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Abstract—An N-level inverter has ‘N’ discrete levels in the
pole voltage, and hence multilevel inverter can be viewed as a
multi-valued logic device.A space vector pulse width modulation
(SVPWM) scheme for multilevel inverter is presented based
on the principle of multi-valued logic. The multi-valued logic
operations are utilized to realize a computationally efficient space
vector PWM scheme. The algorithm used to realize the reference
space vector are generated using multi-valued logic. The scheme
is experimentally verified using a 3-level inverter in cascade
configuration and experimental results are presented to validate
the scheme.
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I. INTRODUCTION

Multilevel inverters have been attracting wide industrial
interests recently. Many multilevel power inverter structure has
been introduced as an alternative in high power and medium
voltage situations [1]. Different types of PWM schemes are
employed to effectively generate the sinusoids of variable
frequency and voltage in multilevel inverters. The most com-
mon techniques for implementing pulse width modulation
(PWM) strategy for multilevel inverters are sine-triangle PWM
(SPWM) and space vector PWM (SVPWM). In multilevel
SPWM, the reference sine wave is compared with a number of
level-shifted carriers to decide which switches are to be turned
on [2].

In the SVPWM scheme, the sampled value of the
reference voltage space vector which is the combined effect
of the three-phase voltages, is realized by switching between
the nearest voltage space vectors among the inverter voltage
vectors [3]. The basic steps involved in the implementation
of SVPWM are sector identification, determination of nearest
three switching vectors, switching time calculation and choos-
ing an optimum switching sequence for the inverter voltage
vectors. There are numerous ways to achieve all these steps.
The sector identification can be done by transforming the
reference vector into Cartesian coordinate system [4] or by
resolving the reference vector along the a,b,c axis and by
comparing with the instantaneous phase voltages [5]. Some
schemes employ look up tables to determine the voltage
vectors [6], [7] where as schemes without look up tables are
also proposed [8], [9]. The switching duration of the voltage

vectors is found by mapping the identified sector to that of a
2-level inverter [5].

This work, proposes an SVPWM scheme based on the
concepts of multi-valued logic. The method is motivated from
the fact that an N-level inverter has N voltage levels in the
pole voltage and hence this pole voltage can be interpreted as
a N-valued logic variable. The space vector representation of
the voltage vectors can be viewed as mutivalued logic states as
shown in Fig.1. By utilizing the logical operations defined on
multi-valued logic variable, on these states, a computationally
efficient algorithm is proposed for the implementation of
SVPWM scheme.

Fig. 1: Space vector representation of a 3-level inverter show-
ing the voltage vectors and each value denotes a voltage level

II. PRINCIPLES OF MULTI-VALUED LOGIC

Digital circuits make use of the two level logic switch-
ing algebra. This is defined in the domain D : {0, 1}. By
increasing the domain D : {0, 1...(N − 1)} that is, to N
levels it is possible to design multi-valued logic (MVL) digital
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circuits. The algebra concerned with these MVL is studied in
[10]–[13]. All the operators employed in this paper act on the
ordered set D : {0, 1...(N − 1)}. This means that the input
and output variables can only take values from 0 to (N-1). It
can be seen that if the value of N becomes 2, then the multi-
valued logic shrinks into binary logic. A multi-valued logic
function for N = 3 (ternary logic) is shown in Fig. 2. Multi-
valued logic operators utilized for the implementation of the
proposed scheme are,
• Successor operator
• Maximum operator
• Minimum operator
• Extended AND
• Extended OR

Fig. 2: Multi-valued logic function (ternary logic)

Let x1 and x2 are multi-valued logic variable and can take
any value in the domain {0, 1...(N − 1)}.
1) Successor operator applied to a variable x1 is defined as,

xp
1 = (x1 + p) MOD N

where MOD is the Modulo operation. For example, if the
value of x1 is 1, and if p=2, then xp

1=0, for ternary logic. This
is also represented as sucp(x1). In this work, the successor
operator is mainly used to switch between states and in
selecting the appropriate switching vector.

