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Space-Vector Pulse Width Modulation
for Three-Level NPC Converter
with the Neutral Point Voltage Control

Arkadiusz Lewicki, Zbigniew Krzeminski, Haitham Abu-Rub

Abstract— This paper proposes new space-vector pulse width
modulation (SV-PWM) strategy for a three-level NPC inverter.
The presented SV-PWM strategy makes it possible to control the
neutral point voltage by optimum choice of switch sequence for
any position and length of output voltage vector. The proposed
solution takes into consideration the unbalance of the DC-link
voltages. It also analyzes the influence of vector sequences on the
predicted unbalance of the DC-link voltage. The solution allows
selecting optimum vectors and their on-time durations in order to
reduce quickly the DC-link voltage unbalance. The calculation of
space vector area, proposed in this paper takes into consideration
voltage unbalance and its influence on the length and position of
vectors. The proposed approach assures properly generating the
voltage output vectors, even in the case of the existing large
voltage unbalance in the DC-link. Results of experimental
investigation of the proposed modulation strategy are presented
in the paper.

Index Terms— Multilevel Inverter, NPC Inverter, Pulse Width
Modulation, Neutral Point Voltage Control

I. INTRODUCTION

ULTILEVEL inverter topologies are experiencing

increased application in the industrial environment,
particularly in high power drive systems [1, 2, 3, 4]. The main
advantages of these inverters are improving quality of voltage
waveformsand an increase in the DC-link voltage for
agiven blocking voltage capacity of the semiconductors.
Generation of voltage vectors in multilevel inverters requires
taking into consideration all the phenomena which have an
influence on the accuracy of output vectors. While the neutral
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Fig. 1. Three-phase NPC inverter
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point clamped (NPC) multilevel inverter (Fig.1) converts
higher voltages using devices with lower rating, the DC-link
voltage balancing problem seriously limits the applicability of
these inverters, if not solved. The DC-link voltage unbalance
causes an increase of voltage stress on switching devices and
additional harmonic distortion in the inverter output voltage.
To maximize the performance of three-level inverter, the
voltages of the series connected DC-link capacitors should be
equal.

Different methods of DC-link voltage balance control are
proposed in many papers [5, 6, 7, 8, 9, 10, 11, 12, 13, 14]. In
most solutions of the PWM strategies, the lengths of active and
passive vectors, with an assumption of balanced DC-link
voltages, are calculated. This approach allows to divide the
space vector area into six equal sectors (Fig.2). Each of them
can be divided into equal subsectors. In many solutions of the
SV-PWM strategies for three-level NPC inverter, one or two
switching sequences are strictly assigned to specific subsectors
[5, 6]. The control strategies of DC-link voltage balance are
based on the change of switching sequences depending on the
DC-link voltage unbalance [7, 15, 16, 17]. Most of the PWM
solutions are based on using controllers to control neutral point
voltages [8, 18, 19, 20, 21]. The duration of redundant vectors
in the switching sequence is rearranged in order to reduce the
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Fig. 2. Space vectors of three-level inverter in the case of DC-link balance:
Ucu/ua=0.5/0.5

voltage unbalance in the DC-link [7, 9, 15, 16, 22, 23, 24].
A similar solution was proposed in [25]. The voltage balance
control strategy for one-phase NPC converter is based on the
adjusting of effective time of the positive and the negative
small vectors in response to the DC-link voltage unbalance and
the direction of the load current.

In the case of unbalanced DC-link voltages, the approach,
based on assumption of equal voltages in the DC-link may be
areason of incorrect output voltage vector generation.
A corrective method of vector duration dependent on the DC-
link voltage unbalance was proposed in [26]. The PWM
strategy, proposed in [26], takes into consideration the
influence of DC-link voltage unbalance on the length and
position of active vectors in the space vector area. The DC-
link voltage unbalance is reduced by appropriate choice of
redundant vectors due to direction of neutral point current and
voltage unbalance on the DC-link capacitors. The calculation
of active vectors duration considers the actual difference
between voltages on upper and lower DC-link capacitors. The

Fig.4. Influence of redundant vectors: (0,-1,-1) a) and (1,0,0) b) on DC-link
voltages.

(0,-1,1)

Fig.3 Space vectors of three level inverter in the case of DC-link unbalance
occurrence: Ucu/uq=0,3/0,7

influence on medium voltage vector, used in a switching
sequence, on DC-link voltage unbalance is compensated in
next steps of the proposed algorithm.

