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Multilevel Multiphase Space Vector PWM Algorithm

Oscar Loépez, Member, IEEE, Jacobo Alvarez, Jests Doval-Gandoy, Member, IEEE, and
Francisco D. Freijedo, Member, IEEE

Abstract—In the last few years, interest in multiphase con-
verter technology has increased due to the benefits of using more
than three phases in drive applications. Besides, multilevel con-
verter technology permits the achievement of high power ratings
with voltage limited devices. Multilevel multiphase technology
combines the benefits of both technologies, but new modulation
techniques must be developed in order to take advantage of
multilevel multiphase converters. In this paper, a novel space
vector pulsewidth modulation (SVPWM) algorithm for multilevel
multiphase voltage source converters is presented. This algorithm
is the result of the two main contributions of this paper: the
demonstration that a multilevel multiphase modulator can be real-
ized from a two-level multiphase modulator, and the development
of a new two-level multiphase SVPWM algorithm. The multiphase
SVPWM algorithm presented in this paper can be applied to most
multilevel topologies; it has low computational complexity and it is
suitable for hardware implementations. Finally, the algorithm was
implemented in a low-cost field-programmable gate array and it
was tested in a laboratory with a real prototype using a five-level
five-phase inverter.

Index Terms—TField-programmable gate array (FPGA), mod-
ulation algorithm, multilevel multiphase converter, space vector
pulsewidth modulation (SVPWM).

I. INTRODUCTION

OST OF the variable-speed electric drives use three-

phase machines. Nevertheless, since variable-speed ac
drives include a power electronic converter, the number of
machine phases can be higher than three. Major advantages of
using a multiphase machine instead of a standard three-phase
one are [1], [2]:

1) improved reliability and increased fault tolerance;

2) greater efficiency;

3) higher torque density and reduced torque pulsations;
4) lower per phase power handling requirements;

5) enhanced modularity;

6) improved noise characteristics.

Some recent applications of multiphase systems include high-
torque low-speed brushless machines applied to electric vehicle
propulsion [3], permanent-magnet motor drives for ship propul-
sion [4], permanent-magnet motors with low torque pulsation
[5], and series-connected two-motor drives with a single in-
verter supply [6], [7].
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Multilevel converter technology is based on the synthesis of a
voltage waveform from several dc voltage levels. As the number
of levels increases, the synthesized output voltage gets more
steps and produces a waveform which approaches the reference
more accurately. The major advantages of using multilevel
inverters are [8], [9]:

1) high voltage capability with voltage limited devices;
2) low harmonic distortion;

3) reduced switching losses;

4) increased efficiency;

5) good electromagnetic compatibility.

Multilevel converters have been extensively studied in a
wide variety of applications. Recent industrial applications
of multilevel inverters include induction machine drives [10],
active rectifiers [11], interface of renewable energy sources to
the utility grid [12] and static synchronous compensators [13].
Recently, an initial attempt to integrate a multilevel inverter
with a multiphase machine was carried out which demonstrated
the advantages of combining both technologies [14].

The space vector pulsewidth modulation (SVPWM) tech-
nique offers significant performance benefits and has proved
to be very popular in three-phase systems [15]. In [16], a
simple SVPWM algorithm for multilevel three-phase topolo-
gies was presented. The method introduced in [17], for three-
phase inverters with neutral, was later extended to four-wire
topologies in [18]. Recently, in [19], a new SVPWM method
for single-phase converters has been presented. With regard
to multilevel multiphase SVPWM, an algorithm for a neutral
clamped five-phase inverter was proposed in [20]. However,
it does not address the extension of the method for a higher
number of levels or phases or its application to other multilevel
topologies. In this paper, a generic algorithm to perform the
SVPWM for multiphase inverters is presented. This algorithm,
which is valid for the typical multilevel topologies, is the result
of the two main contributions of this paper: the demonstration
that a multilevel multiphase modulator can be realized from a
two-level multiphase modulator and the development of a new
two-level multiphase SVPWM algorithm.

