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Using the MatLab/Simulink mathematical model of a three-phase three-level voltage
inverter, the influence of the space-vector modulation (SVM) algorithm on the pulsa-
tions of the current (torque) of an AC motor in the range of low rotation speeds is
considered. It is shown that the SVM of the second kind does not provide a pulsations
level comparable to the pulsations of a sinusoidal pulse-width modulation (SPWM),
both in the static mode of the drive operation and in transient modes. In such case, the
current pulsations cannot be reduced by changing the modulation algorithm, which
almost excludes the possibility of using such transducers in high-quality adjustable
instrumental AC electric drives. At the same time, SVM of the first kind can be con-
sidered as an alternative to SPWM, as it allows to reduce the current pulsations in the
largest part of the control range to a comparable level, and in the last quarter of the
control range to values significantly lower than with the SPWM. The asymmetry of
the inverter characteristics with the SVM is noted for different directions of the
modulation vector rotation.

Keywords: three-level voltage inverter, space-vector modulation, sinusoidal pulse-
width modulation, modulation algorithms, current pulsations, instrumental electric
drive

Introduction. The creation of the optical telescopes of trajectory measurements (TTM) and
their control systems for solving problems of near-Earth space monitoring is one of the most difficult
tasks of modern precision instrumentation. The complexity of this task lies in the fact that the TTM
electromechanical control systems are instrumental servo drives, which solve the problem of super-
posing the optical axis of the telescope with the sight line of the observed moving object or the prob-
lem of space stabilization of the telescope field of view and the optical image in its focal plane. They
should provide a unique high quality guidance: at the level of ones of angular seconds at speeds of
rotation from ones of angular seconds per second to tens of degrees per second [1, 2].

The use of a direct electric drives based on torque motors, high-precision optical angle sensors,
and high-efficiency power transducers makes possible to create TTM guidance systems that meet mo-
dern requirements of the world instrument producing and provide the required accuracy of guidance.

With that, the servo drives of the TTM should be designed taking into account the elastic link-
age, friction, disturbances actions from the bearings and cable transition, and the discreteness of
electromagnetic processes, what considerably complicate the control processes [3].

The power transducers of the instrumental servo drives of the TTM, which are developed at the
ITMO University, are the energy-efficient voltage inverters with various modulation algorithms [4].

It is known that voltage inverters, being pulse regulators, form a load current that contains, in
addition to the smooth component high-frequency pulsations. These pulsations inevitably lead to un-
desirable pulsations of the motor torque in precision servo drives [4].

There are two obvious approaches to solving the problem of reducing the pulsations of current
and torque: 1) increasing the number of possible states of the output voltage of the inverter by
increasing the number of switching components; 2) improving the states changing algorithm of the
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invertor. The first one leads to the creation of multi-level inverters with various structures (capacitor-
clamped inverters, diode-clamped inverters, cascaded inverters and cascaded hybrid inverter) com-
bining two types of modulation: amplitude and pulse-width (PWM) [5]. The second approach pro-
vides the development and the improvement of pulse-width modulation algorithms. In the last two
decades, much attention has been paid to studying the space-vector PWM (SVM) algorithms, char-
acterized by a high level of the fundamental harmonic of the output voltage, a low harmonic factor
of the current in the load, less switching loses, and good conditioning with microprocessor control
systems. Certain successes have been achieved by developing algorithms that generate additional
virtual base vectors via cyclic switching [6, 7]. There are researches of improving the algorithms
which use additional states of switches corresponded to real base vectors [8, 9], as well as algorithms
optimized using neural network controllers [10, 11].

However, SVM also includes additional sequences of forming the base vectors within the cy-
cle, which obviously must lead to different pulsations of the flux-linkage (current) vector. Moreover,
within the switching cycle, the durations of the calculated intervals retain their values, what should
also affect the pulsations, as this corresponds to the sampling of the modulation signal. This paper is
devoted to the investigation of the influence of these factors on the current pulsations in load of the
voltage inverters.