The modulation strategy, proposed in [27] for single-phase
multilevel cascaded converter, takes into consideration
movement of voltage vectors in switching sequence due to the
voltage unbalance. The proposed solution makes it possible to
properly generate an output voltage in the case of large voltage
unbalance occurring on DC-link capacitors. The strategy to
balance the DC-link voltages based on appropriate choice of
switching sequence depends on the actual voltage unbalance
and direction of output current.

A similar strategy for the DC-link unbalance compensation
for three-phase NPC-converter was proposed in [28]. In this
paper the influence of the DC-link unbalance on length and
position of voltage vectors in three-dimensional control region
was presented. The appropriate choice of switching sequence
and duration times due to the DC-link voltages in [28] permits
properly generating the converter output voltage.

The control of DC-link unbalance in NPC converter can be
realized using different algorithms, proposed in many papers.
The common property of these strategies is the application of
redundant vectors as the “unbalance-controlled” vectors. The
main limitations of commonly used strategies are:

-stiff sector division: only one switching sequence to any
sector is assigned. It is not possible to choice other switching

TABLEI
THE VOLTAGES BETWEEN A MOTOR CLAMP “X” (X=A,B,C)
AND DC-LINK NEUTRAL POINT “N”
AND THE ACTIVATION SIGNALS FOR “X”” PHASE TRANSISTORS

Activation signals for upper (u) and Description of
lower (1) transistors in phase “x” u transistor
Txut, TXuz, Txi2, TXit xn state for a “x”
phase
1,1,0,0 UCu 1
0,0, 1,1 -uc -1
0,1 ,1,0 0 0
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Fig.5. Sector and subsectors in space vector area.

sequence, which will reduce the voltage unbalance faster.

- no voltage unbalance prediction —commonly used strategies
don’t take into consideration the influence of medium vectors
on DC-link voltage unbalance. The balancing algorithms are
based on actual measured voltage unbalance, while it is
possible to predict the voltage unbalance for any switching
sequence before its activation,

- the activation times of redundant vectors are usually set by
controllers. It is possible to precisely calculate the duration of
compensation vectors.

In this paper a new SV-PWM strategy is proposed. The
presented solution makes it possible to generate the desired
inverter output voltage vector, independently of the DC-link
voltage unbalance. The analysis of the DC-link voltage
unbalance on parameters of voltage vectors in two-
dimensional control region is realized. As distinct from other
existing modulation strategies, the choice of vectors in
switching sequence and the calculations of vector duration
takes into consideration predicted voltage unbalance in the
DC-link. The prediction algorithm for the DC-link voltage
unbalance takes into consideration an influence of all active
vectors in a switching sequence, before their activation. The
prediction of voltage unbalance for all possible switching
sequences is performed and the optimum switching sequence
is realized.

The durations of redundant vectors are calculated in
relation to the neutral point current, DC-link voltage
unbalance, selected switching sequence, and DC-link capacity.
The introduction of the DC-link capacity to the compensation
algorithm allows calculating exact duration of redundant
vectors, which makes the reduction of voltage unbalance very
fast.

Il. PULSE WIDTH MODULATION FOR THREE-LEVEL NPC
INVERTER

It is possible to switch-on only two transistors at the same
time in any phase of a three-level NPC inverter. In the upper
leg there are Txu, TXuw, in the lower leg: Txi2, Txi1, and in the
middle leg: Txu2, and TX2. (“x” denotes the inverter phase (a, b
or ¢)). The voltages between the induction motor clamp and
DC-link neutral point for any transistor combination and state

Fig.6. Proposed sector division of space vector area in the case of balance
(ucu/ua=0.5/0.5) a) and unbalance (ucu/uci=0.3/0.7) b) of DC link voltages

description are presented in table 1. The length and position of
large active vectors: (1,-1,-1), (1,1,-1), (-1,1,-1), (-1,1,1), (-1,-
1,1), (1,-1,1) and passive vectors: (111), (000), (-1,-1,-1) do
not depend on the DC-link voltage unbalance. Activating these
vectors has no influence on the DC-link unbalance occurrence.
Activation of one of the redundant vectors: (1,0,0), (0, -1,-1),
(1,1,0), (0,0,-1), (0,1,0), (-1,0,1), (0,1,2), (-1,0,0), (0,0,2), (-1,-
1,0), (1,0,1), (0,-1,0) or one of medium active vectors (1,0,-1),
(0,1,-1), (-1,1,0), (-1,0,1), (0,-1,1), (1,-1,0) connects the motor
clamps to the DC-link neutral point and has an impact on the
voltage change on DC-link capacitors (fig.4). The changes of
voltages on upper and lower DC-link capacitors can be
estimated from:

1

(0= fi(E)de 0,0, @

o~

where C - DC-link capacity ( C=C,=C)), U - voltage on the
upper capacitor of DC-link, i(t) — neutral point current, t - the
duration of redundant or medium vectors.

