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Abstract—This paper presents a switching strategy for multi- N
level cascade inverters, based on the space-vector theory. The pro-
posed high-performance strategy generates a voltage vector across

the load with minimum error with respect to the sinusoidal ref- Power Power Power
erence. In addition, it generates very low harmonic distortion op- Cell A1 Cell B1 el cl
erating with reduced switching frequency, without the use of tra- Power Power Power
ditional sinusoidal pulsewidth modulation techniques or more so- Cell A2 Cell B2 Cell C2
phisticated vector modulation methods. 1 1 1
Power Power Power
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|l. INTRODUCTION Power Power Power
. . Cell A5 Cell B5 Cell C5
N THE LAST few years, the power level of industrial v i
processes has increased significantly in order to ir A ¢ 4 B C
prove production with minimum cost. This increase caust
an important development of high-power medium-voltag Y n

adjustable-speed drives (MV-ASDs) [1]. One of the mo:
successful topologies used today in MV-ASDs is the casca
multilevel circuit (CML), which uses several low-voltage n
cells, each one containing an H-bridge inverter [1], [2]. Thgg‘ 1. CML inverter topology.
classical control of CML inverters uses a standard subharmonic
pulsewidth modulation (PWM) control and the phase-shifting
technique to achieve a multilevel output voltage [3], [4]. )S JX
Recently, the space-vector modulation technique has also been _{
successfully applied in CML inverters [5]. With this method,
the power switches operate with relative high frequency. A
more sophisticated modulation scheme that reduces drastically
the switching frequency of the power semiconductors and I 2|S
generates nearly sinusoidal voltages with only fundamental
switching frequency, using selective harmonic elimination has _
been presented in [6] and [7]. Fig. 2. Cell of the CML inverter.
This paper presents a control scheme, based on the space-

vector theory, which also generates almost sinusoidal volta(%@?i?lle for the proposed modulation scheme is described in
with nearly fundamental switching frequency. The operati e following sections.

Il. DESCRIPTION OF THEINVERTER

A. Power Circuit
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N wherev,n, vy, andvoy are the voltages of terminalg,
B, andC with respect to the neutrdV anda is the complex

v operator

T v Each phase can generate 11 different voltages, which corre-
vAn

a=-1/2+j-V3/2. (4)

4B spond to the 11 levels. The three-phase inverter can generate a
totalof11-11-11 = 1331 space vectors. The representation of
the voltage vectors in the complex plane considers that

v(t) =va +7-vg (5)
Fig. 3. Simplified equivalent circuit of the CML inverter.
wherev,, andvg correspond to the componentsugt) in thea

andg axes, respectively. These components are given by

TABLE |
NUMBER OF STEPS INCML INVERTER VOLTAGES
R Va =3 (2-van —vBN —veN) ©

' Numberof = Phase-neutral N = Phase-to-phase § 1
celsp steps k steps q v = V3 (vBN — vON). 7
} 1 3 ) There are many inverter phase voltages that generate the same
2 5 voltage vector. This redundancy property is very useful in op-

3 5 Y timizing the operation of the inverter. For example, the inverter
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, phase voltage® V.., —2Vee, —4Vee) and(4Vee, —3Vee, —5Vee)

4 9. are represented by the same vector. However, these inverter volt-

5 1 ages produce different common-mode voltages, defined by

veM = an + UI;N Hew) (8)

are replaced by a voltage source. The number of steps in thg; has peen shown in MV-ASD systems that high
phase-to-neutralV and in the phase-to-phase voltages arg,mmon-mode voltage contributes to motor failures [8].

shown in Table I, for the case in which all the cells per phasg, requce this problem, only inverter voltages with minimum

have the same dc-link voltage.. For example, with one cell .o mmon-mode voltage will be used to generate the output
per phase, the phase voltagey has only three levelstVe., 0,  yector.

and —V,.. In this connection, the phase-to-phase voltagg
has five different levels+-2V,., +V.., 0,— V.., and—2V_.. The
connection of a cell in each phase adds two more levels to the )
phase voltage 4 x and four more levels in the phase-to-phas8- Vector Selection Strategy

I1l. VECTORCONTROL SCHEME

voltagev 4 g, as shown Table I. As shown in (6) and (7), the different values of andvg
The number of levels in the phase—neutral voltage is are multiples ofV,./3 and V.. /v/3, respectively. To simplify
given by the control, it is advantageous to work with normalized voltage
vectorsy’, given by
k=2-p+1 Q)
v'(t) = v, +J- v )

wherep is the number of cells per phase. In addition, the numbWhere the normalized components are
of stepsg in the phase—phase voltaggg is given by

/ Va U

v = and o, = — 0 (10)
(Vee/3) 7 (Vie/V3)
By using different normalized voltages, componerjisand
An increase in the number of steps in the output \/0|tage pm% of the inverter vectors take integervalues, as shown in Fig. 4.

gq=2-k—1. (2)

duces a reduction in harmonic distortion. This figure presents the 311 normalized different voltage vec-
tors generated by the inverter, including, also, the normalized
C. Voltage Vectors of the 11-Level Inverter reference vector.

