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Current–Source Converter On-Line Pattern
Generator Switching Frequency Minimization
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Abstract—On-line pulsewidth modulation (PWM) pattern gen-
erators for current–source rectifiers and inverters offer a number
of control advantages over off-line optimized patterns. However,
when implemented using the principles which apply to voltage-
source inverter PWM pattern generators, the switching frequency
is equal to: 1) the carrier frequency in standard carrier-based im-
plementations and 2) a function of the cycle frequency, sequence
of space vectors, and selection of the zero space vector in space
vector implementations. This paper shows that this frequency can
be reduced to one-half of the respective frequencies. Two pattern
generators are investigated: 1) an analog on-line carrier-based
technique, namely, the modified dead-band technique and 2) a
digital on-line space vector-based technique, where advantage
is taken of the extra zero state available in current–source
converters. It is shown that the switching frequency reduction is
achieved with no penalty in the line current harmonic distortion.
Moreover, a significant reduction of ac line current distortion is
obtained with the modified dead-band technique for modulation
indexes greater than 0.4. The principles of operation of the
proposed schemes are explained. Experimental results on a 5-
kVA current–source rectifier and a 5-kVA current–source inverter
confirm the feasibility and features of the proposed pattern
generators.

Index Terms—Current–source converter, minimum switching
frequency, on-line control, PWM.

I. INTRODUCTION

TO OPTIMIZE switching patterns for pulsewidth modula-
tion (PWM) current–source converters (CSC’s), off-line

or programmed patterns are often used [1]–[3]. This method
also simplifies the compliance of the gating signals with the
special requirements of force-commutated switches in CSC’s
(rectifiers and inverters), since these requirements can easily
be included in the algorithm generating the gating pattern. On-
line PWM pattern generators nevertheless offer a number of
control advantages over off-line optimized patterns: 1) faster
dynamic response; 2) elimination of dc offsets under transient
conditions; and 3) continuous and precise control of the ac
line current amplitude and phase. However, the switching
frequency is usually higher than that of optimized patterns.
If implemented by adapting standard voltage-source converter
(VSC) pattern generation principles, the switching frequency
obtained is equal to: 1) the carrier frequency in standard PWM
carrier-based implementations [4], [5] and 2) a function of
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the cycle frequency, sequence of space vectors (SV’s), and
selection of the zero SV in SV-based implementations [6], [7].

This paper develops a systematic approach to the selec-
tion of the sequence of SV’s and zero SV in SV-based
techniques. It then shows that the switching frequency can
be reduced to one-half of the cycle frequency. The same
reduction is obtained for carrier-based techniques. Thus, two
types of pattern generators are presented: 1) for carrier-based
schemes, a modified dead-band technique is proposed [8],
suitable for analog schemes and 2) for SV-based schemes,
specific sequences of SV’s with optimum zero-SV selection
are proposed, suitable for digital schemes.

The principles of operation of the proposed pattern gen-
erators are explained (Section II) and implementation details
are given (Sections III and IV). Results on 5-kVA prototype
units confirm the feasibility and advantages of the proposed
pattern generators and illustrate the line current and dc voltage
frequency spectra and the corresponding harmonic distortion
factors (Sections V and VI). These are obtained in: 1) the
rectifier mode for the carrier-based technique and 2) the
inverter mode for the SV-based technique.

II. DESCRIPTION AND OPERATION

OF THE PATTERN GENERATORS

The main purpose of a pattern generator is to produce
gating signals, which applied to a CSC generate line currents

that track a given set of normalized references
[Fig. 1(a)]. The references are normally generated by an
outer control loop (closed or open) according to a given
static or dynamic objective. If the purpose of the pattern
generator is attained, the converter becomes a current amplifier
characterized by:

(1)

where

actual line currents in frame,
;

normalized line currents references,
;

gain that depends upon the PWM technique;
dc bus current.

Note that the line currents are actually PWM waveforms;
however, the fundamental tracks the reference up to frequen-
cies of about one-half the carrier (for analog carrier-based
implementations) and cycle frequencies (in digital implemen-
tations). Also, the neutral is usually not connected; therefore,
the line currents always add up to 0; therefore, the nor-
malized line current references must also add up to 0.
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Fig. 1. Generalized CSC and gating pattern alternatives. (a) Power topology. (b) Analog gating pattern implementation. (c) Digital gating pattern
implementation.

