47) :

1(switchedon), ifv,, + v, > v (t)

% = { 0(switchedoff), otherwise (45)

Equations (43) and (47) are equal. Therefore, the proposed
technique and HPWM produce the same switching pattern,
both have a gain of 15% in the use of the DC-link volt-
age, their output voltages have the same harmonic distortion
(THD) and dead times affect them in the same way.

The use of a look-up table requires many comparisons and
mathematical operations. However, if the proposed tech-
nique will operate only in undermodulation mode, as HPWM
does, the modified carrier is calculated from equations (32)
and (45) :

™

a(t) = = |Sh(®)] = veen (46)

Considering (t) = 0, 57k(t) as a new triangular carrier with
the same computational complexity of v,(t) or k(t), the pro-
posed simplification can be implemented using three addi-
tions, one subtraction and one division. On the other hand,

Table 4: Number of Arithmetic Operations for HPWM

Procedure Additions Multiplications
Reference voltages 0 3

Estimation of v, 0 1

Addition of v,;, to | 3 0

the reference volt-

ages

Total 3 4

Table 4 indicates that HPWM requires three additions and
four multiplications. Equation (15) could be used in both al-
gorithms to generate the third reference signal (for balanced
three-phase systems). In that case, HPWM requires three
multiplications. As a result, the proposed technique has less
computational complexity than HPWM in undermodulation
mode. It is only necessary a small one-dimensional look-up
table to estimate g(im) when overmodulation operation mode
is needed.

3.5.2 Comparison with Other Simplifications of
SVPWM

The proposed simplification based on modified carrier sig-
nal was deduced from the algorithm explained in Filho et al.
(2004): Firstly, the turn-on times were expressed in terms of
the reference voltages. In second place, the inequality that
controls the switching states was expressed in terms of the
modulation index and the zero-sequence voltage v,4,. Fi-
nally, the modified carrier ¢(t) was defined.

The main advantage of the proposed algorithm based on
modified carrier signal, respect to other simplifications of
SVPWM as the described in Filho et al. (2004), is that it
requires a less number of mathematical operations because it
works directly with pole references instead of space vectors.
Equations (11) , (12) and (13) can be expressed as follows:

tpfon = kO + fc (klvra + kZUTﬁ) (47)

Where kg = 0,5¢,,, whilek; andk, depend of the sector and
the phase. According to equation (??) , the calculus of the
three turn-on times requires nine multiplications, six addi-
tions and two sinusoidal functions (to represent v,.,, and v,.g).

On the other hand, equation (30) indicates the proposed sim-
plification demands one multiplication, one subtraction and
three additions. It is only necessary two sinusoidal waves
for v,y and vy, because v,..,, can be obtained from equa-
tion (16) As a result, the proposed technique has less compu-
tational than the implementation of SVPWM using turn-on
times.
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4 RESULTS

4.1 Simulation Results

The proposed simplification of SVPWM was simulated in
MATLAB/SIMULINK, as illustrated in Figure 10. The
source voltage v4. and the modulation period ¢,,, were set
in 200 V and 250 us (1/4 kHz), respectively.

The conventional SVPWM, HPWM and the algorithm de-
scribed in Filho et.al. (2004) were also simulated, as shown
in Figure 11, in order to make comparisons with the proposed
technique.

Three simulation tests were made, to cover undermodulation
and overmodulation modes:

e Test 1 (Undermodulation mode): m = 0,85 (||V..|| =

108,23 V) and 60 Hz.;
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Figure 10: Simulation diagram of the proposed algorithm.

; X » »
vran g e % sa vaN |
B__’X »vb 0 vbz |:|
vion sb VDN | Pl
Pt
X P(ve vez _
vicn ! >= sc voN Py

carriert

Inverter 1 HPWM

A\ 4

AL’

I’_>>=
I3 ‘Dwa v [
5 . D
*:D_. o |
>
» —>
E—_'—I " te_on —>

Modulation fc
index Filho et. al., 2004

L |Vr D

f2 sb

camierd Table 2 and Figure 3

f1 tb_on

sc voN (P

Tum-on
times

[]

Conventional SVPWM

Inverter 2

vVYyY
&
<
2

y v VY

<
S
z

A,

nverter 3

Figure 11: Simulation diagram for HPWM, conventional
SVPWM and the simplification based on turn-on times.

Table 5: Peak Values of the Fundamental Components for the
Simulation Tests.

Test | Reference (V) | Real (V) Error (%)
1 108,23 108,18 0,042
2 119,68 119,57 0,095
3 124,78 124,78 -0,021

Table 6: THD of the Output Voltages for Test 1

Modulation technique | THD of pole | THD of phase
voltage v, voltage v,o

Conventional 38,58% 22,76%

SVPWM

HPWM 38,58% 22,76%

Turn-on times 38,58% 22,76%

Proposed algorithm 38,58% 22,76%

e Test 2 (Overmodulation mode 1): m = 0,94 (||V.|| =
119,68 V) and 60 Hz;

e Test 3 (Overmodulation mode 2): m = 0,98 (||V,|| =
124,78 V) and 60 Hz.

The pole voltages and the line-to-line output voltages for
the three tests are shown in Figures 12, 13 and 14. The
magnitudes of the fundamental components of the pole volt-
ages were founded using the Fourier Analyzer block of
SIMULINK. The comparisons between the reference and the
obtained pole voltages, presented in Table 6, prove that the
proposed simplification can generate the desired voltages.

