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Abstract—A matrix converter interfaces with three-phase ac
voltage source, which creates three different virtual dc-link volt-
ages. In this paper, a new pulsewidth modulation (PWM) method
for the matrix converter is proposed to generally use these three vir-
tual dc-link voltages. By using the two higher line-to-line voltages
as the virtual dc-link voltages, the proposed method can create the
identical switching sequences to those created by the conventional
space vector PWM (SVPWM) method. Moreover, the proposed
method is able to select the appropriate virtual dc-link voltage, ac-
cording to the PWM purpose and/or load condition. In this paper,
the virtual dc-link voltages adjacent to the output voltage reference
are introduced to reduce output-current switching ripples. The fea-
sibility of the proposed PWM method was verified by a computer
simulation and experimental results. The output voltage and cur-
rent waveforms produced by using the proposed method can be
equal or better than those created using the conventional SVPWM
method. Moreover, a new switching sequence that reduces output-
current switching ripple can be easily adopted within the proposed
PWM method. The harmonic characteristics of output current cre-
ated using the proposed method are markedly improved over those
using the conventional PWM method.

Index Terms—Current harmonics, matrix converter, pulsewidth
modulation (PWM).

I. INTRODUCTION

MATRIX converter is a direct ac—ac power converter em-

ploying nine bidirectional switches. In addition to its basic
capacity to provide variable sinusoidal voltages to a load, a ma-
trix converter has several attractive features: no bulky dc-link
capacitor, the production of sinusoidal input current, high ef-
ficiency, compact circuit design, and regeneration capability.
Despite these advantages, matrix converter has not been pop-
ular in industry because of the complexity in control of many
bidirectional switches.

Since the early 1980s, several pulsewidth modulation (PWM)
methods to control matrix converter have been proposed.
First, Alesina and Venturini proposed a matrix-converter-control
method using a mathematical approach to generate the desired
output waveform [1]. After that, the authors extended the volt-
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age transfer ratio from 0.5 to 0.866, which is the physical limit
of matrix converter.

Since then, a well-known space vector PWM (SVPWM)
method for a matrix converter has been proposed [2], [3]. De-
spite its many advantages as a common method, the SVPMW
method of matrix converter requires complex calculations and
tables. On the other hand, a different concept of SVPWM
method was introduced, which is known as “indirect method,”
where the matrix converter is interpreted as a cascade con-
nection of two converters, a PWM converter, and a PWM in-
verter [4], [5]. In this approach, the PWM converter is inter-
faced with an ac voltage source and provides three virtual dc-
link voltages, while the associated PWM inverter synthesizes
the desired output voltage using these virtual dc-link voltages.
Therefore, the SVPWM concept that is well established for
voltage-source inverter could be extended to the matrix con-
verter [6]. However, the requirement of numerous calculations
and tables also remains as drawbacks of indirect method. To
simplify the modulation procedure, Yoon and Sul proposed a
carrier-based modulation technique, which was mathematically
proven to be equivalent to the SVPWM method [7].

In the meantime, some researches on the PWM method con-
centrated in reduction of the switching loss and the improvement
of the output-current quality have been introduced [8]-[14].
In [8], loss of matrix converter was reduced by minimizing
the amount of switching. Furthermore, Helle ef al. introduced
another method for switching-loss reduction, which used min-
imized switching voltage [9]. The main idea of that research
was to use the minimum line-to-line voltage when the output
voltage reference was less than half of the input voltage. Sim-
ilar approaches were also presented on the sparse matrix con-
verter [10], [11]. Like Helle’s paper, the smallest and the second
largest input line-to-line voltage were used as virtual dc-link
voltages in the case of the low output voltage reference. These
approaches can result in the reduced harmonics of the output
voltages and output currents, and the decreased switching losses.
Because these methods were based on the conventional SVPWM
method, however, they also required complex calculations and
switching combination tables. Furthermore, they would only be
applicable when the output voltage reference is small.

Another method to reduce the switching losses using the
predictive technique was proposed in [12] and [13]. The idea was
to predict switching losses for every switching state, and then,
selected the optimum state based on the evaluation criterion.

As a way to improve the output current characteristics, re-
search on the arrangement of the zero vector was introduced
in [14]. The geometrical analysis of the output current ripple

0885-8993/$26.00 © 2010 IEEE
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Fig. 1. Three Hexagons with virtual dc link in the voltage space plane.

showed a relationship between the current ripple and the zero-
voltage vector. Moreover, this research indicated that an optimal
arrangement of the zero-voltage vector can reduce the output
current harmonics.