Some researchers [21]-[25] have proposed multilevel modu-
lation by using the two-level concept for three phase inverters.
A new method for the switching time calculation, where the
three-level space vector diagram is divided into six two-level
space vector diagrams, is introduced in [21]. However, this
paper does not include the extension of the method for a number
of levels higher than three. In [22], a similar scheme is also pre-
sented for a three-level inverter. This scheme cannot be directly
applied to a multilevel inverter; nevertheless the principle ex-
plained in this paper permits making an /N-level SVPWM from



six (N — 1)-level SVPWM. Therefore, that implies that as the
number of levels increases, both complexity and computation
cost increase exponentially. In [23], the multilevel space vector
diagram is divided into all possible two-level space vector
hexagons. After that, a linear transformation is used to find the
center of one of those hexagons to calculate the switching times.
In [24], a general solution is presented to adapt an existing two-
level modulator to a multilevel inverter. This technique requires
the storage of switching states with a memory requirement that
grows exponentially with the number of inverter levels. A new
expression for the duty cycle calculation in two-level inverters
is proposed in [25]. The method is also extended to multilevel
inverters by adding an offset in the duty-cycle expression. The
technique presented in this paper for implementing a multilevel
modulator using a two-level modulator can be applied to any
number of phases or levels. It has a very low computational
cost, which is independent of the number of levels, and it does
not require lookup tables.

Most of the two-level SVPWM algorithms [26]-[30] for
multiphase voltage converters use a decomposition of voltage
vectors in multiple dq planes instead of using original co-
ordinates in the nontransformed space. Although the decom-
position offers interesting information about producing-torque
and nonproducing-torque components of the voltage [31], the
change of the reference frame implies additional calculations.
Besides, this representation of the switching vectors in many
different planes is complex and difficult to handle in hardware
implementations. Although the vector space decomposition
approach is valid, it was shown in [32] that SVPWM in mul-
tiphase converters is inherently a multidimensional problem
and that the vector selection can be formulated directly in a
multidimensional space. The new two-level SVPWM algorithm
presented in this paper is formulated in the nontransformed
multidimensional space for a generic number of phases. The
computational cost of the proposed method is low, it does not
use trigonometric functions or lookup tables, and it is well
suited for real-time hardware implementations.

The proposed multilevel multiphase SVPWM algorithm is
the result of combining the new two-level multiphase SVPWM
algorithm with the introduced technique to carry out the multi-
level modulation by using a two-level modulator. Consequently,
it is also valid for any number of phases, it has a low computa-
tional cost, and it is well suited for hardware implementations.
Moreover, it can be used with a wide variety of multilevel
topologies with any number of levels.

The multilevel multiphase SVPWM algorithm was im-
plemented for a five-level five-phase inverter in a low-cost
field-programmable gate array (FPGA). The model of the
proposed hardware implementation was verified by simulation
with Simulink. Finally, the real performance of the modulator
was evaluated in the laboratory using a cascaded full-bridge
inverter supplying an inductive and resistive load.

This paper is organized as follows. Section II describes the
mathematical justification of the SVPWM algorithm in depth.
This includes the problem formulation, the demonstration of
multilevel modulation in multiphase systems by using the two-
level concept and the development of the new two-level mul-
tiphase SVPWM algorithm. Additionally, from mathematical

treatment, the new multilevel multiphase SVPWM algorithm
is obtained. Section III addresses the practical implementation
of the algorithm in an FPGA. In Section IV, the implementa-
tion is verified by comparing experimental measurements with
simulation results. Some experimental results are also given to
evaluate the real performance of the implemented modulation
algorithm. Section V includes the conclusions of this paper.

II. ALGORITHM DEVELOPMENT
A. Algorithm Formulation

Since the switching states of any power converter topology
stay at discrete states, the SVPWM is used to approximate a
reference voltage vector V,. by means of a sequence of space
vectors S; = {Vs1, Vsa, ..., Vg } during each modulation cy-
cle. To achieve a proper synthesis of the reference vector, each
switching vector V4; must be applied during an interval 7 in
accordance with the following modulation law:

l
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where the sum of the intervals T); must be equal to the modula-
tion period T’

Z T; =T. )

The reference vector summarizes the voltage reference for each
phase of the system, whereas each switching vector summarizes
the switching state of each phase of the converter

vV, =[VLv2.. . VPt er? 3)

T T

V= [V, V3
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Therefore, the reference vector and the switching vectors be-
long to the multidimensional space R, where P is the number
of phases of the converter.

