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Abstract

The paper presents three different computational schemes for
achieving space vector pulse width modulation, in the control
of amultilevel flying capacitor inverter. Each scheme usesthe
same method of achieving cell-capacitor voltage baancing.
Results of redistic smulations are used to compare and
contrast these approaches. The timing control of the inverter
switches and output performance of each method are
presented and the most suitable one is highlighted.

1 Introduction

Multilevel power converters are gaining increasing interest
for medium voltage systems in static power conversion and
variable speed drives due to their operational advantages.
Suitable fast switching high-voltage, high-current IGBTs are
now available for practica implementations and R&D
emphasis is on optimising the control to achieve low
waveform distortion and high efficiency. There are severd
control methods for achieving low harmonic content in the
sinusoida output voltage. The simplest form utilises the
voltage levels in forming a staircase shaped waveform
approximating a sine-wave. Other techniques apply
conventional PWM scheme whereby the inverter switching is
controlled from signals generated by comparing a sinusoidal
reference to a set of triangular carriers. The control scheme
now gaining most interest is space vector PWM (SV-PWM)
[1] where the three-phase stationary reference frame voltages
for each inverter switching states are mapped to the complex
two-phase orthogonal a-f3 plane. The reference voltage is
represented as a vector in the plane and duty-cycles are
computed for the selected switching state vectorsin proximity
to the reference. In multilevel inverters, the control
complexity increases with the voltage level capability,
making it more difficult to select the appropriate vectors.

This paper presents the results of an investigation into SV-
PWM control techniques and their application to a multilevel
flying-capacitor inverter [2, 3]. There have been a number of
SV-PWM computationd algorithms presented. They address
the problem in achieving real-time control of the inverter
power switches, while attaining high output power quality
with a view to implementation in commercidly available
hardware such as a DSP. The most popular schemes split the

hexagonal boundary of the space vectorsin the complex plane
into sector or triangular regions bounded [4, 5, 6].
Computation is commonly done through the look-up table
approach.

The work presented in this paper adopts a systematic
approach to identify the most suitable SV-PWM scheme
applicable to the control of the flying-capacitor multilevel
inverter [7]. Three different methods are investigated;
including the one using only the two-level eight-vector
approach to the one considers all vectors in a multilevel
inverter. The rationale in selecting vectors and subsequent
procedures for duty cyde computations for each of them are
discussed. Their performance in terms of the output voltage
harmonic quality and computationa efficiency are compared.
The control scheme must incorporate a cell-capacitor voltage
badancing method by ensuring that cyding of the different
switching states for each voltage level takes place. Such a
method is described and presented in the paper. The
vaiations in output harmonic distortion on an inverter with
redistic power components under different SV-PWM
schemes with voltage balancing control are studied and
results are presented.

2 Space Vector Representation

The spread of space vectors for an N-cell three-phase flying-
capacitor inverter always lie within a bounded hexagonal
region. The vectors forming the boundary are associated with
one or two phases with full-voltage switching states.
Symmetry within the hexagon allows a systematic vector
selection approach to be developed firstly in one 173
triangular region and applied through the complete 2mtcycle.
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Figure 1. Space-Vector Sector Representation



Figure 1 shows the main primary sector triangular regions in
the a-p plane for a 4-cel inverter. The individual points
within the hexagon represent the individua vectors for
different switching states when the cell-capacitor voltages are
at the optimum balanced levels.

2.1 SV-PWM Method #1

The basic space vector modulation scheme has 8 voltage
vectors representing all possible conditions when any phaseis
supplying either zero volts or V. In a multilevel inverter
there are additiona voltage vectors for the intermediary
voltage conditions. For a simplified space vector scheme, the
intermediary voltage vectors can be ignored and only the
voltage vectors from the centre to the hexagon vertices used.
Figure 1 illustrates the space vector diagram for a 4-cell
inverter where al upper switches conducting in a phase are
represented by a 4. This smplified scheme can utilise carrier-
based PWM to produce the firing signas since the computed
timing for the vectors in each operating triangle can be used
to form the reference signal for each phase.

