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ABSTRACT

In most inverter/converter applications SVPWM method is a preferred approach since it shows good characteristics

in linear modulation range and waveform quality. In this paper, we propose a new carrier based SVPWM method for

multi-level system. First, we survey the conventional carrier based SVPWM method, and investigate the problem of the

conventional one for the multi-level system with the focus on the switching frequency harmonic flux trajectories.

Finally, we propose a new carrier based SVPWM method that can reduce harmonic distortion. Simulation and

experimental results are given for verification of the proposed SVPWM method.
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1. Introduction

Carrier based PWM methods employ the ‘per carrier
cycle volt-second balance’ principle to program a
desirable inverter output voltage waveform. In most
three-phase AC motor drive and utility interface
applications, the neutral point of load is isolated and no
neutral current path exists. In such applications, any
zero sequence signal can be injected to the reference
modulation waves. A properly selected zero sequence
signal can extend the linear modulation range of
sinusoidal PWM (SPWM). Furthermore, it can improve
the waveform quality, that is to say, harmonic distortion
can be reduced significantly !'~!.

Recognizing this property, many researchers have
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been investigating the zero sequence signal dependency
of the modulator performance and a large number of
PWM methods with unique characteristics have been
reported™ 71 With the injection of the zero sequence
signal, partition of zero voltage vectors is changed, and
it has an effect on the waveform quality. Of those PWM
methods, the space vector PWM (SVPWM) method
shows good characteristics in waveform quality. It has
equally divided zero voltage vectors, by which the
harmonic distortion can be reduced.

In case of multi-level system®™

, there are many
output vectors and voltage level increases the
complexity of SVPWM. Therefore, the carrier based
SVPWM with triangular intersection technique is
necessary for multi-level applications "',

Conventional carrier based SVPWM for multi-level
system shows good characteristics in linear modulation
range. However, it is distinguished from the SVPWM
method for 2-level system in that not only it splits non-

zero voltage vectors, but also it has unequally divided
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voltage vectors.

In general, harmonic distortion analysis can be done
by either harmonic distortion factor’® or FFT results.
Both analyses show similar results for the waveform
quality. Harmonic distortion factor (HDF), however, is
more suitable for quantitative analysis.

This paper first reviews the conventional carrier
based SVPWM, and explains a problem when the
conventional carrier based SVPWM is used for multi-
level system based on harmonic flux trajectory analysis.
The remainder of the paper is dedicated to the
development of the new carrier based SVPWM method.
HDF analysis will show that the proposed SVPWM has
lower HDF than the conventional one. Simulation
results and experimental results will show the
effectiveness of the proposed SVPWM method.

2. Comparison of carrier based PWM
methods for 2-level system
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Fig. 1. The circuit diagram and the space vector diagram of
2-level inverter system : (a) circuit diagram , (b) space vector
diagram (b).

In case of 2-level system, the most popular PWM
modulators are SPWM, SVPWM, THIPWMI1/4,
THIPWML1/6, DPWMO, DPWMI1, DPWM2 and
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Fig. 2. The per carrier cycle view of switching signals and
the output voltage vectors of sector (I) for SVPWM method
(2-level).

DPWMS3 Bl Generally, they are divided into two groups
according to the modulator characteristics: 1)
continuous PWMs (CPWMs) 2) discontinuous PWMs
(DPWMs). The CPWMs are also subdivided into two
groups: 1) SPWM 2) SVPWM, THIPWMI/4,
THIPWM1/6. Each group shows similar characteristics.
Of those PWM methods, the SVPWM shows good
characteristics in overall performance such as linear
modulation range and waveform quality.

Fig. 1 shows the circuit diagram and the space vector
diagram of 2-level system. SVPWM method can be
summarized as follows '}

The command voltages V, V, are converted to
imaginary phase voltages V,, V,, V., as is (1). After
calculating zero sequence voltage as is (2), the effective
phase voltages V,, V},", V,." can be obtained by (3).

V.=V,
V,=-1/2-V,+33/2-¥, (D
V.=-1/2.V,-3/2.¥,

1 1
Vs = Ve == Ve + Vi ey
shift 2 de 2( max mm)

where, V., is the largest voltage among V,, V;, V.
and V,;, is the smallest one among V,, V), V..
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Vo=V +V,u(x=ab,c) (3)

If the effective phase voltages are compared with
triangular carrier wave, the gating signals are generated.

Fig. 2 shows the per carrier cycle view of switching
signals and output voltage vectors of sector (I) for
SVPWM method. As we can see from the figure, the
zero voltage vectors (0, 0, 0) and (I, 1, I) have the same
switching time.
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Fig. 3. The HFT in the sector (1) for SVPWM method
(2-level).