In most common multilevel topologies such as flying capac-
itor, diode-clamped, cascaded full-bridge or hybrid converters,
the output level of every phase V; is an integer multiple of a
fixed voltage step V. [9], [33]

Vs = nViye, n € 7. 5)
Therefore, vectors and switching times can be normalized by
using the voltage step and the switching period, respectively, to
nondimensionalize (1) and (2)
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It is important to remark that new normalized switching vec-
tors v,; now belong to the multidimensional space of integer
numbers ZF . If the above expressions are substituted in (1) and
(2), the modulation law can be rewritten in terms of the new
normalized variables as

Ve = Vit ©)
(10)

If the reference and the switching normalized vectors are
expressed as follows:

1,2 PT
ve = [0t 02 0] (in
T
Vsj = [’Usjl?vsj2,...,UsjP] (].2)
then (9) and (10) can be rewritten in matrix format as
1 1 1 ... 1
1 1 t
Ve US]_ Usz P Usl t2
2 2 2
Ve — Usq Usd Vs . (]_3)
: : : ¢
P 1
Ur US{J Usg‘ Usgp

The above system of linear equations constitutes the modula-
tion law, which must be solved by the multilevel multiphase
SVPWM algorithm. The problem solving includes three main
steps:
1) searching a set of integer coefficients for the matrix that
permits solving the linear system;
2) solving the system of linear equations to calculate the
switching times;
3) extracting the switching vector sequence from the coeffi-
cient matrix.

The multilevel multiphase SVPWM problem can be simpli-
fied if it is decomposed into the sum of a displacement plus a
two-level SVPWM problem with the same number of phases.

B. Algorithm Decomposition

The reference vector can be decomposed into the sum of its
integer and fractional parts

Ve =V; +Vy, v; = integ(v,) € YA (14)
Components of the new vector v; are integer numbers, and
therefore it belongs to the same space Z* of the switching
vectors and it could be directly synthesized with one of them.
The fractional part v, still belongs to the space R and it cannot
be directly synthesized by means of a single switching vector.
It has to be approximated with a sequence of switching vectors.
Besides, a new set of switching vectors is obtained by dis-
placing all switching vectors the distance given by v;
(15)

Vdj = Vsj — Vi
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Fig. 1. Example of decomposition in the 2-D problem.

If those vectors are expressed as

vi=[o, 02, uF]" (16)
V= [’Ufl,UfQ,. . .,’UfP]T (17)
va = [vatvad,. . val]" (18)

and if (15) is substituted in (13), the new expression for the
modulation law is obtained

1 0 1 1 ... 1 ¢
v L v;! Udé 'Udé ce ”Udg ;
ot || v? | 4| val vaz -.. v (19)
: . N . T . t.!
'U,.p ’ng Udf ’Udg - 'Udjp
Finally, if (14) 1s written as
1 0 1
(US Uil Uf
2 2
Ol I R (20)
vrp U'i,P 'Ufp

and if (19) and (20) are compared, the following relationship
between the fractional part of the reference and the displaced
switching vectors is obtained:

1 1 1 ... 1 ¢
1 1 1 1 1
Uy Vdq Uda <. Udg
2 2 2 2 ta
Uy — | vdy Uda Ud; (21)
P P P P t
vf Vay Vdy .- U4

This new system of linear equations presents the same form
as the general modulation law (13). However, in this case, the
components of vector vy are bounded in the interval [0,1).
Therefore, only the subset of displaced vectors with compo-
nents zero or one is enough to carry out the reference approxi-
mation. Consequently, this new equation represents a two-level
modulator where the reference vector is vy and the array of
switching vectors are the displaced set of switching vectors v ;.
Switching times are the same in the multilevel and the two-level
modulators. Fig. 1 shows a 2-D example of the decomposition
where vector v; coincides with a switching vector and the
subset {[0,0], [1, 0], [0, 1], [1, 1]} of displaced vectors is enough

to synthesize the fractional part of the reference v .
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Fig. 2. Block diagram of the multilevel multiphase SVPWM.