Among the foci of these previous researches on the matrix
converter—the PWM method, the loss reduction, and the im-
provement in output current characteristics, this paper focuses
on the PWM method as a technique to synthesize the output
reference voltage and to make the input current sinusoidal. The
purposes of this paper are two-folds, which are as follows.

1) To present a new generalized PWM method that uses three

instantaneous virtual dc-link voltages.

2) To present a new switching sequence to reduce output
current ripple as an application of the new generalized
PWM method.

To verify the feasibility of the proposed PWM method, the
identical switching sequences of the proposed PWM method
with that of the conventional PWM was demonstrated without
any tables and complex calculation. Then, to improve the output-
current harmonic characteristics, a new switching sequence was
generated based on the proposed PWM method, and then, ex-
perimentally verified.

II. PROPOSED PWM METHOD
A. Principle of the Proposed PWM Method

A matrix converter has three virtual dc-link voltages, which
are generated by three line-to-line input voltages. As shown in
Fig. 1, there are three instantaneous voltage hexagons in space
vector plane, according to three-phase input line-to-line volt-
ages. These three voltage hexagons are similar to those of a
multilevel voltage-source inverter that has three dc-link volt-
ages. Until now, the conventional PWM method has utilized ef-
fective voltage vectors only from the two larger virtual dc-link
voltages and the zero-voltage vector using complex calculations
and tables. To use the third virtual dc-link voltage vector, the
conventional PWM method would require additional calcula-
tions and tables [9]. However, the PWM method proposed here
introduces four general effective duty-ratio equations related to
the three virtual dc-link voltages and the zero voltage. The four
effective duty-ratio equations present the duty-ratio conditions
necessary to synthesize the output voltage as the reference and
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ABirad]

l | | | | | >
x/3 2x/3 &  4x/3 5m/3 2@
Phase angle of input phase voltage[rad]

(a)

Ao [rad]
7,
7

| | [
| | |
1 I >

1
xl3 2mi3 7«  4x/3 5m/3 2w
Phase angle of output phase voltage reference[rad]

(b)

Fig.3. Definition of phase angle of input voltage and output voltage reference.
(a) Relation between (3; and phase angle of input phase voltage. (b) Relation
between «, and phase angle of output phase voltage reference.

to make the input currents be sinusoidal. Therefore, the pro-
posed PWM method can select the appropriate virtual dc-link
voltages, according to the purpose and/or load condition of the
PWM.

B. Instantaneous Virtual DC-Link Voltages

In Fig. 2, the three input line-to-line voltages are shown along
with the three input phase voltages. Because each input line-
to-line voltage can be considered as a virtual dc-link voltage,
the space-vector voltage plane of the matrix converter can be
described, as shown in Fig. 2. In Fig. 2, E,.«, Eniqd, and Fyip
are defined as (1), and the instantaneous virtual dc-link voltages
in the shaded area of Fig. 2 are calculated as (2). E means the
peak value of the input phase voltage and f; is the frequency
of input voltage. The virtual dc-link voltages are repeated 12
times in one input-voltage period. Therefore, the phase angle of
the input voltage can be converted to ; in Fig. 3(a) for simple
equations

2
E.c = MAX [EAaEB7EC] = E'sin <ﬂ7 + 377)

1
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Fig. 4. Instantaneous space-vector voltage plane.
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C. Output Voltage Synthesis

The main purposes of a matrix converter are to synthesize the
desired output voltage and to produce a sinusoidal input current.
In Fig. 4, sextants of three hexagons in the space-vector voltage
plane are shown. The magnitude of each hexagon is also dis-
played and the magnitude of three hexagons changes according
to (3;, the phase angle of the input phase voltage. The output
voltage reference can be described using polar coordinates as in
(3), where |V is the magnitude of the output voltage reference
vector and «,, the phase angle of the output voltage reference
is defined, as shown in Fig. 3(b)

ereference = ‘V‘Zao (3)

E - E cos(Bi) 1 Ecos(f3; — (7/3))
U sin((2/3)m — ay)’ sin((2/3)m — a,)
- E cos(0; + (7/3))
P sin((2/3)7 — ay)

“

where Ej, E}, and E} represent the maximum voltage mag-
nitudes from the corresponding virtual dc-link voltages with-
out overmodulation. When the phase angle of the output volt-
age reference vector is «,, the Ef, E}, and E} voltages may
be described, as in (4). In Fig. 4, X, X, X3, and X, are
the effective duty ratios in a switching period for the corre-
sponding virtual dc-link voltages and the zero vector. Here,
the X’s represent duty ratios in which the utilized virtual dc-
link voltages are at maximum, medium, minimum, and zero
magnitudes, respectively. The sum of the four X should be
one.
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Fig. 5. Input voltage for phase angle 60°.