Fig. 3 shows the examples of the harmonic flux
trajectories (HFT) for SVPWM method according to the
command voltage vector. As illustrated in Fig. 3, within
each cycle the harmonic voltage vectors Vy,, ¥V, and Vy,
are space and modulation index dependent. Here, the
position of the command vector (6) and the modulation
index (k) is defined as follows :

|4 V
0=m(——"4y 4 tan~' (=~ 4
n(2V )+ tan (V)

a d

[, 2 2
i = vV, +V, (5)

- Vde! 3

The harmonic flux in the N’th cycle is calculated in
the following :

IN+1)Ts
Me®)= [V, -V )dt (6)

NTs

In the above formula, ¥V, is the inverter output

voltage vector of the m’th state and within the carrier

cycle it changes according to the selected switching
sequence. And the per carrier cycle RMS value of the
harmonic flux can be calculated as follows :

! 2
Mows = [ 27 dt (7)
Since popular PWM methods have sixfold space

symmetry, the per fundamental cycle RMS harmonic
flux value can be calculated in the following.
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Fig. 4. An example of the switching frequency HFT of some
PWM methods when 6=7/4, k=0.6.

Fig. 4 shows an example of the switching frequency
HFT of SVPWM, SPWM, and DPWMI, respectively.
Since the distance to the origin is equal to the magnitude
of the harmonic flux, the trajectories which are closer to
the origin result in smaller harmonic flux and the per
carrier cycle RMS flux value decreases. Generally,
SVPWM has the smaller harmonic flux, for it splits the
zero voltage vectors equally, which is important
characteristic of SVPWM.

3. Improved carrier-based SVPWM for
multi-level System

First of all, we explain 3-level system, and extend it
to the multi-level system. Fig. 5 shows the HDF curves
of 3-level system (see appendix A) in the linear
modulation range under constant carrier frequency,
which is similar to those of the 2-level system ).

From the fig. 5, we can see that the SVPWM shows



Carrier Based SVPWM Method for Multi-Level System Considering Harmonic Distortion Factor 29

x 10° HDF under constant carrier frequency
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Fig. 5. HDF curves in the linear modulation range under
constant carrier frequency (3-level).

good performance in HDF. Although THIPWMI1/4
method is minimum harmonic distortion method in
some range, it has only slightly less distortion than that
of SVPWM and it is difficult to be realized.
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Fig. 6. The circuit diagram and the space vector diagram of
3-level system : (a) circuit diagram, (b) space vector diagram.

As DPWMs have fewer switching frequencies under
constant carrier frequency, they may have smaller HDF
than SVPWM in some points under the same switching
frequency. But, DPWM are not suitable for NPC-type
multi-level system.

SVPWM may be regarded as the best choice for
multi-level system considering HDF. From now on, let’s
review conventional SVPWM for 3-level system briefly.

Fig. 6 shows the circuit diagram and the space vector
diagram for the 3-level system. SVPWM method for the
3-level is equal to those of the 2-level system with the
exception of two carrier waves. If the effective phase
voltages are compared with two triangular carrier waves
whose phase and magnitude are identical (only when the
carrier waves of the same phase are used, the nearest
three voltage vectors are selected) and whose frequency
is 1/(275), the gating signals can be generated.

T T

Ve
Va'

Vb’

~ Fdei2

Ve'

S2a+ [

S1a+

S2b+

S1b+

S2c+

Sic+ ‘L )

I 1
1

0

~—
— oty
—~ oty
~t oty
—
D~ e

0 o

Fig. 7. The per carrier cycle view of switching signals and
the output voltage vectors of sector (I) for SVPWM method
(3-level).

Fig. 7 shows the per carrier cycle view of switching
signals and output voltage vectors of sector (I) for
SVPWM method. Fig. 8 shows examples for the HFT
according to the command voltage vector (compare it
with fig. 3).

Comparing fig. 2 and 3 with fig. 7 and 8, we can see
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the difference between SVPWM of 2-level and 3-level
system. First, in case of 2-level, the zero voltage vectors
exist in the start-point/end-point of the sampling time,
whereas in case of 3-level, the small voltage vectors
exist. Second, in case of 2-level, it splits the zero
voltage vectors equally, whereas in case of 3-level, it
splits the small voltage vectors unequally (in case of
NPC-type multi-level system, partition of small voltage
vectors is related with dc-link voltage balancing, which
will not be discussed in this paper). Therefore, for
smaller harmonic flux, additional zero sequence signal
should be added so as to split the small voltage vectors

equally.
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Fig. 8. The HFT in the sector (I) for conventional SVPWM
method (3-level).