In summary, (19) demonstrates that a multilevel multiphase
modulator can be realized from a displacement plus a two-level
modulator with the same number of phases. Fig. 2 shows a
block diagram of the proposed technique.

C. Two-Level Multiphase SVPWM Algorithm

Once the multilevel problem has been decomposed, the two-
level modulation law (21) has to be solved. To obtain an exactly
determined system of linear equations, the coefficient matrix of
that modulation law must be a square matrix. Hence, the length
of the switching vector sequence .S; must be

l=P+1 (22)

and the particular linear system, which has to be solved, is

1 1 1 ... 1 ;
1 1 1
Uf1 Vd1  Vdg Vdpt1 !
2 2 2
vf — | vai va3 Vdpy1 (23)
P PP . P tpya
vf Vd1  Vda Vdp+1

The objective of the two-level modulation algorithm is to find a
switching vector sequence, that is, the coefficient matrix of the
system (23) should be filled with zeros and ones, thus allowing
a subsequent system solution. Moreover, the coefficient selec-
tion must be carried out taking into account that the switching
times must be always positive after the system solution.

There are many different possibilities to fill the coefficient
matrix. Nevertheless, the whole power system performance
depends on the method employed for calculating the coefficient
matrix. In this way, switching losses are minimized if coeffi-
cients are selected in such a way that consecutive switching
vectors of the switching sequence are adjacent. In other words,
only one coefficient is different in two consecutive matrix
columns. One possible method for calculating such a matrix is
detailed below.

Equation (23) can be written in a shorter form as

HE

Finding a permutation matrix P that puts the elements of the
reference vector v in descending order

*lo )=

(24)

(25)

where
1>0 > 20, >0k > >0,">0 (20

and multiplying both sides of (24) by this permutation matrix
P, we obtain the following equation:

BR

D =PD.

27)

where
(28)

One coefficient matrix D with adjacent consecutive columns
that makes this new system of linear equations exactly deter-
mined is the following upper triangular matrix:

11 1 ... 1
11 1

D= (29)
0 1

As it will be shown below, the switching times obtained with
this coefficient matrix are always positive.

A permutation matrix is an orthogonal matrix so P is invert-
ible and

P !=PT. (30)
Therefore, the coefficient matrix D of the two-level modulation
law can be obtained by solving (28) as

D =P'D. 31)
The permutation matrix P applies a set of elementary row-
switching transformations to the column vector vy. In the same
manner, the inverse set of elementary row-switching transfor-
mations is applied to the matrix D by the matrix PT and,
consequently, the number of ones and zeros in each column
does not change. Hence, the switching number is minimized
because consecutive vectors of the sequence are still adjacent
after the transformation.

Due to the fact that the solution t is the same for both linear
systems, (24) and (27), it can be calculated by using either of
them. The second option seems the best choice because, in this
case, the solution is trivial as shown below

L=, ifj=1
ti=< 0/ —d7, if2<j<P (32)
o7, ifj=P+1.

All intervals calculated by means of the above expression will
always be positive numbers because the coordinates of the
vector Oy obey (26).

In summary, matrix D permits solving the two-level mod-
ulation law getting positive switching times and minimizing
switching number. The two-level switching sequence can be
directly extracted from the columns of that matrix. Fig. 3
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Fig. 4. Algorithm flow chart.

shows the block diagram of the proposed two-level multiphase
SVPWM.

D. Multilevel Multiphase SVPWM Algorithm

The proposed multilevel multiphase PWM algorithm is de-
rived from the previous mathematical treatment. The steps of
this algorithm are summarized in the flow chart in Fig. 4.
First, the normalized reference v, must be calculated from
the reference voltage vector using the expression (7). Second,
the normalized reference has to be decomposed into the sum
of its integer part v; and its fractional part vy by using the
expression in (14). After that, the elements of the fractional
part of the reference have to be sorted out in descending order
to obtain the vector vy. Information about the tasks done in
the sorting process (summarized in the permutation matrix
P) will be used to rearrange the rows of the matrix D to
obtain the matrix D. The next step is to extract the displaced
switching vectors v4; from the matrix D by taking into account

VR“l

v;ﬂl% VRj v

Five-level five-phase cascaded full-bridge inverter.

