SPACE VECTOR PWM NINE SWITCH CONVERTER TOPOLOGY.
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Abstract— This article proposes a three-phase inverter topology with nine ac-ac switches, with sinusoidal
inputs, unit power factor and low cost due to the reduced number of active switches. Pulse width modulation
(PWM) techniques can be used for output voltage, such as triangular modulation or vector modulation. The
proposed modulation for the inverter is designed to calculate the optimum operating point based on the speci-
fications of maximizing the DC-link voltage while minimizing output voltage and switching losses (THD). The
study of the vector technique uses the DC-link voltage more efficiently, generating smaller harmonic distortions
when compared to other techniques. Relevant expressions, application requirements, and simulation results are
presented for case identification where the nine-switches inverter can have improved performance.

Keywords— PWM, Space Vector, THD, Topologies, Nine Switch.

Resumo— Este artigo propdem uma topologia de inversor trifdsico com nove chaves ac-ac, com entradas
senoidais, fator de poténcia unitdria e baixo custo devido ao numero reduzido de chaves ativas. Técnicas de
modulacdo de largura de pulso (PWM) podem ser usada para a tensdo de saida, como a modulacdo triangular
ou modulacao vetorial. A modulagdo proposta para o inversor é projetado para calcular o ponto de operagao
ideal com base nas especificagoes de maximizar a utilizacdo da tensdo do barramento, enquanto minimiza a
tensdo de saida e perdas de chaveamento (THD). O estudo da técnica vetorial utiliza de forma mais eficiente a
tensdo do barramento, gerando menores distor¢goes harmonicas quando comparadas a outras técnicas. Expressoes
relevantes, requisitos de aplicacdo e resultados de simulagoes sdo apresentados para identificagdo de casos onde o

inversor de nove chaves podem ter um desempenho melhorado.

Palavras-chave— PWM, Modulagao Vetorial, THD, Topologias, Nove Chaves.

1 Introduction

Three-phase ac/dc/ac and ac/ac converters with
variable frequency and variable voltage operation
have found wide application in industry. The
most popular configuration uses voltage source
inverter with a diode rectifier as the front end
for adjustable speed drives, uninterruptible power
supplies and other industrial applications (Bose,
2009). This type of configuration is inexpensive
and reliable operation due to the use of a recti-
fier diode, but generate highly distorted input line
currents and has no regenerative capacity. These
problems can be solved by a Back-to-Back Con-
verter supply two voltage levels (B2B) shown in
Figure 1.
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Figure 1: Back-to-Back - 125
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The pulse width modulation - PWM rectifier
voltage source is used to replace the diode recti-
fier. The B2B requires a relatively high number
(12) of active switches such as insulated gate bipo-
lar transistors (IGBTs). It also needs a DC-link

capacitor that is responsible for a limited lifespan
and increased cost. To reduce the device count
and minimize the dc-capacitor filter, various con-
verter topologies have been proposed in the liter-
ature.

In many applications, a further cost reduc-
tion for the drive is an important aspect, and,
thus, a reduction of the number of power semi-
conductors in the converter must be considered
(Blaabjerg et al., 1997). The first approach re-
ported in previous papers puts two dc capacitors
in cascade and takes their midpoint as one of the
input-output terminals, whereby an entire phase
leg for the rectifier and/or inverter can be saved
(Jacobina et al., 2007) . In addition, combined use
of dc midpoint connection and phase leg sharing
has been proposed in previous papers, where only
four legs (B4)(Figure 2(b)) are needed to perform
three-phase ac to ac conversion with bidirectional
power flow and power factor control (Jacobina
et al., 2006).

It is also possible to reduce the total num-
ber of switches, as the second approach sug-
gests by sharing one of the three phase legs be-
tween the rectifier and inverter (B5)(Figure 2(a))
with proper control (Jacobina et al., 2006). The
performance of this topology is superior to the
topologies based on four legs converter, due to a
smaller number of switches, the voltage capacity
that can be divided between the rectifier and in-
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Figure 2: Reduced Switch DC-link Five and Four
Leg Converter
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Figure 3: Topology of the nine switch converter.
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verter. Moreover, when compared with the con-
verter six legs, five leg converter topology requires
less switches at the expense of an increased power
level.

