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A 3-D Generalized Direct PWM Algorithm
for Multilevel Converters

Ning-Yi Dai, Student Member, IEEE, Man-Chung Wong, Member, IEEE, Yuan-Hua Chen, and
Ying-Duo Han, Senior Member, IEEE

Abstract—A three-dimensional (3-D) generalized direct pulse
width modulation (PWM) algorithm is proposed for multilevel
converters in a three-phase, four-wire system. It is proved to be
equivalent to the newly proposed generalized 3-D space vector
modulation (SVM). However, the direct PWM greatly simplifies
the calculation process and is much easier to implement in digital
controllers. The direct PWM can be used in all applications
needing a 3-D control vector, such as active filters, uninterruptible
power supplies, etc. Simulation and experimental results are given
to show the validity of the proposed control strategy.

Index Terms—3-D direct PWM, multilevel converters,
three-phase four-wire system.

I. INTRODUCTION

MULTILEVEL converters are becoming increasingly pop-
ular for medium- and large-capacity power quality com-

pensators. They reduce voltage stress across the switches and
improve harmonic contents of the voltage source inverter (VSI)
by selecting appropriate switching vectors. The voltage stress
decrease leads to a corresponding decrease of , which can
reduce electromagnetic interference (EMI).

When compared with two-level, three-leg center-split in-
verters, the two-level, four-leg inverter is preferred by most
of the researchers, as it only slightly increases the initial cost
and avoids the troublesome issue of controlling the dc capac-
itor voltage unbalance. However, as the level of the inverter
increases, the initial cost of adding an extra leg quickly in-
creases. The number of available space vectors of an -level,
four-leg inverter is times an -level, three-leg inverter, which
dramatically increases the complexity of the PWM control. In
addition, both the three-leg and the four-leg, multilevel inverter
need to implement the dc capacitor voltage variation control.
Hence, the three-leg inverter has more advantages in multilevel
systems. A dc voltage control strategy for a three-level, neutral
point clamped (NPC) inverter has been discussed in [1].

Recently, several two-dimensional (2-D) space vector mod-
ulation (SVM) algorithms have been proposed for three-leg,
multilevel converters [2]–[7]. In the 2-D SVM for three-phase,
three-wire voltage source converters, the output phase-to-phase
voltage can be controlled to be sinusoidal. Because the -
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transformation, which defines the 2-D space vectors, is not
definitely reversible, one space vector in the - coordinates
may correspond to a group of vectors in the - - coordi-
nates. If these vectors are decomposed to positive-, negative-
and zero-sequence components, results indicate that their
positive-sequence and negative-sequence components are the
same. Only the amplitude of the zero-sequence component
is different. Hence, the phase-to-neutral reference voltage is
not necessarily sinusoidal in a 2-D SVM. Harmonics of triple
orders can be added to the reference voltage vectors without
affecting the - components [8]. As a result, the SVM can
increase 15% of the dc voltage utilization compared with the
sinusoidal PWM, which is implemented in per-phase mode.

It is natural to extend the 2-D space to the three-dimensional
(3-D) space when the multilevel converter is connected to a
three-phase, four-wire system. The reference vectors are not on
a plane if the system is unbalanced or if there is a zero sequence
or triple harmonics. The phase-to-neutral voltage of the con-
verters must be sinusoidal in a three-phase, four-wire system.
Hence, the dc voltage utilization cannot be increased by adding
third harmonics to the phase-to-neutral reference voltage. Since
the - -0 transformation is definitely reversible, both - - co-
ordinates and - -0 coordinates can be chosen to define the
space vectors and to implement 3-D SVM control.

The 3-D SVM is first proposed in - -0 coordinates since it is
straightforward to extend the - plane to the - -0 3-D coor-
dinates for expressing 3-D vectors [9]–[11]. 3-D SVM in - -
coordinates has also been proposed [12]–[15], among which a
generalized 3-D SVM for multilevel converters was proposed
in 2003 [12]. The reference voltage vector is decomposed to
an offset vector and a two-level vector in the generalized 3-D
SVM. Important issues for the 3-D SVM, such as determina-
tion of switching sequence schemes and calculation of dwell
time, are all done by a general two-level 3-D SVM. Although
this PWM method is totally implemented in - - coordinates,
it still follows the conventional practice in SVM: the two-level
space-vector cube is split into six tetrahedrons and subsequently
the dwell time of each neighboring vector is calculated. The
computational cost is high.

In this paper, a generalized direct PWM method is proposed,
in which the switching state and the pulse width of each phase is
directly determined in terms of the normalized reference voltage
vector. It is proved that the modulation outputs of the direct
PWM and the newly proposed 3-D SVM in the - - coordi-
nates [12] are the same when the reference voltage vector is the
same. The computational cost of the direct PWM is much lower
because the case determination chart and switching time table
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Fig. 1. Equivalent model of N-level VSI.

in [12] are not needed. The low computational cost is always the
same and is independent of the number of converter levels. So, it
can be used as a generalized PWM method for generating 3-D
control vectors. Simulation and experimental results are given
to show the validity of the proposed control strategy.

II. GENERALIZED DIRECT PWM METHOD

An equivalent model for an -level voltage source inverter is
shown in Fig. 1 [5]. The phase output voltage can be expressed
as

and (1)

where denotes the switching state of the corresponding phase
and denotes the dc voltage of one level. In this letter, all the
voltage vectors are represented per unit, i.e., normalized by ,
so that the output voltage of each phase can be expressed as

(2)

The reference voltage vector is also normalized by , as ex-
pressed in (3):

(3)

In the generalized direct PWM, the desired output voltage vector
is decomposed into two components: the offset voltage vector
and the two-level voltage vector. The two-level voltage vector
will be used to directly determine the final pulse width, which
is totally different from the method in [12].