FBY FB' :I FB' :I FB' :I FB'
FBY FB' h FB' h FB' H FB'
—l—%
=

Fig. 5.

the expression (23). The final switching vectors v,; must be
calculated by adding the integer part of the reference v; to the
displaced switching vectors vg; according to expression (15).
The time corresponding to each switching vector is calculated
directly from components of V¢ by using (32). Finally, trigger
signals have to be generated from the switching vectors and
the switching times. The relationship between switching states
and the particular trigger signals of transistors depends on the
multilevel topology.

The simplicity of the algorithm is here shown by means of
an example in which the steps of the previous flow chart are
followed. Let us consider a multiphase drive where the voltage
reference for each phase k& is purely sinusoidal

-1

k
I/Tk:Asin(wt—i—Qﬂ ) k=1,...,P. (33)

If a voltage amplitude A = 32 V and a speed w = 27 50 rd/s
is considered, the instantaneous reference for a five-phase drive
when t = 3.51 ms is

V, =[28.6,22.6, —14.6, —31.6, 75.O]T (34)
If (22) is taken into account, the switching sequence will
have six switching vectors: Vg1, Vg2, Vs3, Vsd, Vg5, and vgg.

From (6), if voltage step of the converter is Vg, = 20 V, then
normalized voltage reference is

v,

—1.58,—0.25]T
Vi ; ]

— [1.43,1.13, —0.73, (35)

V, =

By means of (14), this vector is decomposed into an integer and
a fractional part

v; =integ(v,) = [1,1, -1, -2, —1]T
vy =v, —v; =[0.43,0.13,0.27,0.42,0.75]"

(36)
(37

If the elements of the vector vy are sorted out in descending
order, the following vector is obtained:

v = [0.75,0.43,0.42,0.27,0.13] (38)
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Fig. 6. Simulink model of the hardware implementation of the SVPWM algorithm.

In accordance with (25), the permutation matrix that carries out TABLE 1
. . . RESOURCES SUMMARY
the above sorting operation is
Target Device : xc3s200
1 0 0 0 0 O Number of Slice Flip Flops: 2,523 out of 3,840 65%
00 0 0 0 1 Number of 4 input LUTS: 2,718 out of 3,840 70%
Number of occupied Slices: 1,918 out of 1,920 99%
P= 01 0000 (39) Total Number 4 input LUTs: 2,762 out of 3,840 71%
0O 0 0 0 1 0 Number of bonded IOBs: 99 out of 173 57%
00 0 1 0 0 IOB Flip Flops: 75
1 Number of Block RAMs: 0 out of 12 0%
00 0 00 Number of MULT18X18s: 0 out of 12 0%
Number of GCLKs: 8 out of 8 100%
The coefficient matrix D is calculated using the expression in ~ Number of Startups: 1 out of 1 100%
(31)as Total equivalent gate count for design: 38,765
11 1 1 11
001111 From (15), the final switching sequence can be calculated by
D—P™ = 00 0 0 01 (40) adding the shifting vector v; to those vectors
- |10 00 0 1 1
000111 Ve =Vi+vg =[1,1,-1,-2,—1]7T
0 1 1 1 1 1

Vgo =V; + Vd2 = [la 1) _17 _2a O]T
The displaced switching vectors can be extracted from this

matrix by means of the expression in (23) Ves =Vi+vaz = [2,1,—1,-2,0]T
vq1 =[0,0,0,0,0]T
vay =10,0,0,0,1]T
vas =[1,0,0,0,1]T

[ ] Ves =Vi +Vay =[2,1,—1,-1,0"
[ ]
[ ]
vas =[1,0,0,1,1]T Veg =Vi+Vag = [2,2,0,—1,0]". (42)
[ ]
[ ]

Vss =V + Vgs = [2a 1,0, _170}T

vas =[1,0,1,1,1]" . .
5 I As expected, consecutive vectors of the sequence are adjacent.

vae =[1,1,1,1,1]T. (41) Therefore, the number of switchings is minimized.
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Finally, the switching times are calculated from the ordered
reference vector V¢ by means of the equation in (32)

t1=1-19,"=0.25

ty =0, —b,” =0.32
ts =0;" — 0;°=0.01
ty =09, =0.15
ts =0, — ;% =0.14

te =, = 0.13. (43)

E. Algorithm Features

The computational cost of the presented SVPWM algorithm
is low and it is independent of the number of levels. However, it
grows slightly with the number of phases because the vector v ¢
includes more components which must be sorted out. Besides,
lookup tables, trigonometric functions or memories to store
predefined switching sequences are not needed. Hence, the
algorithm is well suited for real-time implementation in low-
cost devices.

