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Abstract

This paper presents the analysis of a multi-level diode clamped converter (DCC)
which is implemented using space-vector pulse width modulation (SVPWM) tech-
nique, widely considered as the most efficient and easily applied modulation tech-
nique tn most industrial drives and control applications. It also focuses on the
step by step development of MATLAB /SIMULINK modeling of the space vector
pulse-width modulation and the spectral analysis of the resultant waveforms ob-
tained from the modulation results were carried out. Results of the simulations
obtained from DCC using SVPWM were equally presented and analyzed. This
paper used generic on-time application method to realize the application time for
the zero vector and two adjacent active vectors in determining the switching pro-
cess of the multilevel DCC, quite unlike the look-up table which is common in this
area. To verify the analysis, a small scale experimental work, was carried out.
All experimental works were done in the laboratory and the results confirm the
simulation results obtained from the SIMPLORER Student version 6 Software
used in stmulating the un-modulated three-level diode clamped converter.
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1. Introduction balance strategy, lower dv/dt stresses that re-
sult from the D.C capacitor voltage balance

Space vector pulse width modulation across the inverter D.C voltage bus-bar, a re-

(SVPWM) is a modulation technique that
involves the generation of a reference vec-
tor V,.; representing a three phase sinusoidal
voltage which is realized by switching be-
tween two nearest active vectors and one zero
vector switching sequence of a power con-
verter [1]. SVPWM-based multi-level con-
verters have gained great advantages in high
power and high performance industrial drive
application. This is because of their inherent
digital application, efficient D.C bus voltage
utilization through a D.C capacitor voltage
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duced electromagnetic interference (EMI) due
to reduced switching frequency losses, a min-
imized total harmonic distortion correspond-
ing to a low inverter switching frequency fs,

[2].
2. Principles of Operation of a Multi-
Level Diode Clamped Converter

The operation of a multi-level diode
clamped converter using a schematic di-
agram of a three phase n-level DCC
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with a DC-linking capacitors ranging from
Ci, Cy, C3, ... ,Ch_g to C,_1 is presented
here. Corresponding to this net DC-link is
a D.C voltage Vdc which is evenly distributed
along the (n — 1) D.C capacitors bus.

The D.C voltage across each capacitor
bus is numerically given by Vy./(n — 1)
[3]. Each leg of the n-level diode clamped
converter (DCC) consists of 2(n — 1) ac-
tive switches with anti-parallel diodes and
(n — 2) pairs of clamping diodes. There
are (n — 1) complementary switch pairs in
each phase leg which determine the basic
operations of a multi-level DCC [3]. For all
complementary switch pairs, the routinely
turning ON of one switch excludes the other
from being turned ON. Using phase A as
an example, the (n — 1) complementary
switch pairs for an n-level inverter are

(S1, S1), (S2, S2), (S3, S3) ..., (Sp_2, Sn_2)

and (S,_1, Sp—1). Therefore, turning ON
Sl, SQ, Sg, ey Sn,Q and Snfl, excludes
S, S5, 53, ..., 8,5, and S,_; from being

turned ON as shown in Fig. 1, which repre-
sents the schematic diagram of a three phase
n-level DCC.

From Fig. 1, node 0 voltage is considered as
the reference voltage. The switching combina-
tions for n-level inverter required to synthesize
the different voltage levels are summarized in
table 1 below.

3. Space Vector Voltage States repre-
sentation of 3, 4 and 5 level DCC

The space vector representation of the
above multi-level inverter is conveniently done
by determining the possible switching states
of an n-level inverter. This is realized from
the fact that for all n-level inverter the possi-
ble number of switching state is obtained from
the following relation:

N =n? (1)

Where n represents the voltage level and ¢
represents the number of phase which in this
context is three. The switching voltage states
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Figure 1: Circuit Diagram of a three phase n-level
DCC.

when normalized as Vj,. or in its per unitized
value always take a range from 0 ton—1[4]. In
this switching voltage states, there exist an ac-
tive and a redundant switching states. The ac-
tive switching states are those power converter
switching states that have unique and distinct
space vector value in o — /3 plane. While the
redundant switching states are those convert-
ers switching states that give the same space
vector value in a— 3 plane in other words, they
have no unique space vector value in o — 3
plane [4].

For ease in the determination of the
number of redundant voltage states, active
voltage states and number of voltage level,
the formulae tabulated below are used in
achieving this objective [4].

The actual representation of the 3, 4 and 5
level DCC in space vector is realized by the
determination of the line voltages, phase volt-
ages and the v — 8 di-phase voltages along
the o — 8 frame using the Park’s and Clark’s
transformations as well as the balanced sys-
tem voltage expression. For a balanced sys-
tem, the phase voltages are given by the fol-
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Table 1: Switching states of an n-level Diode clamped converter.