The total harmonic distortion (THD) of the pole voltage v, v
and the load phase voltage v, for the mentioned modulation
techniques are shown in Tables 7 and 8. The load phase volt-
ages were obtained through equation (2) , while THD was
measured using the FFT Analysis Tool of MATLAB.

The proposed technique was compared in overmodulation
mode only with the algorithm based on turn-on times be-
cause HPWM are not defined in this operation mode. The
results indicate that the mentioned techniques have the same
THD. Small differences in test 3 are produced by the numer-
ical precision of the look-up tables.

Table 7: THD of the Output Voltages for Test 2 and 3

Modulation technique | THD of pole | THD of phase
voltage v, n voltage v,o
Turn-on times: test 2 29,94% 16,41%
Proposed: test 2 29,94% 16,41%
Turn-on times: test 3 34,21% 17,35%
Proposed: test 3 34,19% 17,31%
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Figure 13: Test 2 (m = 0,94): Output voltages.
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Figure 16: Test 2 (m = 0,94): Line-to-line voltage v,,. Vertical
scale: 100V/division.

Figures 18, 19 and 20 show the stator currents of the motor.
Figure 14: Test 3 (m = 0,98): Output voltages. An evident distortion in the waveform of the stator current
appears in test 3, because the phase voltages which give en-
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Figure 17: Test 3 (m = 0,98): Line-to-line voltage v,;. Vertical
scale: 100V/division.

ergy to the motor are near to the six-step operation (m = 1),
where the harmonics of higher energy are concentrated in the
low-frequency spectrum.
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Figure 18: Test 1 (m = 0,85): Stator current i,. Vertical scale:
200 mA/division.

4.3 Evaluation of Execution Time

The execution times of the proposed simplification and
the algorithm presented in Filho et al. (2004) were com-
pared experimentally. Both algorithms were designed in the
files “proposed.mdl” and “reference.mdl” respectively. The
SIMULINK diagram of the reference algorithm is presented
in Figure 21. The MASTER-BIT-OUT blocks transfer the
logic signals to the digital output ports of the DSP.

The time required in the execution of an algorithm deter-
mines the maximum sampling frequency (fs = 1/t,) that a
DSP or FPGA can operate, because all the mathematical op-
erations must be done before the beginning of the new sam-
pling cycle. Otherwise, the algorithm can not be executed.
Figure 22 illustrates this necessary condition.

Ts. aeams/-;Nﬂm&mwm K

A/‘A

‘ \

Figure 19: Test 2 (m = 0,94): Stator current i,. Vertical scale:
200 mA/division.

15 ccons/ Il e K

Figure 20: Test 3 (m = 0,98): Stator current i,. Vertical scale:
200 mA/division.

Both algorithms were tested trying to be loaded in the DSP
considering a sampling time of 12,5 us (1/80 kHz). Figures
23 and 24 present their respective loading processes. Only
the proposed simplification was successfully loaded in the
DSP. This fact proves that the proposed technique can be ex-
ecuted faster than the simplification described in Filho et al.
(2004).

A simpler and faster SVPWM algorithm is suitable in the
implementation of closed-loop variable frequency drive ap-
plications, because it allows working with higher sampling
frequency to acquire information of currents, position or me-
chanical speed.

5 CONCLUSIONS

This paper presents a new simplification of SVPWM for un-
dermodulation and overmodulation modes, based on the new
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Figure 21: SIMULINK diagram of the SVPWM algorithm used
as reference.
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Figure 22: Requirement to execute successfully an algorithm
in a DSP.
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LOADING APPLICATION "reference.sdf" ...

[#1] ds1104 - RTI: Initializing ... (720)

[#2] ds1104 - RTI: Initialization completed (721)
[#3] dsll04 - RTI: Simulation state: RUN (700)

[#4] ds1104 - RTI: Task Overrun: Program cannot be
executed in real-time. (12)

[#5] dsl1104 - RTI: Task Overrun: Occurred in task
"Timer Task 1", execution step 2. (502)

[#6] ds1104 - RTI: Simulation state: STOP (702)
LOADING FAILED (2): Program has set an error message.

MAKE PROCESS ABORTED
*** Stopped RTI build procedure

>> v
4\ start

Figure 23: Loading process of the reference SVPWM simpli-
fication.
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[#1] ds1104 - RTI: Initializing ... (720)

[#2] ds1104 - RTI: Initialization completed (721)

[#3] ds1104 - RTI: Simulation state: RUN (700)

LOADING FINISHED

MAKE PROCESS SUCCEEDED

### Successful completion of Real-Time Workshop build
procedure for model: proposed

*** Finished RTI build procedure for model proposed

>> v
4\ Start.

Figure 24: Loading process of the proposed SVPWM simpli-
fication.

concept of the modified carrier signal. This technique uses a
small set of mathematical operations, while the sector iden-
tification is made using reference pole voltages and only re-
quires a small one-dimensional look-up table to operate in
overmodulation mode. The proposed simplification has a
faster execution time in DSPs than other simplifications in
literature, making possible the implementation of SVPWM
algorithm in DSPs or FPGASs using higher sampling frequen-
cies, which is suitable in variable frequency drive applica-
tions.

On the other hand, the proposed technique produces the same
switching pattern that conventional SVPWM and HPWM.
As a result, all these modulation technique produce the same
harmonic distortion and are affected for dead times in the
same way.

A future work consists in the use of the proposed simplifica-
tion in a closed-loop speed control of three-phase motors.
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