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Abstract— In this paper, a space vector PWM method
for three-level inverters is presented. In the proposed tech-
nique, boundary restrictions can be easily incorporated to
minimize the harmonic distortion output voltages, to limit
the minimum pulse width and to balance the voltages of
the dc-link capacitor bank. The solutions obtained are sim-
ple algebraic equations relating directly the pulse widths
of the gate signals to the phase reference voltages. Com-
puter simulation results are used to demonstrate the main
features of the proposed technique.

I. INTRODUCTION

The recent developments of the power electronics in-
dustry resulted in a considerable increase of the power
that can be manipulated by semiconductor devices. In
spite of that, the maximum voltage supported by these
devices remains the major obstacle in medium and high
voltage applications. For such applications multilevel con-
verters have been proposed [4], [5], [2]. Multilevel invert-
ers present low harmonic distortion of the output voltages
when compared to standard two-level inverters operating
at the same switching frequency [4], [5], [2]. Several PWM
methods have been proposed for multilevel inverters [1],
[3].

In this paper, a space vector PWM method for three-
level inverters is presented. In the proposed technique,
boundary restrictions can be easily incorporated to mini-
mize the harmonic distortion output voltages, to limit the
minimum pulse width and to balance the voltages of the
dc-link capacitor bank. The solutions obtained are sim-
ple algebraic equations relating directly the pulse widths
of the gate signals to the phase reference voltages. Com-
puter simulation results are used to demonstrate the main
features of the proposed technique.

II. THE THREE-LEVEL INVERTER

Fig. 1 shows the simplified circuit diagram of a three-
level GTO inverter. Each phase has four GTO switches,
four freewheeling diodes and two clamping diodes con-
nected to the dc-link center tap.

Table I shows the possible switching states for a given
inverter phase. The variable ¢,, (z € {a,b,c}), may be
1, 0 or —1 connecting the charge to points P, O or N,
respectively.
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Fig. 1. Simplified circuit diagram of a three-level inverter

TABLE 1
SWITCHING STATES FOR A THREE LEVEL INVERTER

States Cy Slx SQQU S3m 5435
P 1| ON ON | OFF | OFF
O 0| OFF | ON ON | OFF
N -1 | OFF | OFF | ON ON

Fig. 2 shows a typical control signal for a switching pe-
riod. With three different switching states for each phase
the three-level inverter of fig. 1 has 27 possible switching
states.

Cy (k)

Fig. 2. Control signal ¢, for a switching period

Fig. 3 shows all the voltage vectors generated by the
inverter of Fig. 1. These voltages vectors can be grouped
into four different classes: Z) zero vector V having three



switching states; S) small amplitude vectors (E/3) having
two different switching states each i.e., Vi, Vi, Vz, Vig, Vi3
and Vig; M) medium amplitude vectors (v3E/3) having
only one switching state i.e., V3, Vg, Vg, Vi2, V15 and Vig
and L) large amplitude vectors (2E/3) having only one
switching state i.e., V5, Vs, Vg, Vi1, V14 and Vi7.

In general, in standard space vector methods only three
voltage vectors corresponding to the apexes of the triangle
in which the reference voltage vector is inside are used and
this reduces the harmonic content of the output voltages

[1], [3].

Fig. 3. Space voltage vectors of a three-level inverter

III. BASIC EQUATIONS

The output voltage v.,(t), can be expressed in terms
of the control variable ¢, (t), as follows:

Van(t) E 2 -1 -1 ca(t)
vpn(t) | = 5 -1 2 -1 cp(t) (1)
Ven (t) -1 -1 2 ce(t)

The average value of the output voltages in the k-th
switching period, 7., (k), is calculated by:
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where, ¢, (k) is the average value of the control signal of
phase z in the k-th period. From figure 2 it easy to see
that:

2 (k) = e e 3)

Defining the average voltage vector in the k-th period,
Vg (k) by:

Vag(k) = ; (Van (k) + avpn (k) + a*Ven(k)) (4)

with a= e/7/3. Using the above equation and (2) it can
be found that:

E?2

Vi (k) = 5 2 (calk) +acs(k) + a%cc(R)) = 5 Cag (4

(5)
where Cy, (k) is defined as the control vector of the three-
level inverter in the k-th period. Then, for a given refer-
ence voltage vector Vd*q (k) the control vector can be de-
termined by:

2
E

The zero sequence component for the control vector is
defined by:

Cag(k) = = Vi, (k) (6)

Colh) = 5(calk) +a(l) +eek) ()

It can be shown that the pulse widths 7,, and 7,, can
be determined by using equations (6) and (7) and the in-
verse dq transformation. The pulse widths are calculated
by:

2T

ST+ Gk )

In order to determine the pulse widths for a given phase
the zero sequence component Cy(k) must be selected. By
a suitable choice of this component it is possible to balance
the DC-link capacitors voltages and to reduce the load
current ripple.