Algorithms of space-vector modulation. In the case of SVM, the intermediate states of the
output voltage of the inverter and the modulation signal are represented by space vectors. The possi-
ble inverter states conform to a finite set of vectors called base vectors. For the most widespread
three-phase inverters, the ends of the base vectors split the plane into equilateral triangular segments
and sectors located between the phase axes (Fig. 1).

Fig. 1

The principle of SVM consists in sequential forming the three base vectors nearest to the end

of the modulation vector U =U*ej9*. What is more, the forming duration of these vectors is deter-
mined by the values of the skew-angle projections of the end of the vector U” on the sides of the
triangle of the corresponding segment. In sum the three durations form the modulation period
T, =const. The microcontroller function is to determine the current segment and the forming dura-
tions of the base vectors.

By the arrangement of the vertices relative to the axis of the phase A, two types of the basic
vectors segments are formed. Denote them as A- and V-segments due to similarity (Fig. 2).
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Durations t;, t, and t; corresponding to the forming intervals of the vectors U;, U, and U,

can be calculated using an obvious formula U” = U; + A;, where

1)
along with geometric constructions
am:bs:t_lzrlzm;
T, V3
ao:cr:t—2=rz=A100581—am-sin300=A100581—t—1, (2)
T 2T,
t 2A; . T
bp=cn="_z=13=1-1,-7 :1——15|n(8 +—).
Y T, 3 17 T2 NE 173

These equations also allow to define vectors A, =bp+bs and Az =cn+cr. In this case, the
durations t; =U;, 1, =U, and 15 = U5 are the same regardless of what difference A is used to cal-

culate the vector U" =U; +A; =U, +A, = Uz +Ay. Usually, the real number axis o is superposed
with the winding axis of phase A. To determine the durations t;,1,, and t3, equations (2) are used,

regardless of which sector of the SBV (surface of the base vectors) the vector U”is in. To do this, its
j-rem(SS*/n)

*

U le

rem(a/b) is the function that returns the remainder after division of a by b. This sector is called basic
sector.

Equations (1), (2) used to calculate the durations of intervals in the A-segment (Fig. 2, b) will
be true for the VV-segment if you save the coordinates system and the notation for it. However, the
angle 9, will be negative and the value sin$; should be calculated in absolute value.

position is reduced to the first sector by a simple transformation U" = , Where
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Usually, to form the time intervals a two-sided symmetrical PWM of the second kind is used
(Fig. 3). In this case, the durations t;,1,, and t3 are determined at the beginning of the modulation
period T.. With that, the halves of two intervals are formed at the beginning and the end of the pe-

riod. Such a modulation algorithm provides the best harmonic composition of the load voltage and
current with the least number of commutations. However, the forming sequence of these intervals
may be different. Along with this, the spectrum of the load currents will be different too.

1,0 — 1,=f(t)
oy / F‘\\ - — T+1,=f(1)
E f;’; \\\ === 1, =f(kT)
. e T T=H(KTY)
o U

b
i
Lt s
S o I S
A AL T A
X FATIE [ A
NS R
ot b N/
N/ o iy 1N/
el Ly 1Y
R b
| || | 1
E;; | il [
| |I | |1
- T
| |
7 %
7 1
o] ey SVM2
|l |
I I | P! I
I 1l " o L
PR | IR
:% Ty T3 .Tz 'Tl :
| > 5
| 2 2 2
| | |
I I
| |
| : L |
| |
! |
I | | | SVM1
Lo | |
[ I | [
I I | 11 |
e
LT Ty T3 T3 T :
< 1,0 b
,. »
Fig. 3

The questions related to the effects of the modulation algorithm on the load current pulsations
using the example of a three-level voltage inverter considered below. Fig. 4 shows the base sector of
such an inverter. There are three-digit numbers denoting the normalized phase voltages standing for
the vertices of the segments which conditional numbers are indicated in the circles.