2) Maximum operator represented by max(x1,x2) is defined
as,

max(x1, x2) =
{
x1 iff x1 > x2

x2 otherwise

It is also represented as x1+x2.
3) Minimum operator represented by min(x1,x2) is defined
as,

min(x1, x2) =
{
x1 iff x1 < x2

x2 otherwise

4) Extended AND operator denoted by eANDi(a1, a2) , is
defined as,

eANDi(x1, x2) =
{

i iff x1 = x2 = i
0 otherwise

It is also represented as x1 ∗i x2.
5) Extended OR operator (eOR) applied to (x1, x2) denoted

by eORi(x1, x2) is defined as,

eORi(x1, x2) =
{

i iff x1 = x2 = i
N − 1 otherwise

eAND and eOR operators together with max and min are
used to design the multi-valued logic circuit for the generating
the gating signals. The truth table for eAND1(x1, x2) and
eOR1(x1, x2) for a ternary logic (N=3) is given in Fig. 3(a)
and Fig. 3(b) respectively. It should be noted that the pole
voltage of an N-level inverter will be having ‘N’ discrete
voltage levels. By manipulating these states using the above
mentioned operators, a fast and efficient algorithm can be
attained.

x1 \ x2 0 1 2
0 0 0 0
1 0 0 0
2 0 0 2

(a) eAND2(x1, x2)

x1 \ x2 0 1 2
0 2 2 2
1 2 1 2
2 2 2 2

(b) eOR1(x1, x2)

Fig. 3: Truth table for eAND and eOR

The circuit representation of multi-valed logic gates are
shown in Fig. 4.

Fig. 4: Circuit representation of a) Successor b) max c)
eAND1 d) eAND2

III. SPACE VECTOR PWM SCHEME FOR 3-LEVEL
INVERTERS

The proposed SVPWM scheme consists of the follow-
ing steps.
• Determining the sector containing the tip of the reference

vector.
• Finding the sub hexagon center.
• Calculating the duration of switching vectors.
• Deduction of optimum switching sequence.
• Generation of gating signals.

A. Determining the sector containing the tip of the reference
vector

Initial step in a SVPWM approach is to determine the
sector which contains the tip of the reference vector at the
sampled interval of time. There are a number of methods that
are adopted to achieve this. In this paper sector identification
is done by using the fractal based method [8], [9]. Utilizing
60°(m,n) co-ordinates system instead of conventional (α, β)
makes the computations restricted to integers and hence the
algorithm becomes faster [6].

B. Finding the sub hexagon center

A simple strategy can be adopted to determine the sub
hexagon center using multi-valued logic concepts. To illus-
trate the proposed scheme, we will consider cases when the
reference vector is in two different sectors. Consider the case
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when reference vector Vref1 is in sector 8 as shown in the
Fig. 5. Let (a1 b1 c1),(a2 b2 c2) and (a3 b3 c3) be the voltage
vectors at corners of the identified sector and let (a′ b′ c′) be
the instantaneous value of the reference vector.

Fig. 5: Sub hexagon center determination when Vref is in
different sectors

Defining Redundancy factor (R) by the expression

R = max(a b c)−min(a b c) (1)

where (a b c) be any voltage vector (a1 b1 c1),(a2 b2 c2) or
(a3 b3 c3). It should also be noted that in any sector, all the
candidates for the sub hexagon center will be having the same
value of R. Let,

R1 = max(a1 b1 c1)−min(a1 b1 c1) (2)

R2 = max(a2 b2 c2)−min(a2 b2 c2) (3)

R3 = max(a3 b3 c3)−min(a3 b3 c3) (4)

and,
Rmin = min(R1, R2, R3) (5)

If Rmin occurs only once in the sector, then the sub hexagon
center is given by Case I of Table I. One occurrence of Rmin

TABLE I: Calculation of sub hexagon center for each sector
Case I Case II

Number of times Rmin occurs=1 Number of times Rmin occurs>1
Basic Sector Sub Hexagon Center

Ca = min(a1, a2, a3)
Basic Sector 1 & 4 Cb = near(b1, b2, b3)

Cc= min(c1, c2, c3)
Ca = min(a1, a2, a3) Ca = near(a1, a2, a3)
Cb = min(b1, b2, b3) Basic Sector 2 & 5 Cb= min(b1, b2, b3)
Cc = min(c1, c2, c3) Cc= min(c1, c2, c3)

Ca= min(a1, a2, a3)
Basic Sector 3 & 6 Cb = min(b1, b2, b3)

