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Abstract: The nine-switch converter (NSC) has been used in
power quality conditioners and AC motor drives. However, it
has not attracted much attention because of its amplitude,
frequency and phase-shift limitations primarily due to sharing
of its middle switches between two outputs. This sharing
inherently imposes a constraint on its modulation index. To
satisfy the modulation constraint and correctly synthesize the
desired voltages, 'appropriate’ DC offsets are often added to
the phase voltage commands to decouple the converter’s two
outputs. This study proposes a new generalized carrier-based
discontinuous PWM (or DC clamping) methodologies for the
NSC with the ultimate goal of obtaining reduced switching
losses while still maintaining its waveform quality and the
realization of the converter full capacity. The mathematical
formulations are validated with simulation results.

Keywords: nine-switch converter, reduced switch-count, ac
motor drives, dc clamping pwm.

. INTRODUCTION

In the classical pulse-width modulated voltage source
inverters, two (2) main modulation techniques namely;
Space Vector Pulse-Width Modulation (SV-PWM) and
Carrier-Based  Pulse-Width  Modulation  (CB-PWM)
methods are used for controlling the magnitude and
frequency of the output AC voltages. In both the SV-PWM
and CB-PWM methods, voltage linearity, waveform quality
(current ripple), and switching losses are all influenced by
the choice of the zero-state placement [1]. Depending on the
placement of these zero vectors, the modulation may be
continuous or discontinuous. As discussed extensively by
Hava et d. in [2] , the continuous PWM (CPWM) methods
have superior performance in the low modulation range
compared to the discontinuous PWM (DPWM) methods.
The reverse is true in the high modulation region. However,
each DPWM modulator’s performance viz-a-viz switching
losses, waveform quality, and voltage linearity
characteristics are different in each DPWM method and the
method of choice depends on the characteristics that are
most critical to the designer.

Recently, some researchers have shown keen interest in
the nine-switch converter (NSC) shown in Fig. 1. It has been
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used in independent control of two 3-phase AC loads [3]-[5]
and in unified power quality conditioners [6]. The SV-PWM
of the NSC has been investigated in [5], [ 7], and [8] whereas
the CB-PWM methods are discussed in [8], [9]. The voltage
harmonic performance of the NSC has been shown to be
similar to that of its conventional two-level version [5]. The
switching losses, too, per device are comparable except that
in the NSC, the switching losses in the devices are not
evenly shared. It is shown that the middle switches of the
NSC are subjected to higher current stress and therefore
more power losses than the top and bottom devices. Thisisa
drawback as uneven distribution of heat leads to a lower
rating for the converter.

Hereinafter, the upper portion of the NSC comprising
the upper and middle switches (Ta, Top, Tep @d Tam, Tom,
Tem) is referred to as NSC1 whereas the lower portion
comprising the middle and lower switches (Tam, Tom, Tem and
Tany Tons Ten) ISNSC2 as shown in Fig. 1.

In this paper, various DPWM methods of the NSC are
proposed. Due to the DC clamping, switching losses would
be reduced as compared to its continuous PWM method and
conseguently raise the power rating of the converter. Section
Il is used to introduce the PWM methods for the NSC. In
Section 11, the proposed generalized DC clamping method
is outlined. This is followed by Simulation results and
conclusionsin Sections IV and V respectively.

I1.  NSC MODULATION METHODOLOGIES

The space vector diagram of the NSC is shown in Fig. 2
[7], [8]. It has 12 active and 3 zero space vectors that can be
used to synthesize any desired 2 sets of 3-phase voltages.
Using the space vector technique, the converter neutral
voltages have been shown to be given by [8]:

V

Vo = o 20 Vi (13)
o}

G(Vmaxl +Vmax2 )_a (Vmin1+ Vmin2)

V,

%(28 _1)_Vmin2

- B(Vmaxl +Vmax2)+ B(Vminl+vmin2)

(1b)
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Figure 1: Topology of the nine-switch converter.