Basic sector could be splitted into three modulation zones. The first zone includes a linear

modulation area of the segment | corresponding to the modulation level OS‘U*‘<\/§/2zO.866

(Fig. 4). In this zone vectors with zero and single values of the phase voltage are formed, what corre-
sponds for a linear two-level inverter. The second zone includes segments I, 111, and IV at the modu-

lation level 1.0§‘u*‘<\/§z1.732. Each of three levels of the normalized phase voltages — O, 1,

and 2, are used while forming the base vectors, but a zero vector is not used. The third modulation
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zone, called the transition zone, corresponds to \/§/2£‘U*‘<1.0 (in Fig. 4 it is shaded). In this

field, the modulation is carried out in two segments (I and II1), which belongs to different types. Just
as in the second zone, all three levels of the normalized phase voltages are used here, but unlike to
the second zone, a zero vector is used.

p

Fig. 4

We introduce the definition of the modulation coefficient k,, as the ratio of the absolute value

of the modulation signal ‘U*‘ to the voltage of the first level. In this case, range of the linear voltage

regulation is obtained as 0 < k,, <~+/3~1.732.

A possible variants of the algorithms (sequences — Sq) of formatting the base vectors in the

linear two-level modulation zone are considered below. There are six such variants (Fig. 5). The vec-
tor 000 or the vector 111 could be used as the zero base vector. In the first case, there is no commu-
tations in phase C of the inverter, in the second case there is no commutations in phase A.
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Changing the algorithm of the base vectors formatting changes the trajectory of their switching

within the segment. This leads to changes in the shape of the current vector hodograph and, conse-
quently, to changes in the magnitude pulsations.
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Moreover, the voltage and the current hodographs change when the direction of the modula-

tion vector U™ rotation changes. For the instrumental drives, it is important to maintain the charac-
teristics symmetry of the transducer in the reverse, therefore, it is required to change the switching
trajectories of the base vectors to mirror-symmetrical related to the bisector of the central angle of
the basic sector (it is shown by dashed lines in Fig. 5). This is because the current vector hodograph
is a response to the influence of the voltage vector in the target direction. Therefore, the sequence
formation of the base vectors in the segments has to be the same towards the direction of rotation.

For example, if at some random initial position of the vector U” in the segment | (Fig. 4) for motion
in the positive direction the vector 3, which is the last in the direction of rotation, is formed the first
in the algorithm 3-2-1-2-3, then, to move in the opposite direction, the extreme vector 2 should be
formed the first, and the algorithm should be 2-3-1-3-2. This condition is provided by changing of
the algorithms in pairs that have the property of mirror symmetry of the switch trajectories: 1-2, 3-5
and 4-6 (Fig. 5).

The SVM asymmetry considered in the example of the segment | is also inherent in processes
in all other voltage inverter segments with any number of the modulation levels.

A feature of the SVM consists in abrupt changes of the switching algorithm in the transitions
of the modulation vector from one segment to another as the result of the rotation, as well as in the

transitions from one modulation zone to another as the result of the absolute value of U™ changing.
The tasks of the modeling and evaluating of the transformation quality. Rotation of the

modulation vector with a constant absolute value within the SBV segment causes a monotonous

changing the formation durations t; and t, of the base vectors (Fig. 6). Usually, for the SVM, the

durations are calculated at the beginning of the modulation period, which corresponds to modulation
of the second kind — SVM-2. In this case, symmetric commutation functions are obtained, but in-
formation about changing of the modulation signal within the modulation period is lost. Symmetry
improves the harmonic composition of the voltage and the current in the load of the inverter, but
slows down the response to the changing in the modulation signal. In fact, any type of the PWM of
the second kind, including SVM-2, is a discretization of the modulation signal. This is not signifi-
cant for transducers used as unregulated power supplies or regulated in a small range, which dynam-
ics behavior is not imposed high requirements. For the frequency converters of the AC instrumental
drives the rising action is an important parameter. For that reason, the problem of choosing the type
of modulation is always relevant. If the processor power allows calculating of t; and t, within the

modulation period, then the modulation of the first kind (Fig. 3) can be used in the voltage inverter,
what should decrease the pulsations of the load current.