Cc= near(c1, c2, c3)

implies that there is only one candidate for the sub hexagon

center. If Rmin occurs more than once, then we have to
choose between the different candidate vectors according to
the position of the reference vector. This is accomplished by
considering Case II of the Table I .
near(x1, x2, x3) given in Table I is defined by

Cx =
{
max(x1, x2, x3) if x′ ≥ Tr
min(x1, x2, x3) otherwise

where Tr =
1
2
× [max(x1, x2, x3) +min(x1, x2, x3)]

Here x can take any value a, b or c according to the basic
sector in which reference vector lies. Basic sector is shown
by the darkened triangles in Fig. 5 and is equivalent to the
sector of a 2-level inverter. When the reference vector is in
sector 8, the identified vectors are (1 0 0),(1 1 0) and (2 1 0)

R1 = max(1, 0, 0)−min(1, 0, 0) = 1

R2 = max(1, 1, 0)−min(1, 1, 0) = 1

R3 = max(2, 1, 0)−min(2, 1, 0) = 2

Rmin = min(1, 1, 2) = 1

Here Rmin = 1 is repeated twice ie, R1 and R2, which
means there are two candidate vectors for the sub hexagon
center. From Table I, we will go to Case II for basic sector 1,

Ca = min(a1, a2, a3) = 1

Cb = near(b1, b2, b3) = 1 or 0, depending on value of b′

Cc = min(c1, c2, c3) = 0

For sector 8, near(b1, b2, b3) will be near(0, 1, 1), Let
the instantaneous value of Vref1 in sector 8 represented by
(a′,b′,c′) is (1.6, 0.6, 0), Here,

Tr =
1
2
× (max(0, 1, 1) +min(0, 1, 1)) = 0.5

As b′ ≥ Tr, Cb = max(b1, b2, b3) = max(0, 1, 1) = 1.
Therefore the sub hexagon center at that instant is given by
(Ca Cb Cc) = (1 1 0).

Consider the case when Vref2 is in sector 9 as shown in
Fig. 5. The selected vectors for this sector are (1 1 0), (2 1 0)
and (2 2 0).

R1 = max(1, 0, 0)−min(1, 1, 0) = 1

R2 = max(1, 1, 0)−min(2, 1, 0) = 2

R3 = max(2, 1, 0)−min(2, 2, 0) = 2

Rmin = min(1, 2, 2) = 1

In this sector, Rmin is repeated only once, i.e. for R1, which
means that there is only one candidate vector for the sub
hexagon center and is given by Case I of Table I. The sub
hexagon center is given by,

Ca = min(a1, a2, a4) = min(1, 2, 2) = 1

Cb = min(b1, b2, b4) = min(1, 1, 2) = 1
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Cc = min(c1, c2, c4) = min(0, 0, 0) = 0

The same algorithm can be used to determine the sub
hexagon center for any sector in a general N-level inverter.

C. Calculation of dwell time

Dwell time is calculated by mapping the identified
sector, to that of a 2-level inverter [5]. The mapping of the
identified sector to a sector of the 2-level inverter is done by
shifting one of the three vectors of the identified sector to
coincide with the actual zero vector.After mapping using the
conventional equations, the duration of the nonzero switching
voltage space vectors (T1 and T2 ) is determined. The duration
of the third vector (T0), which is the sub hexagon center, is
also determined. From the determined T0 , T1 and T2 , the
actual inverter leg switching times, designated as Tga, Tgb,
and Tgc, are also determined [5]. From the timings Tga, Tgb,
and Tgc the PWM signals pwma, pwmb and pwmc are also
generated.

D. Optimum Switching sequence generation using Multi-
Valued Logic

The space vector representation of a 3-level inverter
with all its redundant vector states are shown in Fig. 6.

Fig. 6: Space Vector representation of 3-level inverter with all
the redundant vector states

Let R′ be defined as the redundant degree of the vector (a
b c), and is given by,

R′ = N −R (6)

where, R′ is the redundant degree, N is the number of levels
(N = 3 for 3-level operation) and R is the redundancy factor
given by equation (1).

For every sector, the switching of voltage space vector starts
and ends at the redundant state of the sub hexagon center.

The optimum switching sequence is achieved by using the
redundant state of the sub hexagon center. Switching between
the redundant states is accomplished with multi-valued logic
operator called successor operator and precursor operator.