The amplitude and position of the redundant and medium
vectors depend on the DC-link voltage unbalance (Fig.2 and
Fig.3). Activating one of the medium vectors gives no
possibility to full control of neutral point voltage — the length
of medium vector, used in switching sequence, depends on
position and amplitude of the inverter output voltage. The
direction of the neutral point current can be controlled only if
redundant vectors are used in switching sequence — the
direction of neutral point current can be changed by
substituting redundant vector for an equivalent vector. For
example, during activation of redundant vector (0,-1,-1), the
“a” phase current is a neutral point current. Positive current
direction charges the upper capacitor and discharges the lower
capacitor in the DC-link. The substitution of redundant vector
(0,-1,-1) for an equivalent vector (1,0,0) will cause discharging
of the upper capacitor and charging of the lower one (Fig. 4).
Typical switching sequence contains two or more redundant
vectors. The switching sequences, proposed in [7]

(1,0,0)>(1,0,-1) >(0,0,-1) > (0,-1,-1), (2
(1,1,0)—(1,0,0) > (1,0,-1) - (0,0,-1), @3)


http://mostwiedzy.pl

A\ MOST

10-0798-TIE.R2

contains a pair of redundant vectors: (0,0,-1) in (2) and (1,0,0)
in (3), which have an opposite influence on DC-link voltage
balance. The control of neutral current can be done by
choosing one of sequences (2)-(3), depending on the DC-link
voltage unbalance.

In the SV-PWM strategies for three-level inverters, the
space vector area is usually divided into six sectors, limited by
large active vectors (Fig.2) . Each sector can be divided into
subsectors, as shown in Fig. 5 [5, 6, 29, 30]. In many solutions
of SV-PWM strategies, the switching sequences are strictly
defined for subsectors. For example, in [6] the switching
sequences for subsectors 0a-Oc were defined as:

» (-1,-1,-1) > (0,-1,-1) > (0,0,-1) -
(0,0,0)—(1,0,0) > (1,10)—>(1,1,1) ° @
w (0,-1,-1) > (1,-1,-1) > (1,0,-1) > (1,0,0), (5)
(O?Si,—l) 5(0,0,-1) - (1,0,-1) = (1.0,0) > (1,L0), (6)

In this case, the neutral-point voltage can be controlled by
rearranging the duration of redundant vectors [6, 7, 16, 22].
The neutral point voltages can be adjusted using controllers
[8], where the difference between voltage on the upper uc, and
lower ug capacitors (fig.1):

AU =Ug, —Ug , )

is used as a feed-back signal.

I1l. PROPOSED SV-PWM STRATEGY

In three-phase NPC inverters the amplitude and position of
active vectors depend on the DC-link voltage unbalance. The
sector division proposed in this paper takes into account the
change of position and length of the active vector. The space
vector area contains twelve sectors, as shown in Fig.6. This
approach properly assigns a position of the output voltage
vector to a sector, even in the case of large unbalance in DC-
link. This strategy requires recalculation of the lengths and
positions of the redundant and medium vectors and requires
redefinition of the sectors for any PWM cycle. For any of the
sectors, there are four switching sequences defined. The vector
durations are calculated simultaneously for four sequences.
For example, if an output voltage vector takes a position in “0”

sector, the durations are calculated for the following
sequences:

(0,0,0)—(1,1,0) »(1,0,0)—>(0,0,0), (8)
(0,0,0)—(0,-1,-1) »(0,0,-1) >(0,0,0),  (9)
(0,0,0)—>(1,-1,-1) > (1,0,-1)>(0,0,0),  (10)
(0,0,0)—>(1,-1,-1) > (1,1,-1) »(0,0,0). (11)

The switching sequence (11) utilizes only vectors which
have no influence on the DC-link voltage balance.