Tpx (k’) - Tnz(k) =

IV. DETERMINING PULSE WIDTHS IN SECTOR A

In order to simplify the study, the hexagon in Fig. 3
is divided into six sectors (A to F). In this section, the
switching patterns for sector A will be defined. These
results can be extended for the others sectors. Fig. 4
shows a expanded view of sector A with its subregions
numbered from 1 to 4.

Fig. 4. Space voltage vectors in sector A

A. Balancing the DC-link capacitor voltages

Some of the vector groups defined previously (Z,S,M,L)
affect the balancing of the DC-link capacitor voltages [3],
[1]. The Z and L vectors do not affect the neutral-point
voltage at all. The S vectors have two different switching
states. One of these states connects the load to the upper



capacitor terminal and the other connects the load to the
lower capacitor terminal. If the load is inductive these
two switching states are almost symmetrical during the
switching period and then the DC-link capacitor voltages
can be balanced. The M vectors also affect the neutral
voltage but have only one switching state and thus the
balancing cannot be provided.

B. Switching patterns for subregion Al

The switching patterns consists in a ordered sequence
of switching states corresponding to the voltage vectors
of the inverter in a given region. The ordering of the
vectors can minimize the number of commutations of
the inverter switches. The subregion A1l contains three
vectors (Vp, Vi and Vj) corresponding to seven differ-
ent switching states. If all switching states vectors are
employed in this subregion to form the switching pat-
tern the harmonic content of the output voltages is re-
duced. Such a pattern is named complete pattern. The
complete switching pattern for subregion Al is given
by /PPP/PPO/POO/O00/OON/ONN/NNN/. Fig. 5
shows the control signals of the the three phases of the
inverter for this switching pattern during two switching
periods. Notice that in consecutive switching states only
one switch commutation occurs. A switching pattern that
does not uses all the possible switching states is called re-
duced pattern. The use of reduced patterns will be treated
in the next section.
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Fig. 5. Switching patterns for the subregion Al

In the first switching period the complete switching pat-
tern is employed. In the second period the switching pat-
tern is reversed minimizing the number of switch commu-
tations. To reduce the load current ripple it is necessary
to split uniformly the utilization of the zero voltage vector
over the switching period. With respect to Fig. 5 this is
obtained if 2Tnvyn = Tooo and 2Tppp = TooO-

As explained before, the balancing of the DC-link ca-
pacitor voltages is achieved if the switching states cor-
responding to the S vectors are equally used. With re-
spect to Fig. 5 this is obtained if Tppo = Toon and
Tpoo = Tonn-

Using these restrictions and equation (8), a linear sys-
tem is obtained:

Tpa(k’) — Tna(k) — Co(k) %v;n(k)

b (k) = Tan (k) — Co(k) = Zop, (k)

TpC(k) = Tne(k) — Oo(k) = %v:n(k)

Toa(k) = T (k) — Top (k) + Ta (k) = 0 (9)
Tpb (k) — Tpe(k) — Tne(k) + Tp(k) =0

2Tpc (k) + Tpa (k) + Tne (k) =T

2700 (k) + Tpa (k) + Toe(k) =T

\

Solving this system gives the pulse widths that define
the control signals in Fig. 5 provided that the reference
voltage vectors remain inside the subregion A1l. The so-
lution is given by:

( Tpa(k) = T + 55 Wi (k) = v5, ()
Taa(k) = § = g5 (vin (k) — 0, (k)
(k) = L + 3Lup, (k) (10)
Tan(k) = T = 555, (F)
Tpc(k) = Tna(k)
L Tne(k) = Tpa(F)

and 7,,(k) is calculated by:

Tox(k) =T — Tpy (k) — Tna (k) (11)
A similar procedure can be employed to determine the
pulse widths for the subregions A2 to A4.

C. Minimum on/off time

In the previous analysis the inverter switches were as-
sumed to be ideal. However, in multilevel converters the
minimum on/off time must be considered to avoid turn-
on or turn-off failures, specially with GTO devices. More-
over, if the minimun on/off time is not took in to account
in the modulation method, there will exist unrealizable
regions in the hexagon of Fig. 3 that will distort the out-
put voltage waveforms. In this section the PWM solution
presented in the previous section is modified to take into
account these limitations.