A simple sequence to get an additional zero sequence
voltage is shown in fig. 9.

Fig. 9 (a) shows the effective phase voltages for the
conventional SVPWM method. First, the effective phase
voltages which are larger than Vdc/2 are shifted by —
Vdc/2 as shown in fig. 9 (b). The shifted phase voltages
can be calculated as follows :

: , V
V., =V, mod —“-(x=a,b,c) &)
’ } n-1
where, mod means the remainder after division, and »

denotes voltage level.

Second, an additional zero sequence voltage is added
to the shifted phase voltages, as shown in fig. 9 (c). It
can be calculated as follows :

1 1 : ‘
Vaddixhi/i = m Vdc - E (Vmax + Vmin ) (] 0)

where, V., is the largest voltage among V,”, V',

V.",and V,;, is the smallest one among V", V},", V..

Finally, the effective phase voltages which were
shifted by —~Vdc/2 are shifted by +Vdc/2, as shown in
fig. 9 (d). As a result, the small voltage vectors are
divided into equally, by which the harmonic distortion
can be reduced.

The proposed method can be easily extended to
multi-level system with similar manner.
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Fig. 9. The sequence to get an additional zero sequence
voltage.
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HDF curve of the proposed SVPWM for the 3-level
system is shown in fig. 10. As we can see from the
proposed SVPWM method better
performance than the conventional SVPWM method.

results, shows

Fig. 11 and 12 show the simulation results for the 3-
level and 4-level system, respectively. The simulation
conditions are as follows: f=50[Hz], Ts=666.6[us],
Vde=300[V].
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Fig. 10. HDF curves in the linear modulation range under
constant carrier frequency (3-level).

Command phase voltage, line-to-line voltage, FFT
are given for £=0.2, 4/=0.5, and #=0.38,
respectively. In the figure, (a), (¢) and (e) are the cases
with the conventional method and (b), (d) and (f) are the
cases with the proposed method. The proposed SVPWM
method for the 3-level system shows good results in
FFT analysis. However, in case of £=0.8, the FFT result
of the proposed SVPWM shows little difference, as we
can see from HDF curves in fig. 10. In case of 4-level
system, the proposed SVPWM also shows good results
in FFT analysis (though the exactly same output is
acquired when k<1/3).

results

Fig. 13 shows the experimental results.

The experimental conditions are as follows: f=50[Hz],
Ts=250[us], Vdc=310[V].

Command phase voltage, line-to-line voltage, FFT
k=02, k=0.5, and k=08,
respectively. When 4=0.8, for the modulation wave of
the conventional SVPWM is similar to those of the
proposed SVPWM, the FFT little
difference.

results are given for

results shows
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Simulation results for the 3-level system. The

effective phase voltage, output line-to-line voltage, and FFT
results ; (a), (c) and (e) : conventional method. (b), (d) and (f) :

proposed method.
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Modulaltion waveform
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Fig. 12. Simulation results for the 4-level system. The Fig. 13.  Experimental results for the 3-level system. The

effective phase voltage, output line-to-line voltage, and FFT
results ; (a), (¢) and (e) : conventional method. (b), (d) and (f) :
proposed method.

effective phase voltage, output line-to-line voltage, and FFT
results ; (a), (¢) and (e) : conventional method. (b), (d) and (f) :
proposed method.
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4. Conclusion

Because the multi-level system increase the
complexity of SVPWM method, the carrier based
SVPWM with triangular intersection technique is
necessary for multi-level applications. When we use
conventional carrier based SVPWM in multi-level
system, the linear modulation range is the same as the
conventional one. However, the waveform quality is not
so good for the unequally divided voltage vector.

In this paper, we briefly reviewed the conventional
SVPWM method and investigated the problem with the
focus on the switching frequency HFT when it is
extended to multi-level system. To solve the problem we
use additional zero sequence voltage command, by
which HDF can be reduced. We presented a simple
method to get an additional zero sequence signal for
multi-level system. HFT analysis shows that the HDF of
the proposed SVPWM method is superior to
conventional one. And simulation results and

experimental results are given to verify the analysis.
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Appendix A. Harmonic Flux Calculation.

Harmonic flux is dependent on the output sequence
of the voltage vector and its time duration. In Table A,
we summarize the sequence in case of 3-level system.
Therefore, the harmonic flux in each region can be
calculated in the following. HDF can be calculated by
substituting it to (7).

Table A Output Sequence for the Sector (1)
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