Sequences (8) and (9) contain the active vectors, which
have an influence on DC-link voltage unbalance. Activating of
these sequences will increase or decrease the voltage
unbalance, depending on neutral-point current direction. The
amplitude of active vectors, utilized in (8), depends on the
voltage on upper capacitor, while the amplitude of active
vectors in seq. (9) depends on the voltage on lower capacitor.
The amplitude of output voltage vector, generated using
sequences (8)-(9), depends on the unbalance of the DC-link
voltages and doesn’t depend on the output voltage vector
position (Fig.3). This permits choosing one of the sequences
(8)-(9) in the case of voltage unbalance occurrence, if the
amplitude of inverter output voltage is higher than half of the
DC-link voltage. The sequences (8)-(9) may be used only in
case if the inverter output voltage vector can be inscribed into
hexagon, bounded by ends of vectors (1,1,0), (1,0,0),(1,0,1),
(0,0,2), (0,1,1), (0,1,0) (for seq.(8)) and vectors (0,0,-1), (0,-
1,-1), (0,-1,0), (-1,-1,0), (-1,0,0), (-1,0,-1) (for seq.(9)) (fig.
3). None of these sequences can be used if their activation
increases the DC-link voltage unbalance.

Sequence (10) contains only one vector, which has an
influence on the DC-link voltage balance. Additionally, the
position and amplitude of the medium vector (1,0,-1) depend
on voltage unbalance (fig.3). The vector components of (1,0,-
1) vector can be calculated as:

2 1
Ua(r0-1) =4[5 | You *5 U |»

(12)

Vector components of all active and passive vectors for 3-level
NPC inverter can be calculated using following equations:

2-(Tay, -Tay, )~
(Tbul Tbu2) (T ul Tcuz

2-(Tay, Tay ) - ]
& y

(Thy, -Thyy ) —~(Tep, - Tey)
Where Txq, 2 denotes the signals of transistor activation in
phase x (x=(a,b,c)). The values of Tx are: 1 — if transistor is
switched-on, 0 — if transistor is switched-off. For example:
Tayi=1 denotes that the first upper transistor in phase “a” is
switched on (fig.1)

The choice of switching sequence has to ensure proper
generation of the output voltage vector, as well as the
minimization of the DC-link voltage unbalance. The control
strategy of neutral point voltage should take into consideration
the influence of switching sequence on DC-link voltage. For
any of the sequences (8)-(11) an unbalance criterion “x” is
calculated:

—Ug - (13)

Ucy '((Tbul 'Tbuz
—Ucyg '((Tblz Thyy ) -

Tcu 1 TCys

TcI 2 TcIl
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TABLEII

THE REDUNDANT VECTORS INTRODUCED TO SWITCHING SEQUENCES FOR SECTORS 0 AND 3

Sector Sﬁgrl:]ebrge Base sequence Sequence with redundant vectors
(00,0) > (1L1,0) -
®) (10,0) > (0,0,0)
(000)> (011
©) (00-1)->(0,0,0)
. (000) > (11-1) > —(0-1,-1) > (1-1,-1) > (10,-1)—(0,0,0)
(10) or
(10.-1)~(0.0.0) (0,00) > (1-1,-1) - (1,0,-1) —(1,0,0) - (0,0,0)
" (000) > (11-1) > —(0-1,-1) > (1,-1,-1) > (1,1,-1) —>(0,0,0)
(11,-1)(0,0.0) (0,00) - (1-1,-1) > (L1-1) - (11,0) - (0,0,0)
(0,0.0)— (0,1,0) -
® (110)->(00,0)
(00,0)—> (-10,-1) >
®) (00-1)->(0,0,0)
5 (000) > (-11-1) > —(~1,0,-1) > (~-11,-1) > (0,1,-1)—(0,0,0)
(10) or
(0.1,-1)~(0,0.0) (0,00) = (~L.1,-1) - (0,1,-1) — (0,1,0) - (0,0,0)
" (000) > (11-1) (0,0,0)—(1,10) > (11,-1) - (-1,1,-1) —(0,0,0)
(-11.-1)~(000) —(1,1,-1) > (-1,1,-1) > (-1,0,-1) —(0,0,0)

where: Xpred IS the predicted unbalance criterion, calculated

X=Xpred T Xact s

for sequences (8)-(11), before their activation:

n
Xpred = ztk Ny s
k=1

ik is the neutral point current, specified for k-th vector in
considered switching sequence, tc is the duration of k-th
vector, n — is a number of vectors in a switching sequence.