Several previous two-level multiphase SVPWM algorithms
only use a subset of the space vectors [34] for practical reasons
because of the high number (2F) of available space vectors in
multiphase systems. Nevertheless, in the proposed modulation
technique, even with the higher number (N¥) of available
space vectors in multilevel multiphase converters, all space
vectors are handled by the algorithm without discarding any
of them. In addition, the provided switching vector sequence is
so that it minimizes the number of switchings. Hence, no extra
effort is needed to achieve this significant goal.

If the modulation index m is defined as the ratio of the peak
fundamental of the output voltage to the dc voltage step

vaund
m = 44)
Vdc

and if harmonic injection is not considered, the modulation
index has a range of

(45)

III. ALGORITHM HARDWARE IMPLEMENTATION

The Digilent S3 board was used to implement the new
SVPWM algorithm for the five-level five-phase cascaded full
bridge inverter in Fig. 5. This board hosts a XC3S200 FPGA
from Xilinx which has 4.320 logic cells each constituted by
two 16 x 1 lookup tables and two flip-flops. Before the VHDL
description was carried out, the model of the hardware imple-
mentation was first tested by simulation using the Simulink
model in Fig. 6. The algorithm implementation follows the
flow chart in Fig. 4. The integer part of the reference v; is
calculated by the block Data Type Conversion. The fractional
part of the reference vy feeds the block SVPWM 2L 5P. This
block is a two-level five-phase modulator that provides the
displaced switching vectors vy; and the switching times t.
Switching vectors v ; that form the final switching sequence
are calculated by adding the integer part of the reference to each
displaced switching vector. Switching times are simply those
ones provided by the two-level modulator block.

Although the matrix approximation of the two-level problem
is useful for the algorithm demonstration, it is inefficient in the
hardware implementation to calculate the permutation matrix
and the matrix operations. Therefore, the P calculation and the
operations made with it were replaced by sorting algorithms
that provide the same result. In addition, the first row of matri-
ces D and D, which are also useful in the algorithm demonstra-
tion, was not taken into account in the implementation because
these rows are always constant and they are not needed for
extracting the switching vectors v4. The implementation of the
block SVPWM 2L 5P is detailed at the bottom of Fig. 6 where the
block Sort calculates the ordered vector v, and the vector of
indices Idx that summarizes the permutations carried out in the
sorting process of v¢. The vector ¥ is required to calculate
the switching times. The indices Idx are used by the block
Sort (inverse) to select the rows of the matrix D (without
the first row) provided by the block Triangular matrix. The
output of the Selector block is the two-level switching vector
sequence.

Finally, the algorithm was described in VHDL by following
the block diagram of Simulink. An extra block was added
to translate the switching vectors into the trigger signals for
controlling the five-level cascaded full-bridge inverter. Table I
shows the summary of resources used by the implementation.
It is important to remark that block RAMs and multipliers
available in the FPGA were not used because the algorithm does
not need data storage or multiplication operations.
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Fig. 8. Comparison of experimental measurements with simulation results.

IV. EXPERIMENTAL RESULTS

The SVPWM algorithm was tested by using a low-power
laboratory prototype. Fig. 7 shows the block diagram and a
photograph of the experimental setup that includes the FPGA,
a dSPACE platform, the inverter and the load. The dSPACE
DS1103 PPC Controller Board provides the reference vectors to
the FPGA. The trigger signals generated by the FPGA control
the transistors of the multilevel inverter. The five-level five-
phase cascaded full-bridge inverter shown in Fig. 5, with 3125
different switching states, was used in the experiments. The
dc source voltage of all full-bridge cells is 20 V; therefore the
inverter voltage step V. is 20 V as well. A 100 €2 resistive load
with a series connected 15 mH inductance was used in tests.