The on/off time restrictions can be expressed by:

Tpm(k) > Thin
sz(k) + Tna (k) S T - Tmzn

(12)

where Tp,in is the minimum conduction time for any
switch of the inverter. With these restrictions and
equation (10)the unrealizable regions can be determined.
These regions are shown by the shaded areas in Fig. 6.
The use of complete switching patterns has the ad-
vantage of maximizing the number of commutations in
the output phase voltage waveform reducing its harmonic
content. However, complete switching patterns gener-
ates very narrow control pulses that may violate the
restrictions expressed in (12). To avoid this problem
the sector A has been divided into fifteen subregions as
shown in Fig. 7. In the subregions numbered from 1
to 4, complete patterns are used and in the other sub-
regions, reduced patterns, obtained by eliminating some



Fig. 6. Unrealizable regions for the three-level inverter considering
the minimum on/off time

of the switching states of the complete patterns, are em-
ployed. The shaded region shown in Fig. 7 corresponds
to the unrealizable voltage vectors in this case. As an
example, the reduced patterns for the subregion A5 is
/PPO/POO/O0O0O/OON/ONN/ and the corresponding
solution is given by:

Toa () = ne(k) = L (03 (k) — 02 (k)
(k) = £ (v}, (k) — v, (k)
T (K) = L (08 (k) — 5 (K)) (13)
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Fig. 7. Sector A regions considering the minimum on/off time

The reduced patterns for the other subregions and the
corresponding solutions are omitted due to space limita-
tions.

V. GENERALIZING THE RESULTS

The determination of the pulse widths of the switch
control signals when the reference voltage vector is inside
the sector A has been considered in the previous section.
In this section these results are extended to the others
sectors of Fig. 3.

To determine the location of the reference voltage in
the hexagon of Fig. 3 the reference phase voltages must
be ordered. Table II shows the voltage ordering together
with the respective vector locations.

TABLE II
LOCATION OF THE REFERENCE VOLTAGE VECTOR

Sector Phase voltages order

S

B

D*n*g*v*
| [[—~

| = O Q| =] =
S

SRR

S

After the ordering procedure the phase voltages are
referred as vf,(k), v, (k) and v}, (k), where v}, (k) >
v3, (k) > v3, (k). The pulse widths are then calculated us-
ing the same expressions employed for sector A replacing
0 (k), v, (k), and vl (k) by vf, (k), v, (k) and v}, (k)
respectively and similarly replacing Tpa, Tpbs Tpe, Tna, Tnb
and Ty by Tp1, Tp2, Tp3, Tni, Tn2 and T,3 respectively.

VI. SIMULATION RESULTS

The proposed PWM method was tested in simulation
with a three-level inverter supplying a three-phase RL
load. The DC-link voltage is 300V and parameters of
the load are R = 5Q and L = 5.5mH. The frequency of
the reference voltage vector was 60H z and the switching
frequency equal to 720H z corresponding to a frequency
ratio of 12. The minimum ton/toff time, Ty, was fixed
to 10% of the switching period. Fig. 8 shows the ampli-
tude of the fundamental component of the output voltage
when the modulation index (m) varies from 0 to 1. The
linearity is observed up to m = 0.57 as expected. Fig. 9
shows the total harmonic distortion calculated by:

V2
Poneo W

SIG =
Vi

(14)
Fig. 10 shows the output line-to-line voltage for m = 0.4
and Fig. 11 shows the corresponding current vector locus.
Fig. 12 shows the voltage of the upper DC-link capacitor
voltage.

w
(=3
o

N

3]

o
T

N

o

o
T

[

o

(=]
T

Fundamental component amplitude — (V)
=
o a
o o

(=}

4 0.6 0.8 1

0.2 04 0
modulation index - m

o

Fig. 8. Fundamental component amplitude x modulation index

The above results show that the proposed PWM tech-
nique has presented all the claimed features. The balanc-
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Fig. 12. Upper capacitor voltage - 20 V/div (E=300V)

ing of the DC-link capacitor voltages has been obtained
and the distortion due to the on/off time restriction has
been minimized.

VII. CONCLUSION

This paper has presented an elegant, simple and useful
PWM technique for generating the control signals of the
switches of a three-level inverter. The determination of
pulse widths taking into account on/off time restrictions
has been achieved via simple algebraic operations thus
simplfying the practical implementation of the proposed
modulator. The simulation results have demonstrated the
validity of the proposed technique.
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