Fig. 2. Gating pattern generator for analog on-line carrier-based PWM current source converters.

In order to properly gate the power switches of a CSC,
two main constraints must be met at any time: 1) the ac side
draws PWM line currents and, therefore, the ac circuit must
be capacitive and must not be short-circuited; this implies
that, at most, one top [1, 3, or 5, Fig. 1(a)] and one bottom
switch (4, 6, or 2) should be closed at any time, and 2) the
dc bus is of the current-source type and, thereby, cannot be
opened; therefore, there must be at least one top (1, 3, or 5)
and one bottom switch (4, 6, or 2) closed at all times. Note
that both constraints can be summarized by stating that, at any
time, only one top and one bottom switch must be closed.
In this paper, two on-line pattern generators (for analog and
digital implementations, respectively) that satisfy the above
constraints are investigated.

III. A NALOG ON-LINE CARRIER-BASED

PWM PATTERN GENERATOR

Since these techniques are carrier-based, they are best suited
for analog implementations. The circuit realization of the
pattern generator proposed in this paper (Fig. 2) is an extension
of [9]. The circuit, as depicted in Fig. 1(b), is implemented
in three stages: the gating signal generator, the modulating
waveform generator, and the decoupling block.

A. The Gating Signal Generator Stage

The gating signal generator produces the gating signals
according to a carrier

and three line-to-neutral modulating waveforms
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TABLE I
TRUTH TABLE FOR THE SWITCHING PULSE GENERATOR STAGE (FIG. 2)

[9]. Therefore, any set of signals which,
when combined, results in a sinusoidal line-to-line set of
signals will satisfy the requirement for a sinusoidal line current
pattern. Examples of such modulating signals are the standard
sinusoidal, sinusoidal with third-harmonic injection [5], and
dead-band-type [8] of waveforms.

The first component of this stage (Fig. 2) is the switch-
ing pulse generator, where the signals are
generated according to

if
otherwise

(2)

The outputs of the switching pulse generator are the signals
, which are basically the gating signals of the

CSC without the shorting pulses. Table I shows the truth table
of for all combinations of their inputs
It can be clearly seen that at most one top and one bottom
switch is ON. This satisfies the first constraint of CSC gating
signals as stated before (Section II). In order to satisfy the
second constraint, the shorting pulse is generated
(shorting pulse generator, Fig. 2) when none of top switches

or none of the bottom switches
are gated. Then, this pulse is

added (usingOR gates) to only one leg of the CSC (either
to the switches 1 and 4, 3 and 6, or 5 and 2) by means
of the switching and shorting pulse combinator (Fig. 2). The
signals ensure that: 1) only one leg of the
CSC is shorted, since only one of the signals is HIGH at any
time and 2) an even distribution of the shorting pulse, since

is high for 120 in each period. This ensures
that the rms current is equal in all legs. Finally, overlaps

s) are added as a final stage (falling edge units) to
ensure proper commutation of the dc bus current among the
top and bottom power switches. This overlap also provides a
minimum ON time for the switches.

B. The Modulating Waveform Generator Stage

The modulating waveform generator generates the modu-
lating signals out of the voltage signals In
this paper, a modified dead-band PWM technique is proposed,

which unlike the regular dead-band technique proposed for
VSI’s [8], uses a sawtooth carrier instead of the standard tri-
angular carrier. Fig. 2 shows one alternative to the generation
of the dead-band modulating signals. Note that only this stage
should be modified according to the alternative modulating
waveforms. For instance, for sinusoidal modulating wave-
forms, this stage could be replaced by voltage followers. Also,
the modulating waveforms are instantaneously equivalent in
amplitude and phase to the voltage signals a basic
requirement for on-line implementations.

Theory shows that the line currents generated by the
CSC and the waveforms are related by the following
expression:

(3)

where is the ac gain of the PWM technique (e.g.,
for SPWM [5]), is the amplitude of the carrier

waveform (Fig. 2), and

Since in (3) is not diagonal, the line currents are coupled
with respect to ; this comes from the fact that each
line current is generated from line-to-neutral signals. This
feature is particularly undesirable when it comes to designing
an external loop to generate the line current references [10],
[11]. Therefore, a decoupling block is used to overcome this
drawback.