The Xaut Specifies an actual voltage unbalance on the DC-
link capacitors and can be determined from (1) as:

Xoct =1y -1, =2-C-Au, (16)
where: ty is the time to balance the voltages in DC-link, when
the neutral point current is equal to ix. Au is a difference
between voltages in the DC-link (7).

The switching sequence (10) is used if the voltage output
vector cannot be generated using sequences (8)-(9) because of

its amplitude and possibility to voltage unbalance reduction. If
the criterion:

n
X:Z:tk'ik"'xactzo7 (7)
k=1

is not fulfilled, the redundant vectors should be introduced
to (10). The switching sequence (10) can be rewritten as:

(0,0,0) > (0,-1,-1) - (1,-1,-1)
—(1,0,-1)—>(0,0,0) ‘ 48
or
(0,0,0) > (1,-1,-1) w9

—(1,0,-1) > (1,0,0) > (0,0,0)’

depending on the sign of “x” coefficient and direction of the
neutral p0|nt current:
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Fig.7. Graphical representation of proposed algorithm
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250V, /__Uab

Fig.8. The converter output voltage ua» and phase current ic during
generation of converter output voltage, Fundamental
frequency:5[Hz] , Uout=69V, DC-link voltage Udc=520V

"

200V NG

%VVVV

le SDA‘
100ms

Fig.10. The voltage on upper capacitor of DC-link ucy, and phase
current ic during generation of converter output voltage,
Fundamental frequency:5[Hz] , Uout=69V, DC-link voltage
Udc=400V

i(l,o,o) <0,x>0

or =(1,0,0),

i100) >0,x<0 20
i(O,—l,—l) <0,x>0

or =(0,-1,-1)

i(O,—l,—l) >0,x<0

where ip-1-1y and @00 are neutral point currents during
activation of (0,-1,-1) and (1,0,0) redundant vector
respectively. In the presented case, the neutral point current is
equal to:
i =i
.(0,—1,—1) -a. 1)
l100) = la
where i, is an “a” phase current.
The position of (0,-1,-1) and (1,0,0) vectors overlaps the
position of (1,-1,-1) vector. The duration of redundant vector
can be calculated as:

: (22)

t . = abs| -
(0,-1-1)(100) [I(O‘_l,_1),(1,o.o)J

u

Fig.9. The converter output voltage ua, and phase current ic during
generation of converter output voltage, Fundamental
frequency:15[Hz] , Uout=207V, DC-link voltage Udc=520V

5OAT
40ms

Fig.11. The voltage on upper capacitor of DC-link ucy, and phase
current ic during generation of converter output voltage,
Fundamental frequency:15[Hz] , Uout=207V, DC-link voltage
Udc=400V

where tp-1-1y and tuogo are the durations of redundant
vectors (0,-1,-1) and (1,0,0) respectively. Activation of
redundant vector for calculated time will reduce the unbalance
of the DC-link voltages to zero. Introduction of the additional
redundant vector to the switching sequence demands
correction of the duration of the large, active vector (1,-1,-1).
The new duration of the vector (1,-1,-1) can be calculated
from:

t'(1,—1,—1) =

Up(0-1-1)(100) |+ (23)
t(1,71,71) _t(O,—l,—l),(l,0,0) ’ T
a(1-1-1)

where te,-1-1), to,-1-2), ta,00): durations of (1,-1,-1), (0,-1,-1),
(1,0,0) vectors respectively, Uag,1,-1), Ua,00), Ua(,-1,-1), - an a
component of (1,-1,-1), (0,-1,-1), (1,0,0) vectors in a,B co-
ordinate system, t’q-1-1y — hew duration of large vector (1,-1,-
1).

If the duration of redundant vector, calculated from (22) is
too long, the new duration of vector (1,-1,-1) will be negative.
In this case the duration of redundant vector should be reduced
to:

u
a(1-1,-1)
t =t —
(0-1-1),(100) = {(1,-1,-1) oot 11000 , (24)
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Fig.12. The voltage on upper ucu and the lower ucL capacitor of
DC-link ucu, and phase current ic during speed change of induction
motor from 0.6 to 0.4 pu, , DC-link voltage Udc=450V

230V |

»400ms Ue ©

Fig.14. The voltage on upper ucu and the lower uc. capacitor of
DC-link ucu, and phase current ic during load change from 0.05 to
0.45 pu, Fundamental frequency: 5[Hz], DC-link voltage
Udc=460V

and the duration of vector (1,-1,-1) should be set to zero.
Appropriate switching sequence can be rewritten as:
(0,00)—(0,-1,-1) >(1,0,-1) >(0,0,0),  (25)
or

(0,0,0) —>(1,0,—1) —>(1,0,0) - (0,0,0) . (26)

In this case, the unbalance of the DC-link voltages will be
reduced during a few pulse periods.