Vinaxt = maX(Vazli Vi1, chl)v

Vinint = MIN(V g1, Va1, Ve )s

Vinaz = maX(VaZZIVszchZ)v ,

Viing = M n(vaz21v zZ!chz)

Vi, and Vi, are the phase voltages; j = a, b, ¢; a, B
and y are the distribution factors for the zero space
vectors; V. isthe DC-link voltage as shown in Fig. 1.
In general, there are 3 zero vectors; and depending on
the choice of the values for a, B and y determines the
DPWM method. Table | shows some proposed
utilization of the 3 zero vectors. The sum of a, 3 and
vy must however be less than or equa to unity. In
Table I, a “0” means the associated zero vector has
been eliminated and a “1” means the corresponding
zero vector is being utilized.

It can also be shown that the switching functions of
the devicesin aleg are related by (2) and the voltages
between the converter legs and the mid-point, “O” of
the DC-link capacitor are given by (3) asfollows[8]:

where

Us |- Vo3 N3 Vyo/3.- V6] T i Uy [ Va3 V3 V3, V6]

Us U,

[-2V ae/30, Vocl6] o VB0V
Uy |00~V 2]
iz [0.0. V2]
Uga [0,0, V2]

Ui Y U
|-Vad3:\3VaeB-Vadb]  [Vael3\3Vae/3.Vaclb]

@
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Sp +SnSn =1
_ 2
Sin +SpSm =1
Vjo =an +Vio =Vdc(2Sp -1/2,
Vko =Vim +Vimo :Vdc(l_ 2Sn)/2
€)

The expressions for the switching functions of the top
and bottom devices can be approximated as [1]:

Sp =051+ M,))
4
Sn = 0-5(1+ Min)

d )
Us |- Va3 Y3V g3.- V6] Tj Uy | Va3 403V gel3. V]

U ] v
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Figure 2: Space vector diagrams of nine-switch converter (a) NSC1 output (b) NSC2 output

Substituting (4) into (3) the expressions for the
modulation signals are given by:

*

N, N
Mip =_Jﬂ+£
Vdc Vdc ( )
* 5
M. =_%_M
in
Vdc Vdc

where M, M, are respectively, the modulation
signals of the upper and bottom devices. The
expressions in (5) are compared with the high
frequency carrier signals to produce the switching
pulses as donein carrier-based PWM methods.

I11. PROPOSED DISCONTINUOUSPWM SCHEMES

In discontinuous PWM methods, the zero
seguence signals are used to modify the modulation
signals clamping them to the positive or negative
peak of the triangular carrier signal. The result is that
the inverter phase legs are clamped to either the
positive or negative DC rail for 120° portion of the
fundamental period. In the most popular DPWM
methods, the 120° clamping segment may be done in
asingle segment (120° DPWM) or divided into 2 or 4
separate segments (60° and 30° DPWM respectively).

Equation (1) represents the zero sequence
voltages of the NSC. Variants of DPWMs may be
achieved by eliminating either one or two of the three
zero space vectors as shown in Table |. This may be
done in two ways, eliminate the same zero vector(s)
throughout a switching cycle or alternately eliminate
different zero space vector(s) during the fundamental
period. eg., if only a single zero vector is to be
applied, from Table |, either mode a (i), or a (ii) or a
(iii) only is used in a switching cycle but not a
combination of them. In the second scenario of
applying a single zero vector, a (i), a (ii), and a (iii)
are aternately used within the time but alternates
between all three zero vectors within the fundamental
period. Equation (6) may be used to achieve this
condition. However if the expression in (7) is used,
one or two zero vectors are aternately eliminated
within the switching period.

Table|: Zero voltage utilization
Mode a B

70
(©) | . !
a = 0.1+ sgn((cos3(w;,t +d,))],
b =0.51+sgn((cos3(w,t +d,))](L-a)
a+b+g=1
(6)
a = 0.291+sgn((cos3(w,t +d,))],
b = 0.291+ sgn((cos3(w,t +d,))], @)
a+b+g=1

In (6) and (7) sgn(X) is 1, 0 or -1 for X >0,
X =0and X <0, respectively; w;, w, are the
frequencies of reference voltages of NSC1 and NSC2
respectively; 6, and 0, are their corresponding
modulation angles. The modulation angle may be
varied from -1 to -1 radians giving rise to infinite
DPWM methods.