T

==—1(8) A=0.6
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s —13(9) =z
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Fig. 6

In this article, a three-level inverter is chosen as the object of the investigation, since the influ-
ence of the modulation algorithm in the different modes is the most clearly manifested in it. At the
same time, obtained results can be extended to the inverters with a larger number of levels, as well
as to the two-level inverters. In addition, with deep regulation, what is necessary to create infra-low
speeds of the instrumental drive, regardless of the total number of the inverter levels, the current
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formation takes place in two or three-level operation mode. With that, the EMF of the motor rotation
is practically equal to zero, and for the inverter it is a passive resistive-inductive load. Therefore,
a symmetrical RL-circuit was used as the load.

To exclude the influence on the result of other factors, the study was realized in the
MatLab/Simulink environment on the model of an ideal three-level inverter (Fig. 7). Each phase of
this transducer is a group of five ideal switches (Sp;...S5) With a switching algorithm that corre-
sponds to the next condition at every time moment:

SC]. + SCZ + Sc3 + Sc4 + SC5 :1,
where Sp;...Sas; Sgi---Spss Sci---Sci are the switching functions of the switches that take the value
of one in the closed state and the value of zero in the open state.
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Fig. 7
The frequency of the fundamental harmonicg f; was used in the model as the base value, in re-
lation to which the modulation frequencies f, multiplied of six and the electromagnetic time con-
stant of the RL-load Ty, =R/L=1/(5f;) were used.
Usually the quality of the transducer is estimated by the total harmonic distortion coefficient of

the phase current waveform
o0
2l
Ky =-%2

9
1
However, the task of the inverter of the AC drive is to form a circular hodograph of the current
vector, so the quality of the transducer should be estimated from the pulsations of the current module

|1]. This can be done using the coefficient of variation

1% 2
JEJUW04W)m
K,="—% ,
I
11
where m :T—I|I|(t)dt is the average value of the absolute value for the period of the fundamental
1o

harmonic T, =1/ f;.
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Estimation of the stator flux (current) deviation can be made by integrating the error during the
modulation period [12]. However, such estimation is not related to the power of the higher harmon-
ics and therefore inadequately reflects their influence on the electromagnetic torque of the machine.

One can show that for an equal spectrum of the higher harmonics of the phase current and the
absolute value of the current vector between Ky and K, there is a linear relationship

Kg /K, =2
However, the phase current is the projection of the current vector onto the phase axis, and if
the current absolute value contains higher harmonics, that is

1] =19+ D Iy sin(kot +By) ,
then the current vector rotates with the frequency ® and equals to
I=[lg+ Y Iy sin(koot +By) Je),
and the current of phase A is
Re(D)=ia(t)=[ Ig+ Y Ik sin(kot +ay) [cos ot =

=g COSmt+ZI%k{sin[(k +Dot +ay |+sin[(k-Dot + oy ]}.

Consequently, the spectrums of the higher harmonics of the phase current and the absolute
value of the current vector are different, so the quality of the transformation should be estimated us-
ing the coefficient of variation.

Until now, the question of using SVM in an AC drive as an alternative to sinusoidal PWM
(SPWM) is still open [13—17]. The characteristics of the SPWM are also investigated in this article,
it allowed to compare them with the characteristics of the SVM.

Results of the investigation and conclusions. Fig. 8 shows the main results of the parallel
simulation of a three-level inverter with the SPWM and the SVM for the equal average values of the
absolute value of the load current vector in the static mode (Fig. 8, a, ¢); Fig. 8, b, d shows the graph
of the coefficient K, for the various combinations of the modulation algorithms in A- and

V-segments. Fig. 9 shows the response of the current vector to a linear increasing of the absolute
value of the modulation vector.
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Based on these results, the following conclusions can be drawn.

1. Spectral characteristics of the inverters with the SVM have abrupt disturbances associated
with the modification of the modulation algorithm, when the modulation vector passes from one
segment to another, from one modulation zone to another, and also with changing the direction of its
rotation. Inverters with the PWM don’t have this disadvantage.

2. Inverters with the SVM-2 form a current in the load with significant pulsations, what cannot
be reduced by the choice of the modulation algorithm. This excludes the possibility of using such
transducers in high-precision adjustable AC electric drive.