The PWM signals(pwma, pwmb and pwmc) are gen-
erated from the actual inverter leg switching times Tga, Tgb,
and Tgc. For sector 1, the switching occurs first in phase
‘a’ followed by phases ‘b’ and then ‘c’, which implies that
Tga > Tgb > Tgc. This means that, when pwma goes high,
state of ‘a’ phase will change, when pwmb goes high state of
‘b’ phase will change and so on with phase ‘c’.

Let us assume that the reference vector Vref2 is in sector
9 as shown in Fig. 6. Sector 9 will be mapped to sector 1 of
a 2-level inverter. As a result Tga > Tgb > Tgc and pwma

changes to high followed by pwmb and pwmc. Next step is
to find the redundant degree of the sub hexagon center. In
this case, the sub hexagon is B and its value for R′ is 2,
R′-2=0, hence the starting state will be same as the basic
state of (1 1 0). The switching sequence will start with the
sub hexagon center, here it is B (1 1 0). When pwma goes
high, the ‘a’ phase will switch to next state to become 2 and
hence the next state in the sequence is (2 1 0) or we can
say that ‘a’ phase moves through a succession operation or
suc1(a). After this pwmb goes high, the state in the ‘b’ phase
should change and the resulting state becomes (2 2 0) which
is suc1(b). Then pwmc goes high, ‘c’ phase should move
through a succession or suc1(c) and the state goes to (2 2
1). The resulting sequence for one half cycle is given by (1 1
0)−→(2 1 0)−→(2 2 0)−→(2 2 1) for a sampling interval and
(2 2 1) −→(2 2 0)−→(2 1 0)−→(1 1 0) for the subsequent
sampling interval using operation suc−1(x), x becomes a or
b or c. suc−1 operation is also called the precursor operation
defined in [13].

Consider another case when Vref is in sector 8 of Fig. 6.The
vertices for sector 8 are A(1 0 0), B(1 1 0) and H(2 1 0) as
shown in Fig. 6. This sector will be mapped to sector 2 or
sector 6 of 2-level inverter depending on the selection of the
sub hexagon center which in turn depend on the instantaneous
value of the reference vector. If the sub hexagon center is
A(1 0 0), then that sector will be mapped to sector 2 of 2-
level inverter. In sector 2, pwmb will go high first followed
by pwma and pwmc. When pwmb goes high, ‘b’ phase in
state (1 0 0) moves through one succession suc1(b) and the
state becomes (1 1 0). Then when pwma goes high, ‘a’ phase
in (1 1 0) goes through one succession suc1(a) and the state
changes to (2 1 0). After this pwmc goes high, and ‘c’ phase
goes through one succession suc1(c) and the state becomes
(2 1 1) which is actually redundant vector of sub hexagonal
center. The resulting sequence for one half cycle is given by (
1 0 0) −→(1 1 0)−→(2 1 0)−→(2 1 1) for a sampling interval
and (2 1 1) −→(2 1 0)−→(2 0 0)−→(1 0 0).

If the sub hexagon center identified for that sector is B(1
1 0), then this sector will be mapped to sector 6 of 2-
level inverter operation. In sector 6, pwma will go high first
followed by pwmc and then pwmb. When pwma goes high,
‘a’ phase in state (1 1 0) moves through one succession
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suc1(a) and the state becomes (2 1 0). Then when pwmc

goes high, ‘c’ phase in (2 1 1) goes through one succession
suc1(c) and the state changes to (2 1 0). After this pwmb

goes high, and ‘b’ phase goes through one succession suc1(b)
and the state becomes (2 2 1) which is redundant vector of
sub hexagon center. The resulting sequence for one half cycle
is given by (1 1 0)−→(2 1 0)−→(2 1 1)−→(2 2 1) for a
sampling interval and (2 2 1) −→(2 1 1)−→(2 1 0)−→(1 1 0).
By adopting this simple strategy optimum switching sequence
is ensured.

The strategy adopted to obtain the optimum switching
sequence can be summarized as,
• Find the redundant degree (R′) of the sub hexagon center.
• Find the starting redundant state of the sub hexagon

center by giving R′-2 (if R′-2 is negative or 0 take the
same state as starting state) succession to ‘a’ ‘b’ and ‘c’
phase.