The main idea in the proposed control strategy is to deliver to
The vector approach for the three-phase 11-level inverteryj |0ad a voltage vector that minimizes the error with respect to
defined by the following general expression: the reference voltage vectef ;. For example, vectos/, gen-
erated by the CML inverter Has the smallest error with respect
to the reference vectar_ . shown in Fig. 4 and this vector will

o(t) = % - (van(t) + a-vpn(t) +a® - von(t))  (3) be generated by the control strategy. The high density of vectors

Wl N
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TABLE I

PULSE GENERATION PERPHASE (EXAMPLE PHASE A)

Cell 1 Cell2 | Cell3 | Cell4 | cells
vav |PA|PB|y,; |PA|PB|y, |PAIPB v 3 |PA{PB| v, (PAIPB| ys
5Vee| 01 |[Vee| 01 [-Vee| 0] 1 -Vee| 01 |-Vee| 0| 1| -Vee
“4Vee 01 |-Vee| 01 |-Vee| 0] 1 [-Vee| 0/ 1[-Vee 00 0 |
-3Vee |01 |-Vee| 01 -Vee| 0 1|-Vee| 010 0 [0]0] 0
2Vee| 0|1 Vel 0 [1]Vel0] 0] 0 00 0 00O O
-1Vee| 011 -Vee 001010 0,000 0 0/0 0
0Vee |(0/0, 000/ 000 000 0 00 O]
1Vee [1 0/ Vee/ 00/ 0 00/ 0000 00| 0|
2Vee |10 Vee|1|0|VeciO|O]O[0/0O|0O[0]0O] 0O
3Vee |1/0 Ve |1 0 Vee|1 0|Veel0 0|0 0 0 0
4Vee 10 |Vee |10 Vee|1|0 V|1 0| Vee|0/0] 0O
SVee | 10| Vee | 10| Vee 10| Vee| 110 Vee| 1]0] Vee

Vref Calculation
of Vre !

Va ;
Calculation
of index na

Calculation
of index ng

Selection of the
commutation state

Fig. 5. Representation of the locus with highest proximity to the inverter
vector.

VcCN

. . Fig. 6. Block diagram of the control method.
generated by the 11-level inverter will generate small errors i g

relation to the reference vector. For this reason, it is not neces-
sary to use a complex high-frequency vector modulation scheméable containing vectons,, v;, and the equation of tragg .
using three vectors adjacent to the reference. The indexes for this tablen, andngs) are easily calculated by
The darker hexagon around vectajf in Fig. 4 represents the following expressions:
the locus of highest proximity to this inverter vector. Fig. 5
shows different vectors generated by the CML inverter, with
their respective hexagon boundaries of highest proximity n, = sign(v’) - (ceil|v),])
area, in dashed lines. The control strategy must determine in / } (11)
which hexagon the reference vector is located, to apply the

corresponding voltage vector to the load. whereceil(v) is defined as the smallest integer greater or equal
In order to make the appropriate vector selection, the real afsv. The next step is to compare the reference vector with the

in Fig. 4 is divided into 40 different sections and the imaginaynique tracey; in the shaded area of Fig. 5, to select the nearest

axis is divided into 20 sections. The boundardiesib, Ic, and inverter vectom), or v;. The tracey; is identified by the fol-

Id, shown in Figs. 4 and 5, clearly identify the shaded rectangleying equation:

where the reference vector and the nearest inverter vectors are

located. The real and imaginary partﬂ% ¢ are used to address Y1 =c1-a +co. (12)

ng = sign(vy) - (ceillvy|)
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Fig. 7. Cell voltages of a phase; = 0.99.
with the restriction that
The coefficients:; andc, are contained in the same table. Fi-

nally, the decision betweew}, or v} is performed utilizing the
following relation:

lvanl, lvBN|, lven| < p - Vee (17)

The round function in (14) is necessary because the phase
voltagew 4y can only have integer multiples &f... As an il-
If v > c1-v, +c2 then vy = 1 lustrative example, whewl, = (18, 2), according to (14)—(16),
else v, = v } (3) vaN = 6V, vy = —2V,., andvcy = —4V,.. The value for
van IS not possible, because the maximum voltage generated
wherev), = (vsq, vsp) is the selected vector, delivered by théy each phase 8V.... To overcome this inconsistency, the value

inverter. V.. is subtracted from each phase voltage, giving; = 5V..,
vgy = —3V,., andveny = —5V,.. These new phase voltages
B. Generation of the Gating Pulses generate the desired output voltage because the addition of

The oh v | h the same value to the phase voltages does not change the value
e phase-neutral’ output voltages sn, vpn, ven that ¢ ypo voltage vector.

must be generated by the inverter are now calculated by USINGraple 11 is utilized to transform each phase voltage in binary

the following equations: control signalsP, and Py used to control the power transis-
tors in each cell. Because each cell has three different states

van =round [”sa} Vo, 4) Vee; 0, =Vee, Only 2 bits are necessary to identify the conduc-

. 3 tion states of one cell and 10 bits are needed to generate the ap-
VBN = {_  (Vsa — V) * Ve UAN] (15) propriate phase voltage a_lt the output. For example, v]?r]e_ﬁt

2 “1” andPg = “0,” transistors T1 and T4 of Fig. 2 are in the

ON state and the output voltage of the cellis = +V.. . The

1
veN = {_ (s = vsp) Ve + UAN} (16)  same Table Il is used for phasBsandC'.

2
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