Recently, researchers have shown keen inter-
est in the nine switch converter (NSC) shown
in Figure 3. It has been used in independent
control of two three-phase ac loads (Kominami
and Fujimoto, 2007),(Oka and Matsuse, 2007)
and in unified power quality conditioners (Zhang
et al.,, 2012). The NSC has also been used to
control the doubly-fed induction generator (Soe
et al., 2011), permanent-magnet synchronous gen-
erator (Heydari et al., 2012) and a six-phase ma-
chine drive system (Dos Santos et al., 2011). Ac-
cording to the Figure 3, the top drive comprising
the upper and middle switches identified as NSC1
while and the lower portion comprising the middle
and lower switches as NSC2.

The NSC topology requires a much higher
DC-link voltage to produce the same output volt-
age compared to the use of two levels of voltage
source converters (Oka and Matsuse, 2007), which
makes it disadvantageous to use. This limitation
is caused by the reduced number of switches that
can be overly stressed. Note that the intermediate
switches (¢a,qb,G.) are shared between NSC1 and
NSC2, imposing restrictions that limit the ampli-
tudes and frequencies of the phase voltages to be

synthesized. To ensure voltage and current laws
are not violated during the Kirchoff operation,
NSC1 modulation signals at any instant should
always be greater than NSC2 modulation signals.

In this paper, a novel one-stage three-phase
ac/ac converter topology is proposed. Different
from all other existing topologies, this converter
has only three legs with only nine active switches
for bidirectional ac/ac power conversion.

The paper is organized in the following or-
der. In Section 2, a detailed nine switch con-
verter topology, in Section 3 modulation tech-
niques for nine switch converter with vector pulse-
width modulation in Section 4 simulation is pre-
sented, and Section 5 conclusion.

2 Nine Switch Converter Topology

The three-phase nine-switch inverter has only
three legs with three switches installed on each of
them, which the middle switch is shared by both
the rectifier and the inverter, thereby reducing the
switch count by 33% in comparison to the B2B.
The input power is delivered to the output par-
tially through the middle three switches and par-
tially through a DC-link circuit.

The converter has two modes of operation:
constant frequency mode, where the output fre-
quency of the inverter and of the utility supply
are constant, while the inverter output voltage is
adjustable, which is particularly suitable for ap-
plications in uninterruptible power supplies; and
variable frequency mode, where both magnitude
and frequency of the inverter output voltage are
adjustable, applied to variable speed drives. For
the nine switch topology, the control of the in-
put and output voltages has to be accomplished
through the three switches on each leg. Because
the middle switches are shared by the rectifier and
inverter, the converter has only three switching
states per phase, as listed in Tables 1 and 2. It
can be observed that switching state 4 for the B2B
does not exist in the nine switch converter, which
implies that the inverter leg voltage vy cannot be
higher than the rectifier leg voltage voo at any in-
stant. This is, in fact, the main constraint for the
switching scheme design of the nine switch con-
verter.

The output voltage of the rectifier is ripple
DC, such type of ripples can be eliminated by us-
ing the modulation techniques the harmonics also
reduced at the inverter output side.

Sates (128) q1 | 41 | @2 | ¢2 V10 V20
1 1 0 1 0 E/2 E/2
2 0 1 0 1 —E/2 —E/2
3 1010 1]E2]|ER
4 0 1 1 0 E/2 —E/2

Table 1: Switching States - 12S



Sates (9S) Proposed | ¢1 | Gu | g2 | v10 V20
1 1|1 ]|1]|E/2]|E?2
2 0 1|1]|E2]ES2
3 1101 E2]|E2

Table 2: Switching States - 95

In the NSC topology shown in Figure 3, there
are 27 different possible combinations of all 9
switching devices. However, Kirchoff’s current
and voltage laws must be obeyed to prevent short-
circuiting the DC source and ensure current con-
tinuity. Thus, the following constraint on the
switching functions must be satisfied:

Sip + Sim + Sm =2 (1)

onde S;,, Sim e Sin are, respectively, the switch-
ing functions of the upper, middle and bottom
switching devices and have a value of unity when
they are turned-on and take a value of zero when
turned-off.

The subscripts i = a, b, ¢ refer to the output
phase to which the device is connected; p,m,n
refer to the top, middle and bottom devices of the
converter leg, respectively. Equation (1) reduces
the feasible switching states to twenty seven as
shown in Figure 4.