If the new duration of vector (1,-1,-1) is positive and a sum
of all vectors in the switching sequence is higher than a pulse

period:
Yo, -1-1)(200) o) T a1-1) > Timp » @7)

the duration of redundant vector should be reduced to assure
the criterion:

1-1-1) = Timp _(tl(O,—l,—l),(l,0,0)+t(l,0,—l)) o (28)
where t’-1-1) and t’100) are the new, reduced duration of

redundant vectors (0,-1,-1) and (1,0,0). At the same time, the
next criterion should be fulfilled:

me ' 225V )
225V Ly
R TITT
200ms |
AMAMARA] M ¥ ﬁ r
n,b\“ \J‘nv“ﬂﬂuﬁ *‘\M v i ’lHLM
N— 200ms

Fig.13. The voltage on upper ucu and the lower uc. capacitor of
DC-link ucu, and phase current ic during speed change of induction
motor from 0.4 to 0.6 pu, , DC-link voltage Udc=450V
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Fig.15. The voltage on upper ucu and the lower uc. capacitor of
DC-link ucu, and phase current ic during load change from 0.05 to

0.45 pu, Fundamental frequency: 15[Hz], DC-link voltage
Udc=460V
Y100

T Uy(1-11)

L . (29)
t (1-1-1 y 4 t (0-1-1),(100)" U

’ 1-1-1 0,-1-1),(100
Timp a( ) Timp o )(100)

where Timp is a pulse period.
The new duration of redundant vector ((0,-1,-1) or (1,0,0)) can
be calculated by the substitution of (28) to (29):

tl(O,—l,—l),(l,0,0) =
Ug(1-1-1) /(30)

Ug(1,-1-1) ~Ue(0,-1-1)(100)

(Timp ~Ya1) ~ Yoy ) .

The negative value of t’g-11) Or t’no00 denotes that the
amplitude and position on inverter output voltage makes the
introduction of redundant vector impossible. The inverter
output vector using sequence (10) will be generated.

The redundant vector can also be introduced to (11)
sequence. The algorithm for duration calculation will be
performed in the same manner as that proposed for the
switching sequence (10). In the case of the DC-link voltage
unbalance, the switching sequence (11) can be performed as
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(0,0,0) > (0,-1,-1) - (1,-1,-1)
—(1,1,-1)—>(0,0,0) : (31)
(0,00)—(1,-1-1)

—(1,1,-1)—>(1,1,0)—>(0,0,0)’ 32)

depending on the sign of “x” coefficient and direction of the
neutral point current.

The choice of one switching sequence from (8)-(10) is
based on minimization of the unbalance criterion.

The second calculation of unbalance criterion (14) takes
into consideration all redundant vectors introduced to the
switching sequences and their calculated durations. This
solution makes it possible to choose an optimum switching
sequence in order to reduce voltage unbalance in the DC-link.
The modified switching sequence (11) can be used instead of
(10) in two cases. The first - if the predicted unbalance
criterion (14), calculated for (11) sequence, has a lower value
in comparison with the same criterion calculated for the (10)
sequence (all sequences contain redundant vectors). The
second - if the unbalance criterion (14), calculated for (10)
sequence (including redundant vectors) is higher than:

Xmax = 2°C - AUy (33)
where Aumax IS a maximum allowed difference between
voltages on the upper and lower DC-link capacitors.

The sequences (31)-(32) contain only one redundant vector
which has an influence on the DC-link voltage balance. These
sequences can be used for the control of DC-link voltage
balance in the case of large amplitude of the inverter output
voltage or large voltage unbalance in the DC-link.

On Fig. 7 the graphical representation of proposed
algorithm is presented. Table 1 presents the redundant vectors
introduced to switching sequences (8)-(11) for sectors 0 and 3.