• Depending on which pwm signal (pwma,pwmb or
pwmc) goes high, move that phase through a
succession(suc1) operation. This will be the optimum
switching sequence for their first half cycle.

• For the subsequent cycle, follow pwm signal that goes
low, and give that phase a precursor (suc−1) operation.

Step 2 in the algorithm will become relevant only for multi-
level inverters with N>3.

IV. EXPERIMENTAL SETUP AND RESULTS

A cascaded 3-level inverter configuration consists of
two 2-level inverters having same DC link voltage of VDC

2
connected as shown in Fig. 7.

Fig. 7: 3-level Inverter realized by cascade connection of two
2-level inverters

The output voltages of inverter-1 with respect to point ‘O’
are denoted as VA1O, VB1O and VC1O respectively (Fig. 7).
The pole voltages of inverter-2 are denoted as VA2O, VB2O

and VC2O respectively [5].

A. Generation of gating signals
A cascaded 3-level inverter, requires six gating signals,

one in each phase for the top switch of inverter I and II. Gating

signals for the bottom switch is generated by complementing
the signal in the top switch for that phase of that inverter. Let
these signals be denoted by G11, G13, G15, G21, G23, G25
respectively which are used to trigger S11, S13, S15, S21,
S23, S25 respectively, as shown Fig. 7. These signals are
calculated from the 2-level inverter pwm and sub hexagonal
center determined. Operation involved can be treated as a
multi-valued logic manipulation. This can be better understood
by considering Table II. By utilizing the principles stated
in [12], The sum of extended product form (SOEP) of the
function can be realized. It should be noted that for a 3-
level inverter, the domain of the sub hexagon center and
the PWM signal is limited to D:{0,1}. Hence multi-valued
logic will compress to binary logic expression or both become
equivalent( All the ’+’ symbol used in this section represents
max operator.) The multi valued logic expression for the

TABLE II: Truth table for gating signal for A-phase
Ca pwma G11 G21 Voltage
0 0 0 0 OV
0 1 0 1 Vdc

2

1 0 0 1 Vdc
2

1 1 1 1 Vdc

gating signals for 3 level inverter is given as

G11 = (Ca ∗1 pwma) (7)

G21 = (Ca ∗1 1) + (C1
a ∗1 pwma) (8)

This can be represented as multi-valued logic circuit as shown
in Fig. 8 For an N-level inverters the states of the sub hexagon

Fig. 8: Circuit to generate gating signal for 3-level inverter
(for A-phase)

center will have a domain D:{0,1....(N-2)} and will require
larger multi-valued logic expression. In case of a three level
inverter, the logic expression requires only AND and OR logic
gates to implement, and as a result the overall system will be
computationally efficient and fast.

B. Experimental Results

The plot of Tga for a modulation index of 0.75 is shown in
Fig. 9. The gating signal used to drive the inverter correspond-
ing to 3-level operation (modulation index = 0.75) are shown
in Fig. 10. Both the inverters switch equally during 3-level
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Fig. 9: Plot of Tga for 3-level opration

Fig. 10: Gating signal for inverter 3-level operation. Upper
three traces for Inverter 1 and lower three traces for Inverter
2 (modulation index = 0.75)

Fig. 11: Experimental waveform of pole voltage(VA2O) Scale:-
X axis: 4ms/div; Y axis: 100V/div

Fig. 12: Experimental waveform of phase voltage(VA2N ) and
motor current Scale:- X axis: 4ms/div; Y axis: 100V/div(phase
voltage), 2.5A/div(phase current)

operation. The pole voltage waveform is shown in Fig. 11. It
can be seen that the pole voltage takes 3 levels(0,VDC /2 and

VDC). Phase current and phase voltage for 3-level operation
is shown in Fig. 12.

V. CONCLUSION

A space vector pulse width modulation scheme based
on principles of multi-valued logic is proposed. The scheme
utilizes multi-valued logic operators to implement the different
steps involved in SVPWM scheme viz., sub hexagon center
determination, optimum switching sequence generation and
the gating signal generation. Since we are utilizing logical
operators similar to Boolean logic, the compilation and simula-
tion times are much faster than ordinary methods. The scheme
is presented for a 3-level inverter and experimentally verified
by using 3-level inverter in cascade configuration. This scheme
can be extended to any general N-level inverter.
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