The twenty-seven spatial vectors of the NSI
are shown in a spatial representation along with
the six active vectors of the VSI. It is worth men-
tioning that the hexagon of this figure is only an
illustrative representation of the spatial vectors of
the NSI and can not be used to generate the PWM
pulses in the NSI. This representation means that
these vectors are graphically equal (on the af
axis), however, they represent distinct physical
states in the keys.
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Figure 4: Space representation of the twenty-seven
space vectors, along with the six active vectors.

3 Modulation Techniques

In the classical pulse-width modulated voltage
source inverters, two main modulation tech-
niques: Space Vector Pulse Width Modulation
and Carrier-Based Pulse Width Modulation. In
both the methods, voltage linearity, waveform
quality, and switching losses are all influenced by
the choice of the zero state placement (Holmes and
Lipo, 2003). Depending on the placement of these
zero vectors, the modulation may be continuous
or discontinuous. In Hava (Hava et al., 1998), the
continuous PWM methods have superior perfor-
mance in the low modulation range compared to
the discontinuous PWM methods.

For correct functioning of the converter and
elimination of the short circuit risk capacitive
bus, the three switch of an arm should not be
pressed simultaneously, both for the activation of
the switch (¢q,b,d:) it depends on the conduc-
tion state of the upper switch ¢i1,q3,95 and lower
42,94,96- From the XOR logic of the application -
or exclusive - on the trigger signals from the upper
and lower switch determines the conduction state
of the switch (¢a,dp,Ge)-

The Figure 5 illustrates the generalized modu-
lation scheme in a single switching period for the
nine switch converter. The rectifier modulating
wave V,,, and the inverter modulating wave V,,;
are arranged such that V,,,. is not lower than V,,;
at any instant of time. These two modulating
waveforms are compared with a common trian-
gular carrier v., in which, the generated rectifier
and inverter leg voltages v1¢p and wv9g are shown.
This arrangement guarantees that switch state 4
in the B2B is eliminated here for the nine-switch
converter.

By adding 1/2 of the DC voltage to upper ref-
erence and subtract the same from the lower ref-
erence, selects DC offsets equal to the maximum
and the minimum of the phase voltages for upper
and lower references.
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Figure 5: PWM waveform generation.

The Figure 6 shows the block diagram of the
PWM strategy employed for the nine switch con-
verter, which V,¢¢se: is the voltage used to guar-
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Figure 6: PWM control strategy.

Based on the feasible switching states and
equation (1),it perceives that the switching func-
tions of the devices in a leg are related by equation

(2):
Sip + SimSin =1
! B (2)

And the voltages between the converter legs
and the midpoint of the dc-link capacitor are given
by equation (3), where j =1,3,5 and j = 2,4, 6:
E(QSi -1)

2 g (3)
VkO = an + VmO - *E(QSln + ]-)

‘/jO:‘G’n+Vn0:

The expressions for the switching functions,
in the equation (4), of the top and bottom devices
can be obtained from equation (3) and the corre-
sponding modulation signals can be obtained as
in equation (6).

Sip = Vint Vo +1/2

4)
Vkm+Vm0 (
= 0 12

E +1/

The relationship between the switching func-
tions and the modulated signal is given by:

Sip = (1 +2mzp)
(1+mn) (5)
Sin = g

Substituting equation (5) into equation (4) re-
sults in the following expression for the modula-
tion signals:

2
mip = — Vi, + Vao) ©)
My, = E(Vk*m + Vino)

where m;,, m;y, are respectively the modulation
signals of the upper and bottom devices.

The average neutral voltage can be approx-
imated, if the normalized times are expressed
in terms of the line-to-line voltages, and max-
imum/minimum phase voltages, the generalized
neutral voltages after some mathematical manip-
ulations for all possible combinations can be gen-
eralized by equation (

7
Vio = %

VmO =

o Vmaw
(7)

5 Vmin
3.1 Space Vector PWM Technique

The space vector PWM technique is a direct dig-
ital PWM method that calculates the conduction
times of the switching devices required to synthe-
size a desired voltage vector. It has been shown
that there are 27 feasible switching states of the
nine switch converter (Figure 4). The converter
voltages in natural abc reference frame can be
transformed to the stationary dq reference frame
using equation (8):

quOs = K(e)fabcs (8)
onde
cos(f) cos(§ —2F) cos(f + 2F)
K(9) == | sin(d) sin(0—28) cos(6+ 3F)
31 12 1/2 1/2
(9)
and quOs = [fdsqufOs]a fabcs = [.fasfbsfcs] and

fabes may represent voltage, current or flux link-
age. The reference transformation angle 6 =
0° for the stationary reference frame (Krause
et al., 2013).