For the sector triangle bounded by vectors \7l and \72 where ¢

< 173 the standard equations for calcul aing the time width of
avector are as follows
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subsequently the magnitudes of vectors approximating V.
as shown in Figure 1 are given as below
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where M, the modulation index, equds V, ef/VDC Inspecting

the timing diagram for space vector modulaion shown in
Figure 2, the average phase voltages can be given as
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These may be expressed using the magnitudes of voltage
vectors given in Equations (1) - (3), thus we have
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Separate sets of reference equations can be produced for each
sector triangle by decomposing the individual phase voltage
states from each space vector. These are shown in Table 1 for
phase A. Phase B and C reference voltages are the same as
phase but offset by 2173 and 4173 respectively.
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Table 1: Simplified Space Vector Modulation Phase A
Reference Vdltage Equations
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Figure 2: Space Vector Modulation Timing Diagram
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The net result is a reference signa centred on Vy/2 with the
waveform shown in figure 3. This waveform is a composite
of acosine wave plus athird order triangular wave. The basic
form of reference equation for phase A can be approximated
to:
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Figure 3: Phase Voltage Reference

2.2 SV-PWM Method #2

Thefiring signa design philosophy can be further extended to
incorporate additional voltage vectorsin the calculation of the
phase voltage reference by including the intermediary vectors
between the primary ones used in the previous section. These
vectors are shown in the first triangular sector of the space
vector diagram of Figure 4. The voltage magnitude
calculations for the first angular region (0 < ¢ < 176) in the
sector are asfollows:

\7l :\7ref (cos 40—\/§Sil’l qo) 8)
V, =g Sin g C)
B

Vo = 7VDC “Vi-V, (10)

The phase reference voltages are computed in the same
manner as before. This time when the vector state is 2, the
summation uses only half the voltage length of the vector.
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Figure 4: First Triangular Sector Phase Diagram

The phase reference voltages for phase A for dl angles are
shown in the Table 2. The pattern is the same for phases B
and C, offset by 2173 and 4173 respectively.
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Table 2: Reference Voltage Equations for Phase A

The reference signa, centred on V4/2, and has the form
shown in Figure 5. The waveform is again a composite of a
cosine wave plus atriangular wave.

Figure 5: Extended Hybrid Space Vector Phase Reference
Signa

2.3 SV-PWM Method #3

The method is described with reference to sector 1. In this
sector the base is defined as the line joining switching states
[0, O, O] and [4, O, Q], which represents increasing voltage
level in phase A. Leve lines are defined in this sector along
increasing voltage levels in phase B. Figure 6 illustrates the
switching states in sector 1 and their relationship to each
other.

This agorithm first identifies the level line where the first
corner state space vector lies on. Mathematicaly, level L is
found from the normalised reference amplitude V.« which
satisfies the following equation:

(L+1)/(cos8 +tanZ.sin6) >V, > L/(cosf +tan.sin6) (12)

The normalised amplitude is found by multiplying the ratio of
actud reference vector amplitude to Vpc by 1.5. Figure 7



shows graphically an example where L is equal to 3 for the
given reference vector with normalized amplitude being 2.87.
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Figure 6: Sector 1 Vector Tragjectories Using Phase A and B
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Figure 7: Sector 1 Level Section

The next step is to progress from the base level vector by
incrementing the phase B level until the starting space vector
is found. The mathematical criterion for this uses the

reference vector phase 8 and B sdtisfies the following
equation:

0.5(B+1) 0 05B 0O
arctangil_ 058 +]))§> = arctanHiL Z058) H (12)

Therefore, in sector 1, the starting space vector \7S is[L BQ].

The first space vector is found by progressing the starting
vector in the negative C direction. Since C is dready zero,
then incrementing both A and B will achieve the same resullt.
Therefore, the first vector \70 is[(L+1) (B+1) Q]. This vector
sits on three possible triangular regionsin which the reference
vector lies. The selection of the other two space vectors can
be found from analysing the phase of the vector joining the
first vector from the reference.

If the phase of the vector \7ref —\70 is grester than the phase of
vector \7S —\70, then the starting vector \73 is the second of the

vector triplet and the third vector is found by decrementing
VO in phase B, thus giving the set of vectors [L B 0], [(L+1)
(B+1) 0], [(L+1) B 0].