IVV. MINIMIZATION OF COMUTATION NUMBER

The number of commutations in the proposed PWM
strategy can be reduced by the appropriate choice (or
elimination) of passive vectors. Switching sequences (8)-(11)
can be rewritten as:

11,1)—>(1,1,0)—>(1,0,0)—>(0,0,0), (34)
(-1,-1,-1)—>(0,-1,-1)—>(0,0,-1) >(0,0,0), (35)
(~1,-1,-1) > (1,-1,-1) > (1,0,-1) > (1,1,1), (36)
(-1,-1,-1) > (1-1,-1) > (L1-1) > (1,1,1). (37)

Introducing an additional redundant vector to (36) gives
the sequence:

t(1,71,71)
->(1,-1-1)—>

tpasiv t(O‘—l,—l)

-1,-1,-1 0,-1,-1

(111011 o
t(1,0 -1) tpasiv

(1,0,-1) >(0,0,0)

or

tpasiv t(0,—1,71)
-1,-1,-1)—>(1,-1,-1)—>
( )—( ) )
t(1,o,-1) t(1,0‘0) tpasiv
(10,-1) —>(10,0) >(0,0,0)

where tpasiv IS @ duration of passive vector, to-1.-1), ta-1-1), tao.-
1), t1,0,0) are durations of active vectors.

The switching sequence (38) can be replaced by the
sequence:

tpasiv I t(O‘—l.—l) + Atr
(-1,-1,-1) >(0,-1,-1)
t(l,o,—l) At t

(10.-1) >(10.0) -(0.0.0)

t(0,71,71) I
—->(1-1-1)->
: (40)

and the sequence (39) by following:

Atr t(o‘-1,-1) '
—-(0,-1,-1)>(1,-1,-1) >
, 41
t(l.0,0) + 4t t ( )
—>(l,0,0)

tpasiv

(-1,-1,-1)

pasiv

—(0,0,0)

t(l,O,fl)
(1,0,-1)

Both redundant vectors (0,-1,-1) and (1,0,0) have an
opposite influence on the DC-link voltage balance. The
duration of redundant vector is elongated for the same time,
denoted as At;.

For the switching sequences (40) and (41) the same
criterion (42) have to be fulfilled:

ty g gy Uyq g g =AUy g g+ U,
(1-1-1) “Ha(1,-1-1) (0,-1-1) (1,0,0)1 42)

1 a,1) " Ua(1a,1)
where taa-1y IS an actual duration and tg1.1)° is the new
duration of (1,-1,-1) vector.
Because:

Fig.16. The voltage on upper capacitor of DC-link ucu, converter output
voltage uab and phase current ic in case of voltage imbalance reduction.
Fundamental frequency:3[Hz] , Uout=24V, DC-link voltage Udc=60V
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Fig.17 Result of simulation on classic SV-PWM strategy with PI controller utilized to DC-link voltage balancing a) and proposed SV-PWM strategy with
prediction of DC-link voltage unbalance b). The difference between upper and lower capacitor voltages (ucu-Uci), the converter output current (ia) in case
of load torque changes (from 0 to nominal). The maximum allowed voltage difference for proposed SV-PWM strategy (33): Aumax=5V

Ug(1-1-1) = Ye(01-1) +HYezo0)r (43)
the criterion (42) can be rewritten as:
toay =4 gy’ (44)
The next criterion should be fulfilled:
ta11) + 2+ tpasiy = 2+ (01 2)'+ 2ty )+ (45)

where tpasiv is @ duration and  tpasiv’ is @ new duration of
passive vectors in sequences (40)-(41).

By substitution (44) to (45), the duration At,. and the new
duration of (1,-1,-1) vector can be calculated:

At =2+ (tpasiy ~tasiv' ) (46)
t(1,71,71) = t(l,—l,—l) — At (47)

where new duration of passive vector tpasiv’ have to be chosen
according to criterion

t
. (1-1-1)
pasiv 2 tpasiv _T '

t >t

pasiv. =

(48)

V. SIMULATION AND EXPERIMENTAL RESULTS

The used experimental system consists of three-level
inverter and three-level controlled rectifier with DC-link
capacitances C,=C;=7.2mF, two DSP control boards for
generating the PWM control signals for both converters, and
unloaded induction motor with the parameters: P,=160kW,
Un=690V, 1,=161A, cose=0.87, f=50Hz. The PWM sampling
period Timp was equal to 150ps (the Carrier frequency:
3.33kHz) . The speed of the induction motor was controlled in

sensorless closed loop mode. Proposed SV-PWM strategy was
used in both converters, but the control systems of converters
weren’t coupled. Fig. 8 and Fig.9 show the output voltage and
phase current during generation of inverter output voltage
when fundamental frequency is 5Hz and 15 Hz respectively.
Fig 10 and 11 show the voltage on the upper capacitor of DC-
link and phase current for the same fundamental frequencies.
Fig 12 and 13 show the voltages on both capacitors and phase
current during speed change of induction motor. The voltages
on both DC-link capacitors during load change on fig 14 and
15 are presented. The difference between capacitor voltages,
during experimental investigations, didn’t exceed 5V. The
voltage drop (shown on fig 15) is an effect of controllers’
limits on rectifier control system. Such limit has been chosen
not to exceed the current rating of the existing fuses.