C. The Decoupling Block Stage

The decoupling block can be modeled as a linear trans-
formation given by (where is the
decoupling matrix to be found, Fig. 1(b)). Therefore,

(4)

If is chosen to be equal to and noting that
(4) yields

(5)

Equation (5) shows that the line currents can track the
normalized references in a linear and decoupled fashion, as
stated in Section II. An alternative to implement the decoupling
block is given in Fig. 2. Additional features of the overall
circuit over previous realizations are: 1) the decoupling and
gating signal generator stages are general approaches and,
thereby, they can be used with any on-line carrier-based PWM
technique; 2) the carrier waveform can be free-running; and 3)
the circuit uses only binary logic to operate, which simplifies
its design. Also, the proposed circuit realization (Fig. 2) can be
used equally in CS rectifiers (CSR’s) and CS inverters (CSI’s).
In rectifiers, the current references must be synchronized with
the ac mains.
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TABLE II
CSC STATES AND SWITCH REALIZATIONS

IV. DIGITAL ON-LINE SV-BASED PWM PATTERN GENERATOR

Since its introduction [6], [12], the most attractive of
digital control methods for VSI’s are based on space vector
(SV) techniques [4]. The main advantages include: 1) direct
implementation of enhanced control strategies (in and

frames) and 2) straightforward implementation in digital
systems (e.g., DSP’s and microprocessors). The proposed SV
schemes used for CSC’s are adapted from the VSI topology.

The overall performance of the SV-based techniques depend
upon the use of the three-degrees-of-freedoms available when
implementing the SVM. These are: 1) sequence applied to the
selected SV’s; 2) selection of the zero SV; and 3) normalized
cycle frequency. In this paper, three different sequences are
studied, the selection of the zero SV is analyzed, and the
influence of the normalized cycle frequency is established.

A. The SV Transformation and CSC SV’s

The SV is a complex number that can be associated to any
three quantities (not necessarily sinusoidal) which add up to
0. For instance, the SV associated with the ac line currents of
a three-phase CSC is given by

(6)

where , and and are the line current
components.

Unlike a three-phase VSI, a three-phase CSC has nine
valid switch combinations that are named “states.” Each state
produces a specific set of ac line currents and, thereby, a
specific SV can be associated with each one by using (6).
Table II shows the nine possible states with their respective
ON switches and normalized line currents.

Like the nine states of a CSC, the instantaneous ac line
current reference can be represented by an equivalent
SV Noting that this vector has a length proportional to
the modulation index and a constant rotating
angular frequency equal to for sinusoidal references. The
CSC SV’s and the line current reference
SV are represented in a complex plane (Fig. 3).

Fig. 3. CSC space vectors and sectors definition.

B. The Space Vector Modulation (SVM)

The objective of the SVM technique, which is also the
main objective of the gating pattern generator (Section II),
is to approximate the current reference SV with the
nine SV’s available in CSC. However, it
has been reported that by approximating the reference SV
by only the nearest two nonzero and and one zero
SV or Fig. 3), the gain of the technique is
maximized [13] and the switching frequency minimized. Thus,
if the reference is laying between the arbitrary vectors
and (Fig. 3), the following expression can be derived:

(7)

where , and for are given by

(8)

(9)

(10)

Overmodulation including six-step operation is
not covered in this paper.

C. SV Sequences

The SVM technique selects the vectors to be used and their
respectiveON times. However, the sequence in which they
are used to gate the converter remains undetermined. In this
paper, three sequences are studied ( and
Fig. 4) and their performance evaluated using an harmonic
distortion factor (Section V). Note that the evaluation can be
done regardless of the selection of the zero SV, due to the
fact that the line current waveshape does not depend upon the
selected zero vector ( or Table II).