Switching States [ S1 S» ... Sp_2 [ Sac1 Si Sz ... Su_3 | Spn_2 Phase Voltage |
I 1 1 - 1 1 0 0 S 0 0 Ve
v,
I 0 1 ... 1 1 1 0 .. 0 0 (n —2)Yde
n—2 0o 0 ... 0 1 11 .1 0 2 Vae
n—1 0 0 ce 0 0 1 1 . 1 1 0
lowing matrix expression: Table 2: Dete.rmmatlon of the active and redundant voltage
state for the different levels.
‘/;Ln 2/3 —1/3 —1/3 ‘/:10 Number A B C D E
Vin | = | —1/3 2/3 —=1/3 | x| Vi of Toyerter
Ven -1/3 —-1/3 2/3 Veo n-Level 6n—1) | n—1) | n® | nP—(n—17° | (n—1)°
(2) 2-Level 6 1 8 7 1
. ) 3-Level 12 2 27 19 8
From the above matrix, the corresponding I Level 8 3 61 37 o7
lines to neutral voltages are given as follows: 5-Level 24 4 125 61 64
* A = Number of switches with anti-parallel Diodes.
‘/an _ g > ‘/ao o il)) > (‘/bo + ‘/;0) (3) it:hi\fzrr:}bset;toef. very close switches of each inverter leg required to be
9 1 C = Number of different voltage states of the n-inverter.
. D = Number of unique voltage states (Active states) of the inverter.
‘/Em - g X V;’O —3 X (V;‘O + VYCO) (4) E = Number of the redundant voltage states of the inverter.
2 1
‘/;n gxno_gx(%o"i_%o) (5)

For the scope of this work, an improved

The Park’s tranformation is given by: ) . .
transformation matrix by Concordia was ap-

[quo]t = [Tya0) X [Fope)' (6) plied as shown in (9a). Since emphasis is on
Where the di-phase oo — 3 frame, the zero sequence is
’ neglected.

cos§  cos(0—%r)  cos (0 + %) ] Therefore, the V,, and Vj values are derived

2
Toao = 3" _S%me o (é_ §) —sin ((;+ 5) from (9b) as shown below.
(7) L1 1
0 represents the angle of the orthogonal sets Va 2 2 2 Van
e Vi | =4/Sx| 0 ¥ -8B x|y

of ¢ —d — o in their arbitrary reference frame. VI'B 3 12 2 Vb”
The above (7) holds if the positive g-axis leads ¢ V2 V2 V2 on
the positive d-axis by 900, but if the positive v (9a)
g-axis lags behind the positive d-axis by 900, Vol \/5 " 1 -3 -1 y me
then the negative sign in the second row of the Vs | V3 0 @ —§ me
above matrix in (7) changes to positive. For Cn(gb)

a stationary reference frame, 6 in (7) tends to

) e ) From (9b), the V, and Vj expressions are
zero since g-axis is aligned with the stator a-

given as:
axis [5]. Under this condition, (7) changes to
. A 5 1
the Clarks transformation matrix given by (8) Vo= /2 % [Van R Vm)} (10)
[5]. 3 2
1 1 2 3
Fos 2 1 2 T3 Fas Vs = 3 x 2 X (Von = Ven) (1)
Fgs | = 3]0 BB x| Py
Fos : ; 3 Fes The placement of these multi-level voltage
(8) states in their spatial positions for the three
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Figure 4: 5- Level Space Vector Voltage States.
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different levels is done with consideration to
the positions of the voltage levels in the o — 3
plane derived from the above generated equa-
tions.  Therefore, for the 3-level, the 27-
voltage states are represented in space by the
hexagonal display realized by the MATLAB
GPLOT command. The results obtained are
shown in Fig; 2 for the 3-level space vector
voltage states while Figs: 3 and 4 represent
the space vector voltage states of the 4 and 5-
level inverter in their spatial positions.

4. Space Vector Switching On-Time
and Reference Voltage Determina-
tion

To determine the switching on time and ref-
erence voltage of a multi level SVPWM in-
verter, classical two-level space vector geome-
try by Gupta is used for this analysis [6].

Figure 5 shows the space vector diagram of
a two level inverter. Each of the six sectors
that make up this inverter is made up of an
equilateral triangle of unity length with a
triangular height of h = v/3/2 this also forms
the height of the sector. Thus, the ON time
calculation for any of the six sectors is the
same. Considering sector 1 of Fig. 5, it shows
that the reference vector (v%¥) is the vector
sum (resultant vector) of v3, and v, [6].