IV. SIMULATION RESULTS

Simulations were performed using
Matlab/Simulink to validate the proposed PWM
schemes. The simulation parameters are given in
Tablell.

Table I1. Parameters of simulations and experimental setup

Par ameter (s) Value(s)

Phase ‘a;” Va/V; fi/Hz 0.5Vy4/V3; 60
Phase ‘a,” VoIV f/Hz 0.5V4/V3; 30

Switching Freq./kHz 1
VadV 100
R/Q; Ly/mH 2;10
R,/Q; Lo/mH 2;10

a(i)
a(ii)
b(i)

a(iii)
b (ii)
b (iii)

B O O O
R O O + + O
O B O Fkr O KrW<
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The DC-link voltage of 100 V is used and therefore
my = m, = VN3, (where my = peak (2Via/Vy) and m,
= peak (2Vio/V4) are the peaks of the reference
modulation signals). The converter switching
frequency chosenis 1 kHz.

Figs. 3 to 5 show the modulation signals of the
proposed DPWM methods. In Fig. 3, when y = 1,
both top and bottom signals are clamped to the peak
of the triangular carrier and therefore there are no
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conduction losses in these clamped segments.
However, if either a =1 or B =1 as in Figs. 4(a) and
4(b), only one signa experiences the clamping. In
other words, one set of modulation signals are
continuous and the other discontinuous.

Fig. 5 shows the modulation signals when two of the
3 zero space vectors eliminated alternately eliminated
during the switching cycle. Fig. 5 with Figs. 3 and 4
show that DC clamping can be applied to both NSC1
and NSC2 only if at least two zero vectors are
eliminated alternately during a switching cycle. Figs.
6 and 7 illustrates respectively, the phase voltages
and currents of NSC1 and NSC2 as well as their
corresponding harmonic spectra.  For lack of space,
only the voltages and currents for corresponding to
Fig. 5(b) are presented. There no low order
harmonics and the dominant harmonics are centered
around the converter switching frequency (1 kHz).
The harmonic spectra for both voltages and currents
shows the desired voltages have been synthesized
correctly using the proposed algorithm.

V. CONCLUSIONS

Different DC-clamping PWM methodologies for the
nine-switch converter have been proposed. The
generalized neutral voltages for the NSC have been
used to derive the generalized discontinuous PWM of
the nine switch converter for the first time in this
paper. Simulation results show that the waveform
quality is comparable to the classical 2-level
converter. Switching losses can be significantly
reduced due to the clamping. It has also been shown,

71

in this paper that, in fact, with an appropriate
elimination of zero vectors, the converter’s two sets
of reference voltages may be obtained using a
combination of both continuous and discontinuous
PWM methods. Simulation results show that two sets
of 3-phase voltages have been correctly synthesized
by the proposed discontinuous PWM modulation
techniques.
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Figure 3: DPWM phases abc modulation signals with o =
0,3 =0,v=1whenf, =60 Hz, f, = 30 Hz, m; = m,= 1//3.
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Figure 4: DPWM phases abc modulation signalswith (8) o =y =0, =1, and (b) a = 1, § =y =0, when f; = 60 Hz, f, = 30 Hz,
my = my= 13,
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Figure 5: DPWM Modulation signals using (&) only one of o,  or, y, and (b) only one or two of o, 3 and y alternately in a
switching cycle when f; = 60Hz, f, = 30Hz, m; = m, = /N3, 8,= 5,=0°.
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Figure 6: NSC 3- phase voltages and harmonic spectra NSC1 output (top) and (d) NSC2 output (bottom) using only one of o, 3 or
y dternately in aswitching cycle with f; = 60 Hz, f, = 30 Hz, my = m, = 143, , 8, = 3,= 0°
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Figure 7: NSC 3- phase currents and harmonic spectra for NSC1 output (top) and NSC2 output (bottom) using only one of o, B
or , y alternately in a switching cycle with f, = 60 Hz, f, = 30 Hz, my = mp = 143, , 3;= §,=0°
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