3. Using SVM-1 in a three-level inverter allows:

— to reduce the current pulsations in the load more than twice in the entire range of regula-
tion;

— practically to eliminate the abrupt change in the current spectrum at the lower boundary of
the transition zone of the modulation;

— to reduce the current pulsations in the transition zone by choosing the optimal modulation
algorithm;

— to consider such a transducer as one of the possible variants of a regulated power supply for
an instrumental AC drive.

4. Sinusoidal PWM has an absolute advantage in comparison with SVM-2, since it doesn’t
have a discontinuity of spectral characteristic. However, in the transition to three-level modulation
(ky, 21.0), the current spectrum sharply changes. In the static mode, the current pulsations at the

SPWM corresponds approximately to the lower boundary of the pulsation area of the SVM-2 in the
two-level mode and significantly exceed these limits in the three-level mode, especially at the high
modulation frequency.

5. Compared to the SVM-1, the sinusoidal PWM has no advantages in the two-level mode, but
up to the middle of range of the three-level mode, the current pulsations with the SPWM correspond
to the lower boundary of the pulsation area of the SVM-1. At the same time, in the range close to the
upper limit of the modulation coefficient (k,, >1.4), the SPWM is worse than the SVM-1 by the

magnitude of the current pulsations. However, in the instrumental drive, this area usually corre-
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sponds to the motion with a high speed, where the pulsations of current and torque don’t have a sig-
nificant effect on the drive characteristics.

The analysis of the obtained results allows drawing a conclusion about the expediency of using

the SPWM in the inverters of the instrumental drive, all other things being equal.
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2MHcmumym anekmpomexHuku e Bapwaee, [0biHs, Nonbwa

C ucnonb3oBaHveM matematmdeckorn mogenu MatLab/Simulink TpexdasHoro TpexypoBHEBOTO WH-
BEpTOpa HAaMpshKeHUsi PacCMOTPEHO BMWSHWE anropuTMa MNPOCTPAHCTBEHHO-BEKTOPHOW MOAYMALMN
(MBM) Ha nynbcauum Toka (MOMEHTa) ABWUraTens nepemMeHHOro Toka B 06nactu HU3KMX CKOpOCTEN Bpa-
weHus. MokasaHo, yto NBM BTOpOro poga He obecneynBaeT ypoBHS MynbCcaLui, CONOCTaBUMOrO C Myrb-
cauusiMu Npu CUHycouaansHOW LWMPOTHO-uMNynbcHon moaynauum (CLUMM), kak B cTaTU4eCKOM pexume
paboTbl MPMBOAA, Tak U B NepPexodHblX pexumax. [pn aTom nynbcauum Toka He MOryT GbiTb YMEHbLUEHbI
nyTeM U3MEHEHNS anropuTMa MOAYNALMN, YTO MPAKTUHECKN UCKIIOYAET BO3MOXHOCTb NMPUMEHEHMS Takux
npeobpasoBaTteneil B BbICOKOKAYECTBEHHbIX PerynupyemblX npubopHbIX NPpMBOAAX MEPEeMEHHOro TOKa.
B 10 e Bpemsa NBM nepBoro poga moxeT paccmaTpuathbes kak anstepHatusa CLUNM, Tak kak nosso-
naeT yMeHblWTb Mynbcauun Toka B 6onbluert YacTu AuanasoHa perynmpoBaHus 4O COMOCTaBMMOrO
YPOBHS, a B NOCnefHen YeTBEPTN AnanasoHa — A0 3HAYEHUN, CYLLECTBEHHO MeHbLUKX, YeM npu CLUMM.
OTMeueHa acuMMeTpusi XapakTepucTuk nHeeptTopa ¢ NMBM npu pasHbix HanpaBneHUsaX BpaLLEeHNs BEKTO-
pa Moaynsumn.

KnioueBble cnoBa: TPEXYPOBHEBbLIN MWHBEPTOP HAaMPSXKEHWS, MNPOCTPAHCTBEHHO-BEKTOPHAS
MoZynsiLWs, CUHycoMaanbHasi LUMPOTHO-UMMYNbCHAs MOAYMsLWs, anroputM MOoZymnsiuvu, nynbcauuu
TOKa, NPUGOPHBIN 3NEKTPONPUBOS
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