The duty cycle of the switching vectors v,
and U, are got from (12) and (13), respectively.

t t
T = (t) X Tq + <tb> X Ty (12)

Ut X ts =ty X Uy + tp X Tp (13)
ty=tq+ b+ to (14)

ta t
Where (t—) and <t—”> are the duty-cycles

of the switching vectors v, and v, while ¢, is
the sampling time given by the sum of the two
active vectors and the zero vector. Similarly,
tq, tp, and ty are the application times of the
two active vectors and zero vector. The appli-
cation time and their corresponding voltage
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Figure 5: Space vector diagram of two-level in-
verter.

magnitude are obtained by vector resolution
of Figs (5 & 6) along the «, and 3, axis and by
direct substitution of the values of v, = (1,0)
and v, = (0.5,h) into the equation obtained
after vector resolution. The results obtained
are given by the following equations:

ty =t X (vfw _ Y ) (15)
2xh
ts
ty = Vg, X 5 (16)
to =1ty —ty— 1y (17)
V3, = Ts X COS7Ys (18)
V3, = U, X sin~y, (19)

A follow up to the application times for the
active and zero vectors is the triangle and sec-
tor determination corresponding to the rota-
tion of the reference vector in space; this is
realized with consideration to Fig, 7 which
represents sectorl of three level space vector
diagram.

Sector 1 of Fig. 7 is split into four triangles
so do other remaining sectors. These triangles
are classified into two types: type 1 and type
2 respectively [6].

A triangle of type 1 always has its base at
the bottom and it rests on the a-axis plane as
shown above, the following triangles belong to
typel: Ag, Ay and As.

A triangle of type 2 has its base inverted
and it points towards the ([-axis plane. Tri-
angle that belongs to this class is Ay with its
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vertex resting on the a-axis plane as shown in
Fig. 7.

The determination of these triangles in the
six sectors is effectively done by applying the
following equations (20) and (21).

Ky = int(o, + v5,/V3)
K, = int(v3,/h) (21)

K represents the part of a given sector ly-
ing between two lines that join the vertices of
two triangles which is separated by the height
of the equilateral triangle (h) and also inclined
by 120°C to the a-axis plane. K, represents
that part of a sector lying along a horizontal
line joining the vertices of two triangles which
is separated by the same height of the equilat-
eral triangle (h) but is parallel to the a-axis
plane. K; and K5 are presented in Fig.7 with
their corresponding values at different loca-
tions of sector 1.

Triangles of typel and type2 represent sec-
torl and sector4 of the two level inverter and
it is on this assumption that the application
time for the zero and the two active vectors
(to, ta, tp) for other multi-level inverters are
calculated since tg, t, and t, are functions of
(Vaos Vgo)-

From the reference vector v* shown in the
Fig 7, the sector of operation and its angle ()
within this sector is determined by the follow-
ing equations:

0
(2 g
Si = int (60) +
= rem ﬂ
7= 60

The angle 6 represents the angle of the ref-
erence vector with respect to the a-axis plane
with range given by 0°C < 0 < 360°C. While
int, as well as rem, represent the MATLAB
standard function called integer and remain-
der for a given mathematical division. The
slope of AP is given by vg;/v,; and the slope
of AjAy4 is given by:

(Height of equilateral triangle A;AzAy4 of
unity length) < (1/2 of A;A3) = /3

(20)

(22)

(23)
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The result obtained from comparing the two
slopes produces the following inequality

g < V3w (24)

The relational equations for v,; and vg; with
respect to K7 and K, are given by (24) and
(25) respectively.

Vai = Uzo — Kl + 0.5 x K2 (25)

Ug; = Ugo — K2 X h (26)

here v, and vj, are the values of the new
active vectors along o — 3 axes corresponding
to the change in the rotation of the reference
vector P. From (24) the following condition
holds. If wg < V304, then VS, = Vai and
v, = vgi else vy, = 0.5—1v,; and vg, = h—vg;.
The same analogy of triangle and sector de-
termination for this 3 - level is used for higher
level of inverter [6]. For sectors of multi-level
inverter with multiple number of triangles A;,
the triangle types are determined from the fol-
lowing equations (27) and (28):

Aj = K; + 2K, (27)

Aj=Ki+2Ky+1 (28)

Equation (27) is used to determine a trian-
gle of type 1 while (28) is used to determine
a triangle of type 2. Symmetrical space vec-
tor pulse width modulation is achieved by ap-
plying the zero state vectors followed by two
adjacent active states in half switching pe-
riod. The next half of this switching period
is the mirror image of the first half. The to-
tal switching period is divided into seven seg-
ments. The zero vectors are always applied
for of the total time required by the zero vec-
tor duration and this is followed by half of
the application time for the active vectors [7].
The sequence continues as indicated in Fig.
8 which formed the basis of the space vector
switching pattern used in the on-time calcu-
lation sequence.
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5. Model Equations for Space Vector
Multi- Levels DCC

The equations used in the modeling of a
three phase, three level diode clamped con-
verter with respect to the reference vector an-
gle and magnitude are presented below:

1
VAN = —= X VLL X cos wt (29)

V3

1 2T
Veny = — X Vi1 X cos | wt — — 30
= s X Vi ( 3> (30)
1 47
Von = — X Vi X cos | wt — — 31
v = s X Vi ( 3> (31)

The space vector voltage is given by

Vs= ; x (Van +aVay +a*Veon)  (32)
Where operator a = cos 120° + j sin 120° and
a? = cos 240°+7 sin 240°. For a balanced three
phase system, the magnitude of the output
voltages and their corresponding frequency
must be equal. Therefore substituting the val-
ues of @ an a? and with only the corresponding
voltage magnitude of the above three phase
voltages into (33) produces (34) as shown

2
Vi = = x(|V]+|V]cos120° 4 j|V|sin 120°

3
+|V| cos 240° 4 j|V| sin 240°)

Re-arranging (33) into real and imaginary
paths produces (34) as shown below:

2
V, = 3% (|V]| + |V]cos 120° + |V | cos 240°
+5(|V|5in 120° + |V sin 240°))

Since d — ¢ voltages are orthogonal (right-
angled) to each other [8]. Then (34) aligned
in the d — ¢ plane produces (35) and (36) re-
spectively.

2
Vi=3(IV|+[V]cos120° + V] cos 240° (35)

2
Vo= 3(IV]sin120° +|V]sin 2407)  (36)

Vor. 30, No. 2. JunNE 2011.
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Figure 9: SIMULINK model for theta and magnitude determination of reference vector.
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Figure 11: 3-level space vector diode clamped converter.
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Figure 12: Overall Simulink model for 4-level space vector diode clamped converter.

Figure 13: Overall Simulink model for 5-level

space vector diode clamped converter.

Equations (35) and (36) formed the basic
equation models for the generation of the
reference angle and magnitude of reference
vector which is achieved by using the Carte-
sian to polar block got from transformation
block in the SIMULINK extras contained in
the SIMULINK sub-library as shown in the
SIMULINK model of Fig. 9.

The Overall SIMULINK Models for the 3,
4, and 5 levels Diode Clamped Converter with
the subsystem model of 3-level are shown in
figures 10 - 13 (refer to Appendix 1).
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EEE]
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Figure 14: 4-level space vector diode clamped con-
verter

6. Results of the Simulation for Multi-
Levels of SVPWM DCC

The simulation results (waveforms) for the
above multi-level diode clamped converter
with their corresponding spectral waveforms
at a modulation index of 0.8 are shown be-
low:

7. Percentage of Total Harmonic Dis-
tortion for the 3, 4 and 5- Level
SVPWM Wave-Forms

THD for the phase current = 21%
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Figure 15: 5-level space vector diode clamped con- form at a modulation index 0.8
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Figure 16: 3-Level Space Vector Waveform at a o
wave at a modulation index 0.8.
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THD for the phase voltage = 26%
THD for the line voltage = 32%

Harmonic distortion values for the -
level space wvector modulation wave-
forms

THD for the phase current = 18.2%
THD for the phase voltage = 20.6%
THD for the line voltage = 25.2%

Harmonic distortion values for the 5-
level space wvector modulation wave-
forms

THD for the phase current = 14.19%
THD for the phase voltage = 18.93%
THD for the line voltage = 21.42%

8. Experimental Verification of Three
Level Diode Clamped Converter

The single phase un-modulated three level
DCC was first simulated using simplorer to
view the expected laboratory result under a
resistive load before the final implementation.
The laboratory result was achieved by the fol-
lowing stages presented in the block diagram
of Fig 22:

The experimental result for the 3-level
un-modulated diode clamped converter
with resistive load is shown in oscilloscope
screen presented in Fig. 23. This result
corresponds with the result obtained from
the SIMPLORER simulation for the 3-level
un-modulated DCC with a resistive load as
shown in Fig. 23.

9. Conclusion

This paper presented a space-vector pulse
width modulation (SVPWM) based scheme
that performs the modulation of 3, 4 and 5-
level DCC at a modulation index of 0.8. The
switching ON-time using the generic two-level
duty cycle algorithm reduces the time-wasting
complex equation analysis and the rigours in-
volved in consulting a look-up table for higher-
level DCC ON-time calculation.
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Figure 25: 3-Level Laboratory result.

The simulation results proved that the over-
all total harmonic distortions as well as the
switching Losses are generally reduced as the
inverter level increases as shown in the total
distortion values. It is also recommended that
odd inverter levels such as 3, 5 and more be
used in the future analysis since a better anal-
ysis and efficient waveforms are derived from
these odd inverter as shown in figure 16 and
figure 20 respectively.
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Figure 21: Spectral result of 5-level Space Vector wave at a modulation index 0.8.
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Figure 22: Block diagram of the three level DCC design.
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Figure 23: Spectral result of 4-level Space Vector waveform at a modulation index 0.8.
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