Fig.16 presents transients of DC-link voltage, inverter
phase current and output voltage in the case of voltage
unbalance reduction. In this case the unbalance of DC-link
voltages was forced by introducing of a non-zero value of Aus
component into equation:

which is used for determining the DC-link voltage unbalance.
This experimental investigation (fig 16) was carried out for
reduced DC-link voltage (u¢«=60 V) and unloaded 1.5kW
induction motor. DC-link capacitances were equal to
Cy=Ci=500uF.

The comparison of the proposed SV-PWM strategy and a
SV-PWM strategy with Pl controller-balanced DC-link
voltages was realized by simulation and presented on fig 17a
and 17b. The inverter parameters are: DC-link capacitance — 2
series connected capacitors (500uF each), DC-link voltage
564V (1.41 p.u). The model used is the NPC inverter supplies
an induction motor with parameters: P=1.5kW, Un=400V,
In=3.5A. Sampling period Timy=150us. Motor control strategy
— scalar control U/f=const with commanded frequency 18Hz.
In both SV-PWM strategies, the sector division of space
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Fig.18. Result of simulation on proposed SV-PWM strategy. The difference between an upper and lower capacitor voltages (Ucu-Uc) and used switching
strategy (1- sequence (8), 2 — sequence (9), 3-sequence (10), 4- sequence (11) in case of unbalance, for maximum allowed voltage difference (33)

Aumax=0.5V a) and Aumax=10V b)

vector area takes into account the position and amplitude of
active vectors, as shown in Fig. 6. The switching sequences,
used in SV-PWM strategy with Pl balance controller, contain
two redundant vectors. For sector ”0“ there are redundant
vectors (0,-1,-1) and (1,0,0) with durations tpo.-1 and two0)
respectively:

(0,0,0) - (0,-1,-1) - (1,-1,-1)

, 50
—(1,0,-1)—>(1,0,0) »(0,0,0) (50)
The durations of redundant vectors are equal to:
ta
Yo 11)= E'(1+ f),
t
t(l,0,0) = Ea(l— f ), y (51)
fe <—1,1>

Where t, — the duration of both redundant vectors in a
switching sequence, f- control factor set by DC-link balance
controller.

VI. CONCLUSION

In this paper a new SV-PWM strategy for 3-level NPC
converter is proposed. In the proposed solution, the division
of space vector area into sectors is based on the analysis of
position and length of boundary vectors. It allows properly
generating the inverter output voltage, even in the case of large
voltage unbalance in the DC-link. Proposed modulation
strategy takes into consideration voltage unbalance, neutral
point current and DC-link capacitance for determining the
duration of redundant vector in switching sequence. For each
of the twelve sectors, four alternative switching sequences are

defined. The optimum choice of one of switching strategies is
based on the analysis of predicted voltage unbalance for any
sequence, including their capability of reducing the voltage
unbalance. Choice of the redundant vectors introduced to
switching sequences and selection of their durations makes the
reduction of voltage unbalance very fast.

The proposed PWM strategy, similarly to other control
strategies, utilizes redundant active vector in switching
sequence in order to reduce the DC-link voltage unbalance.
The main differences are in selecting methods of redundant
vector duration. The prediction of voltage unbalance allows
reducing the voltage unbalance before its occurrence.

Additionally, in the proposed method it is possible to use
four alternative switching strategies to reduce voltage
unbalance as fast as possible. In most cases the balancing of
DC-link voltages relies on using one of three sequences (seq.
8-10). The maximum voltage unbalance, which makes it
possible to activate sequence (11), can be set by equation (33).
Figures 18a and 18b show the difference between an upper
and lower capacitor voltages (ucu-Uqr), and utilized modulation
strategy in case of large DC-link unbalance occurrence for
Aumax= 0.5V and Aumax=10V respectively. The motor load was
set to 0.5 p.u, however the rest of simulation parameters were
the same as used for fig.17.
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