D. The Zero SV Selection

It has been reported in the literature that, once the SV
sequence is fixed, the selection of the zero SV defines the
switching frequency [7]. In steady state, the normalized line
current references are usually sinusoidal signals. Therefore,
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(a)

(b)

(c)

Fig. 4. CSC space vector sequences. (a)SeqA: (b) SeqB : (c) SeqC :

Fig. 5. Possible state transitions in Sector1 involving a zero SV. (a)
Transition: I1 , Iz , I2 or I2 , Iz , I1. (b) Transition: I1 , Iz ,
I1. (c) Transition: I2 , Iz , I2.

the line current SV reference should describe a circular
trajectory with constant angular speed (, Fig. 3). Thus, tran-
sitions only between adjacent SV’s are expected. To illustrate
the effect of the zero SV selection, Fig. 5 shows all possible
transitions in Sector , including the number of switch
commutations from one state to another (the number on the
branches). Specifically, Fig. 5(a) shows the transition from
to or to (which is possible in all sequences), Fig. 5(b)

TABLE III
ZERO SV FOR MINIMUM SWITCHING FREQ. IN CSC

from to (which is possible in and Fig. 5(c) from
to (which is possible in For instance, let us

assume that the initial state is the final is and a zero
SV is required in between. Fig. 5(a) shows that if eitheror

is used, a total of 3 commutations are required; however,
if is used, only 2 commutations are required.

Fig. 5 shows that, for the proposed sequences,is the
zero SV in Sector which provides the lowest switching
frequency, regardless of the initial and final state. As a
generalization, Table III shows the zero vector to be used
in each sector in order to minimize the switching frequency.

E. Normalized Cycle Frequency Selection

The normalized carrier frequency in three-phase carrier-
based PWM techniques is chosen to be an odd integer number
multiple of 3 Thus, it is possible
to minimize parasitic or nonintrinsic harmonics in the PWM
waveforms. A similar approach can be used in the SVM
technique to minimize uncharacteristic harmonics. Hence, it is
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(a)

(b)

Fig. 6. AC line current spectra for two normalized cycle frequencies
(m = 0:8; fbase = 60 Hz). (a) fcycle = 45 pu. (b) fcycle = 42 pu
(multiple of 6).

TABLE IV
ON-LINE PWM TECHNIQUES COMPARISON

found that for the sequences and the normalized
cycle frequency should be an integer multiple of 6,
and 12 for the sequence This is due to the fact that,
in order to produce symmetrical line currents, all the sectors,
a total of 6, should be equally used in one period. As an
example, Fig. 6 shows the line current spectra for two values
of when employing the sequence It can be clearly
seen that for pu [Fig. 6(a)], additional harmonics
are present (the dark areas on the plot), which are not present
when pu [multiple of 6, Fig. 6(b)].

V. COMPUTER SIMULATION OF THE

ON-LINE PATTERN GENERATORS

Analog carrier-based and digital SV-based PWM techniques
were investigated through simulation, using the described
analog and digital pattern generators, respectively. Table IV
shows a comparison of the techniques in terms of switching
frequency and ac gain and Fig. 7 shows the
harmonic distortion factor (ac factor for second-order

(a)

(b)

Fig. 7. Harmonic distortion factor for PWM techniques. (a) Analog car-
rier-based techniques(fsw = 1380 Hz = 23 pu). (b) Digital SV-based
techniques (Fig. 4)(fsw = 1260 Hz = 21 pu).

filtering [5]) as a function of the modulation index
Two plots are depicted in Fig. 7, since there is not an

equal carrier and cycle frequency that satisfy the constraints
presented in Section IVE. and have a common switching
frequency. The distortion factor is defined as

(11)

where is the rms value of the line current harmonic.
The results show that: 1) the proposed modified dead-

band technique presents the lowest switching frequency
of the carrier frequency, Table IV); 2) the lowest ac

current distortion for modulation indexes greater than 0.4
(Fig. 7) when compared with standard analog carrier-based
PWM techniques; 3) all the digital SV-based PWM techniques
present switching frequencies at most one-half of the cycle
frequency; and 4) sequence presents the lowest distortion
factor for modulation indexes greater than 0.8, which is usually
the nominal range of values for CSC. Although the distortion
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(a)

(b)

Fig. 8. Experimental setups. (a) PWM CS rectifier using an analog carrier-based gating pattern generator. (b) PWM CS inverter using SVM.

factor is given for two fixed switching frequencies, their
shape and relative position are independent of the switching
frequency [5].

VI. EXPERIMENTAL RESULTS

The proposed pattern generators were implemented on two
5-kVA prototype units. The results are obtained in: 1) rectifier
mode for the carrier-based technique [Fig. 8(a)], where, for
simplicity, the capacitor voltages are used as the line current
templates and 2) inverter mode for the SV-based technique
[Fig. 8(b)], where the DSP sets internally the line current ref-
erences for a given CSI modulation index and load frequency.
The Appendix shows the component and parameters values
used in both setups. Fig. 9 shows the experimental waveforms
for the CS rectifier in Fig. 8(a) and modulated with the
proposed modified dead-band carrier-based scheme (Fig. 2),
and Fig. 10 shows the experimental waveforms for the CS
inverter in Fig. 8(b) and modulated with the SV-based PWM
scheme Fig. 4). Sequences and were also
implemented, but experimental waveforms are not included.