To synthesize the desired three-phase volt-
ages, the natural abc voltages are transformed into
the qd stationary reference frame voltages using
equation (10).

Vi = 2(vas — 1/20p5 — 1/2v,)
Vs = %(_\/3/2%8 — V/3/2ves) (10)
Vi = 2(1/2vas + 1/2vps + 1/20c5)

The corresponding space vector diagrams for
switching states are illustrated in Figure 7 and 8.

The following observations can be deduced
from the space vector diagrams:

e The zero states of NSC1 and NSC2 are, re-
spectively, {1,14, 15, 17, 18, 23,24, 27} and
{1,3,7,9,14,19,21,25,27};

e The zero states {1, 14, 27} are common to
both NSC1 and NSC2;

e The remaining zero states {15, 17, 18, 23, and
24} of NSC1 are active states in NSC2 and
the zero states {3, 7, 9, 19, 21, and 25} of
NSC2 produce active states in NSC1.
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Figure 7: Voltage space vector diagrams for (a)
NSC1, and (b) NSC2 for all feasible switching
states.

After eliminating the switching states inde-
pendent control of the converter frequencies is pos-
sible since the active states are chosen such that
an active state applied to NSC1 produces a zero
state in NSC2 and vice versa (Kominami and Fuji-
moto, 2007). This leaves fifteen permissible states
as shown the corresponding space vector diagrams
are shown in Figure 8

For voltage, V7 has the effect of producing
an active vector, V1[2E/3,0, —E/6] in NSC1 but
a zero vector, V1[0,0,—FE/2] in NSC2, and V7
has the opposite effect, producing a zero vec-
tor, V7]0,0, E/2] in NSC1 and an active vector,
Vz[2E/3,0,—E/6] in NSC2. Any two reference
three phase voltage sets expressed in the station-
ary reference frame, V5, V5, may be synthesized
from their immediate adjacent space vectors, Vyqq,
Vaap and Vyqc,Vyaa respectively in addition to the
zero vectors Vg1 and Vg2 as shown in Figure 9.

4 Simulation Results

The implementation of the space vector PWM in
MATLAB consists of first identifying the sectors
of the desired voltages to be synthesized. The time
of application of active and zero vectors are then
calculated and arranged according switching pat-
tern. The converter switching frequency chosen is

d
by

Us[-Vae/3:V3V 4/3,-V /6] U, [Va/3,V3V4/3,V /6]

U,
[-2Vac/3,0,V 4./6]

U
o 2Vi/3.0-Vi6]
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@
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Figure 8: Voltage space vector diagrams for (a)
NSC1, and (b) NSC2 for selected switching states
which ensures their independent control.
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Figure 9: Synthesizing (a) NSC1 and (b) NSC2
reference voltages.

1kHz and sampling time is T, = 20e~6.

The simulations, the desired two sets of bal-
anced threephase voltages to be synthesized are:
Vo = Z%cos(zwﬁot),vgg = %cos(igrﬁot —2/3)
Vos = ﬁcos(%rﬁot +2/3) Vg = ﬁCOS(QT(?)Ot)

Vga = %cos(?wi’)Ot —2/3) Vg = %cos(27r30t +

2/3). The DC-link voltage of 100V.

For of the modulation angle, the graphical
waveforms of the reference modulation signals are
shown in Figure 10. With the modulation signals,
the switching pulses can be generated by compar-
ing with high frequency triangular carrier signal.

The Figure 11 and 12 shows all the phase volt-
ages for NSC1 and NSC2 produced using the space
vector PWM:

The low frequency components of the synthe-
sized voltages and the reference voltages have been
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Figure 10: (a) Waveform of the reference modula-
tion signals with § = 30° showing the maximum
and minimum values in the six sectors; (b) Gen-
eration of NSC device gate switching pulses.
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Figure 11: Phase voltages for NSC1 output (f1 =
60 Hz).

superimposed, which shows that, the desired volt-
ages have correctly been synthesized. Figure 13
shows the converter line-to-line voltages.