(4)

It can also be expressed in - - coordinates as

Fig. 2. Decomposition of reference voltage vector.

Fig. 3. PWM output of one sampling period.

removes the fractional part of the real input data. If
equals , the reference

voltage vector locates inside the two-level space vector alloca-
tion formed by , ,

, , ,
and , as illustrated

in Fig. 2. In order to reduce the of the output voltage
in multilevel PWM control, the output voltage changes only
one level in one switching period. So the two switching states
of one phase are and ( ) in a switching
period.

The direct PWM is based on the volt-second approximation
just as in conventional SVM. The voltage is approximated in
per-phase mode in - - coordinates, i.e., the reference voltage
vector is synthesized in phases A, B and C independently, as
illustrated in (5):

(5)

where is the sampling period, is the dwell time of the
output state , is the dwell time of the output state ,
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Fig. 4. Flow chart of the direct PWM method.

and ( ). If is subtracted
from both sides of (5), (6) can be obtained:

(6)

Since

(7)

and (8)

The is the pulse width of the corresponding phase (
), as shown in Fig. 3. The normalized two-level reference

voltage vector in (7) equals the normalized pulse width
of the respective phase.

No matter what PWM control strategies are used, the final
trigger signals are sending to the switches of the respective
phase independently. After the of each phase is deter-
mined, the modulation output of the inverter can be generated.
The proposed PWM control method is called “direct PWM”
because it is implemented by directly calculating the pulse
width of each phase. It is mentioned in [12] that 69 instructions
and a maximum of three comparisons are needed for calcu-
lating the 3-D state vectors and duty-cycles. However, only
nine instructions are needed to calculate the pulse widths of
three-phases and no comparisons are needed in the proposed
direct PWM.

III. EQUIVALENCE TO THE 3-D SVM IN - - COORDINATES

The flow chart of the direct PWM is shown in Fig. 4, which
is the same as that of the generalized 3-D SVM in - - coordi-
nates [12]. A general two-level 3-D SVM is employed to calcu-
late the dwell time of each switching state in [12], in which the
two-level space vector allocation is divided to six tetrahedrons
and the two-level reference voltage vector is synthesized by four
neighboring vectors.

(9)

(10)

Equation (9) can also be expressed as

(11)

After the dwell time of each neighboring vector is obtained,
the final output of the inverter can be generated. This is also
illustrated in Fig. 3. Since , , and are space vectors of

a two-level space vector allocation, its normalized output
( ; ,2,3,4) can be only “0” or “1”. The pulse
width of each phase is the summation of the dwell time of the
vectors, whose output in that phase equals 1. That is to say, if

equals 1, the dwell time of this vector is added to
the pulse width. If , is not added to pulse width

. So can also be used as the coefficient for calculating
the pulse width. If phase A is considered as an example,

. The following equation can be
obtained:

(12)

Equation (7) can be deduced again if (11) is compared with
(12), which indicates that the normalized two-level reference
voltage vector equals the normalized pulse width of the respec-
tive phase. Therefore, the time-consuming mid-steps, such as
neighboring vectors’ determination and dwell time calculations,
can all be eliminated. Direct PWM can replace 3-D SVM be-
cause the two PWM methods generate the same output wave-
form when the same reference voltage vector is applied.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A prototype of the three-level neutral point clamped (NPC)
inverter has been developed. It is controlled by a fixed point
DSP (TMS320F2407, @30 MHz). Simulation results and ex-
perimental results are given to show the validity of the proposed
direct PWM. The system configuration is shown in Fig. 5. The
sampling frequency is 5 kHz.

Simulation and experimental results are shown in Figs. 6 and
7, respectively. The three-phase unbalanced voltage is gener-
ated. The third harmonic is added to the reference voltage of
phase A. The inverter output voltage of phase A, which is de-
noted as in Fig. 5, and the three-phase voltages across the
loads are shown in Fig. 6. The three-phase voltages and neu-
tral current are shown in Fig. 7. The recorded voltage total har-
monic distortin (THD) values in the simulation and experiment
are listed in Table I. Since the voltage is measured by using a
Hall-effect voltage transducer, its amplitude is greatly reduced
when it is recorded in the oscilloscope.

When Fig. 6 is compared with Fig. 7, results indicate that the
simulation and experimental results are matched. Furthermore,
it is proved that direct PWM can trace arbitrary reference volt-
ages and can be used in a three-phase, four-wire system with a
nonzero neutral current. Hence, it can be applied to applications
where either pure sinusoidal or nonsinusoidal output needs to be
generated.

V. CONCLUSION

Generalized direct PWM omits the troublesome determina-
tion of sextant and switching time calculations in the 3-D SVM
[12], thus providing a simpler way to implement 3-D control
for multilevel converters. The computational cost is always the
same for inverters of different levels. This technique can be used
as a modulation method in all applications needing to generate
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Fig. 5. System configuration of a three-phase, four-wire active power filter.

Fig. 6. Simulation results.

Fig. 7. Experimental results.

a 3-D space vector, such as UPS, APF, etc. Furthermore, it is
very useful for controlling inverter outputs online.

TABLE I
THD OF THREE-PHASE VOLTAGE
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