The simulation model of the experimental setup was done in
Simulink and it includes the algorithm implementation previ-
ously shown in Fig. 6. The inverter and the load were modeled
using the SimPowerSystem toolbox. Fig. 8 compares simula-

tion results with experimental measurements. A low switching
frequency (2 kHz) was selected to make the comparison easier.
To observe the behavior of the modulator with a generic input, a
50 Hz unbalanced reference with a fifth harmonic was consid-
ered. Fig. 8 shows a good agreement between the simulation
model and the experimental setup. Measurements of voltage
across load resistances and inverter output are very similar to
simulation results, except for some lost switching pulses due
to the dead time included in trigger signals which was not
considered in the simulation model. To test the performance of
the proposed SVPWM algorithm, the case of sinusoidal output
voltage with harmonic injection, typically used in concentrated
winding ac machines for torque enhancement, was considered.
In all the tests made, the voltage reference had a 50 Hz
fundamental frequency and the output switching frequency was
10 kHz. Four cases were considered in tests: two cases with
purely sinusoidal output voltage with normalized amplitudes
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Fig. 9. Phase a experimental results. Chl: inverter output voltage; Ch2: fil-
tered inverter output voltage; Ch3: phase current. (a) m; = 1.80, m3 = 0.00.
(b) m1 = 1.80, mz = 0.30. (c) m1 = 0.80, m3z = 0.00. (d) m1 = 0.80,
ms3 = 0.13.
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my = 1.8 and my; = 0.8 and two additional cases where a third
harmonic with magnitude m3 = m; /6 has been injected.

Fig. 9 shows the inverter voltage and phase current wave-
forms, besides the low-order voltage harmonics of the inverter
output. The first channel of the oscilloscope shows the inver-
ter output waveform, the second channel shows the filtered
inverter output waveform, and the third one shows the phase
current. In Fig. 9(a) and (b), the modulation index is high and
the modulation algorithm takes advantage of all five levels of
the inverter. Nevertheless, in Fig. 9(c) and (d), the modulation
index is low and the output voltage is a three-level waveform. In
Fig. 9(a) and (c), with purely sinusoidal output when the modu-
lation index is high, the low-order harmonics are negligible and
the total harmonic distortion (THD) is 3.8%. If the modulation
index is low, then the low-order harmonics grow because of the
three-level output and the THD increases up to 6.4%. In the

50 T 50 .
) :
= = '
— 0 ® ofp----- * """
O O
> > )
-50 -50
-50 0 50 —-50 0 50
vdi [V] Vd3 [V]
(@)
0.5 - 0.5
< < '
— 0 o) Or------ . """
o ko3 .
0.5 -0.5
-0.5 0 0.5 -0.5 0 0.5
Id1 [A] 1d3 [A]
(b)

Fig. 10. Trajectories of the voltage and the current vectors in stationary dq
axes with mj = 1.8 and m3 = 0. (a) Inverter output voltage. (b) Output
current.

cases of Fig. 9(b) and (d), the amplitude of the third harmonic
is nearly the sixth part of the fundamental, and the high THD
obtained corresponds to the injected third harmonic.

Fig. 10 shows the trajectories of the inverter output voltage
and the load current vectors in stationary dq frames [28] with a
balanced sinusoidal reference. Both vectors move, at constant
speed, along a circular trajectory in the dgl plane. No third
harmonic was injected; hence, as expected, vectors in the dg3
plane stay close to the origin.

V. CONCLUSION

In this paper, a new multilevel multiphase SVPWM algo-
rithm is presented. This algorithm is based on a displacement
plus a two-level multiphase SVPWM modulator. It is valid
for any number of phases or levels and it can be used with
the standard multilevel topologies. The presented modulation
technique handles all switching states of the inverter and it
provides a sorted switching vector sequence that minimizes the
number of switchings. In addition, the proposed SVPWM al-
gorithm proves suitable for real-time implementation due to its
low computational complexity. Finally, a five-level five-phase
version was implemented in a low-cost FPGA and successfully
tested by using a laboratory prototype.
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