The Figure 14 depict the corresponding load
currents of the converter.

The Figure 15 shows the simulation of the
voltage stress on each device in a leg showing that

1l il |
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Time [secs]

Figure 12: Phase voltages for NSC2 output (f2 =
30 Hz) using Space Vector PWM.
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Figure 13: NSC line-to-line voltages with f1 = 30
Hz and 2 = 60Hz.
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Figure 14: Simulation results of the load currents.

the switching losses per cycle on the middle de-
vices are about twice those of the top and bottom
devices.

0.018 0.02
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Figure 15: Voltage on devices.

The Figure 16 (a), (b) and (c) show the IGBT
conduction losses as functions of the power factor



angle. Fig. 16 show the losses of the top devices.
The power factor angle is varied from —90° to
90° and the plots show the variation of the to-
tal IGBT conduction losses with the power factor
angle. It can be shown that the total losses are
almost independent of the modulation control an-
gle. The minimum and maximum losses occur at
unity power factor leading and unity power factor
lagging respectively.

Conduction loss, top devices Ty, [WJ:SVPWM
—

P

-
st
— P ]

Pro

conduction power loss [W]

80 60 40 20 0 20 40 60 80
Power factor angle ¢ [deg]

Conduction loss, middle devices T, [W]:SVPWM Conduction loss, bottom devices T, [WI:SVPWM
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Figure 16: IGBT conduction power losses of the
top (a), of the middle (b) and of the bottom (c)
devices as a function of the power factor.

It can be shown that when a device is turned-
off, the voltage across it is equal to the input DC
voltage, E. Thus the condition following combi-
nation of switches on all three phases: S, = 0,
Sgn = 1, Sgp = 1, S4n = O7 S5p =1 and SGn = 1.
Since at any particular switching condition, two
switches will be on in one phase, using the per
phase truth table, the voltage stress on each de-
vice in a leg can be determined in terms of the
switching functions, as shown in Table 3.

Sates | Sip | Sim | Sin | Device Voltage
1 0 1 1 (1-Sp)E
2 1| o0 1 (1—-S,)E
3 1 1 0 (1-Sp)E

Table 3: Calculating device voltage stress

The %WTHD e %THD for space vector PWM
is measured and tabulated as shown in Table 4.
To minimize harmonic distortion, active vectors
for each output should be placed centrally in the
switching period.

Number of switching of semiconductor ele-
ments for nines which inverter is shown in Table
5, in which number of switching is considerably
reduced using proposed space vector PWM.

%WTHD | %THD
g1 | 45,08 18,03
I, | 4508 17,07

Table 4: Harmonic Distortion

Sip | 3336
Sim | 2336
Sin | 3336

Table 5: Number Switch

5 Conclusoes

Space vector Modulation Technique has become
the most popular and important PWM technique
for the control of AC induction, Switched Reluc-
tance and Permanent Magnet Synchronous Mo-
tors.

The space vector pulse width modulation
methodology for the nine-switch converter are
proposed. The topology uses only nine IGBT de-
vises for ac to ac conversion through a DC-link
circuit. Simulation results of method space vec-
tor - PWM output was discussed. The space
vector PWM higher fundamental voltages com-
pared to sine triangle PWM based controllers,
also low voltage and current ripples. The oper-
ating principle of the converter is discussed and
space vector modulation scheme is developed. The
performance of the converter topology is verified
through simulation.

Although it is technically feasible to share the
carrier, it is not favorable in practice, even if it
is to produce the same voltage at the output, be-
cause it limits the amplitude of the output signals.
The voltage of the dc bus is maintained at twice
the usual amount, and thus the voltage stress on
the semiconductor is at least doubled.

Doubling the voltage is not, however, neces-
sary in the traditional structure, the back-to-back
converter, and thus also supports the maximum
modulation index. The doubling of the dc bus
voltage is attributed to a reduction by half of the
modulation rates imposed by nine keys converter,
and is therefore also experienced by drives of ad-
justable speed motors ac/dc/ac where the nine
keys converter also operates at different frequen-
cies.
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