These experiments show that the main claims for the pro-
posed gating pattern generators have been substantiated. These
are: 1) CSC can be on-line PWM modulated using any analog
carrier-based PWM technique, as long as the modulating

signals are on-line physically realizable; 2) the switching
frequency of CSC is reduced to for the proposed
dead-band carrier-based scheme [Fig. 9(b)], and to
for the SV-based scheme [Fig. 10(b)]; and 3) the modified
deadband and of the SV-based techniques present the
lowest distortion factors for high modulation indexes. Also,
it is verified that the PWM waveforms present their first set
of low-frequency harmonics around the carrier frequency for
the analog scheme [Fig. 9(e) and (f)] and around the cycle
frequency for the digital scheme [Fig. 10(e) and (f)]. This last
feature verifies the low harmonic distortion factors obtained
through simulation in Fig. 7.

VII. CONCLUSION

Two on-line PWM gating pattern generators for three-phase
current–source converters have been proposed. These are: 1)
a technique best suited for analog control schemes, which
uses three dead-band modulating and a sawtooth carrier signal
and 2) one best suited for digital control schemes,
based on space vectors. Both approaches reduce the switching
frequency of the power valves of the converter to almost one-
half of the carrier frequency, in carrier-based schemes, and
one-half of the cycle frequency in space vector-based digital
schemes. This reduction is achieved with no penalty on the line
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(a) (b)

(c) (d)

(e) (f)

Fig. 9. Experimental results for the modified dead-band PWM carrier-based scheme [Fig. 8 (a)],m = 0:8; fsw = 23 pu = 1380 Hz; fc = 45 pu = 2:7 kHz):
(a) Modulating signal(m1) and carrier waveform(vc): (b) Gating signal for switch 1(S1): (c) Rectifier input current(ira): (d) Rectifier dc bus
voltage (vr): (e) Rectifier input current spectrum(ira): (f) Rectifier dc bus voltage spectrum(vr):

(a) (b)

(c) (d)

(e) (f)

Fig. 10. Experimental results for the SV-based PWM-based scheme [Fig. 8(b)].m = 0:8; fsw = 21 pu = 1260 Hz; fcycle = 2520 Hz; SeqA-Fig. 4).
(a) Gating signal for switch 1 (S1). (b) CSI line current (iia) and line load voltage (vab). (c) DC bus voltage (vi) and current (idc). (d) Load phase current
(ila) and phase voltage (vla). (e) CSI line current spectrum (ila). (f) DC bus voltage spectrum (vi).
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current harmonic distortion. Moreover, the proposed analog
technique presents the lowest one for modulation indexes
greater than 0.4. Additional features of the schemes are: 1)
they can be used in both current–source rectifiers and inverters
without modification; 2) the analog pattern generator circuit
realization can be used to implement any on-line carrier-based
PWM technique (e.g., SPWM, trapezoidal); and 3) the analog
pattern generator circuit realization can be operated with a
free-running carrier signal.

APPENDIX

COMPONENTSVALUES FOR EXPERIMENTAL TESTS

Parameter Value

Current-Source Rectifier Circuit, Fig. 8(a)
nominal CSR modulation index 0.8 pu
carrier frequency 2.7 kHz
carrier amplitude 10 V
supply line voltage 220 V
supply frequency 60 Hz
input filter capacitor 50
input filter inductor 7 mH
dc link inductor 30 mH
load resistance 20

Current-Source Inverter Circuit, Fig. 8 (b)
nominal CSI modulation index 0.8 pu
load line voltage 220 V
load frequency 60 Hz
cycle frequency 2.52 kHz
load resistance 17
load inductance 35 mH
dc link current reference 9 A
dc link inductor 30 mH
load filter capacitor 35

Experimental tests show that with a minimum sample
period of 60 s, there is enough time to run the totality of
routines required by the DSP system. Thus, the maximum
cycle frequency is around 16.7 kHz.
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