If the phase of the vector v, -V, is less than the phase of

vector V-V, and less than T, then the starting vector Vv is
the second of the vector triplet and the third vector is found
by decrementing Vj, in phase A, thus giving the set of vectors
[L BO], [(L+1) (B+1) 0], [L (B +1) 0.

If the phase of the vector v, -V, does not meet the above
criteria, then the second vector is found by decrementing \70

in phase A, and the third vector is found by incrementing \70

in phase B. Thus giving the set of vectors [(L (B+1) O],
[(L+1) (B+1) O], [L (B +2) Q].

To illustrate the identification of the vector triplet, Figure 8
shows the progression through the space vectors to find the
triplet for the three possible results.

A :'-.. h
I'I . 3 '._‘.._.' l:.'r
.l"'-u .-"'-. *,
(a): Triplet 1 (b): Triplet 2 (c): Triplet 3

Figure 8: Vector Triplet Sdection

The above described algorithm for identifying the vector
triplet to be used in the space vector PWM scheme can easily
be coded in software. The procedure in the other space vector
sectors follows the same procedure by using symmetry. Table
3 liststhe different parameters used in each sector.

Once the three switching state vectors are found which form a
triangle in the a-p plane around the reference vector, then the
PWM duty cycle terms can be calculated. Figure 9 showsthe
vector diagram for this modulation method.

Figure 9: Space Vector Diagram
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Table 3: Algorithm Sector Parameters

The vector egquation to be solved to obtain the PWM duty
cydetermsis:

V, =DV, +DyV, (13)
where
x = V1~ Vo 14
y = V27 Vo (15)
I, =V, =V (16)

Two simultaneous equations are obtained from the o and
terms which can then be solved.

a,=D.a,- D,
£2=Dyfx- Dby

(17)
(18)

The complete PWM switching pattern is the combined phase
A, B and C switching states of vector \70 plus the pulse width

modul ated parts of \7X and \7y. By convention, the pattern is
symmetrical around the mid-point in the PWM period.

2.4 SV-PWM Voltage Balancing Cir cuit

The intermediary voltage states in the flying-capacitor
inverter can be achieved by more than one current path
through the inverter by energising a different combination of
the power switches. The current flow can then involve
charging or discharging of the cell-capacitors. To maintain
balanced operation, the mean charge in dl cell-capacitors
must remain zero in the steady-state. This will also ensure
that the power dissipation in each power switch is the same
providing therma baance. If the sum of the conducting
periods over severa inverter cycles for each intermediary
switching state is equal, then balanced operation is achieved.
One method for achieving this is to use a BALANCING
CLOCK which has a period which is a prime number multiple
of four operating cyclesin the four level inverter case [8]. The

logic block diagram is shown in Figure 10. This is used to
multiplex ie swap around the switching states, so that from
one operating cyde to the next different intermediary
switching states are used. The smulation of the inverter
operation shows that this scheme helps balance the cell-
capacitor voltages regardless of PWM switching frequency
and operating cycle period.

Figure 10: Inverter balancing logic

3 Simulation Results

Simulations of a four-cell, three-phase flying-capacitor circuit
with an individual unit cell-capacitance of 47 uF have been
run for each method described. The DC-link voltage is 4000
V and the frequency of the synthesised output voltage is 50
Hz with an equivalent m, = 0.9. The simulation includes the
losses in the power switches and voltage variation in the cell-
capacitors so there is a reduction in the actud output voltage
compared to the desired idea level. The PWM switching
frequency is 750 Hz (my = 15). Theinverter output waveforms
and frequency spectrum for the three methods are shown in
Figures 11 — 16.

Superficialy, there is very little difference between each
modulation scheme. Using the total harmonic distortion
(THD) percentage of the fundamental as a quality mark,
method #3 has the lowest THD = 21.6%, compared to 21.9%
for method #1 and 22.2% for method #2. These results
suggestion that the computationally more intensive method
using the three nearest vectors in the multilevel inverter has
no significant benefit compared to using the basic SV-PWM
computation applied with multilevel carriers.
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Figure 12: Method #1 Line-to-Line Voltage Spectrum
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