When the output voltage reference is given by (3), the mag-
nitude |V| can be expressed, as given in (5). However, by using
(4), |V| may be recalculated, as given in (6). The voltage transfer
ratio ¢ can be deduced, as given in (7)

|V| = Ein + EéXQ + EéXQ ®))

E
Vi= sin((27/3) — ay)

X (cos(ﬁi)Xl + cos (ﬂ,; - %) Xy + cos(ﬂ,; + z)Xg)

3
(6)
LIV
E
1 7r
- sin((27m/3) — ) (Cos(ﬁi))ﬁ + cos (57 _ §> X,
+ cos (ﬁz‘ + g) X3>. -

D. Sinusoidal Input Current Synthesis

To produce a sinusoidal input current and to have input power
factor as one, the input current should be in phase with the
input phase voltage. In the matrix converter, the input current
is synthesized according to the segments of the output current
via switching. In order to make the input current sinusoidal,
the time duration of the connection of each input phase to the
output current needs to be determined by the duty ratios X,
Xy, X3, and X,. Region 1 of Fig. 5 indicates that the maximum
input line-to-line voltage is (£4 — E'p), the medium line-to-line
voltage is (Ec — Ep), and the minimum line-to-line voltage
is (4 — E¢). During X7, which is the duty ratio when the
maximum input line-to-line voltage is utilized, the input current
flows from F 4 and returns to E', as shown in Fig. 6(a). During
X5, the input current flows from E¢ and returns to F'p, as shown
in Fig. 6(b), while during X3, input current flows from E4 and
returns to F¢, as shown in Fig. 6(c). Thus, the resultant time
duration of each input phase is determined by the duty ratios.

In order to achieve sinusoidal input currents with a power
factor, the durations should be sinusoidal functions, which are
related with input phase angle /3;. Therefore, the duty-ratio equa-
tions can be described as (8)—(10), where 7' is a constant that
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Fig. 6. Input current flow in matrix converter. (a) Input current flow during
X1 . (b) Input current flow during X . (c) Input current flow during X3.

is proportional to the ratio between the magnitude of the input
voltages and the output voltage reference at every switching
period

2
Aphase: I, X, + I, X3 = I sin (5 + ;) T

2
=>X1+X3:sin(ﬁi+;)T (8)
. ™
Bphase: I1 X1 + I Xy = I sin (@ + g) T

:>X1+X2:sin(ﬁi+§)T )

Cphase: I Xy — I X3 = I, sin(53;)T

= Xy — X3 = sm(ﬁl)T (10)

Region 2 of Fig. 5 shows that the medium line-to-line voltage
and the minimum line-to-line voltages are reversed. As a result,
the duty ratios related to the each input phase should be changed;
however, the duty-ratio equations are identical to (8)—(10). Thus,
these equations can be rewritten as follows:

P
X, = — X3 + sin <ﬁi+;)T (11)

Xy = X3 +sin(3)T. (12)

E. Effective Duty-Ratio Equations

Equation (7) defines the conditions needed to synthesize the
output voltage reference, while (8)—(10) present the relation-
ships between effective duty ratios and input phase currents. By
solving (7), (11), and (12) under the constraints of (13) and (14),
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Fig. 7. Effective voltage vector of the conventional SVPWM at (a) small
output voltage and (b) large output voltage.

the effective duty ratios can be described, as given in (15) and
(16)

O§X1a X?a X3) X4§1
Xi+ X+ X3+X, =1

X =-X3+ %qsin <237T - a0> sin (ﬂi + 2;) (15)

Xo = X3+ %qsin (2; — a0> sin(;).
Effective duty-ratio equations are deduced from the output
voltage synthesis and sinusoidal input current synthesis con-
ditions. Therefore, if the effective duty ratios satisfy (13)—(16),
then the input current would be sinusoidal and the output voltage
would be synthesized as desired. The three effective duty-ratio
equations (14)—(16) contain four undefined variables X;, Xo,
X3, and X. In the proposed PWM method, one of these four
variables can be used to create a degree of freedom that will
result in a PWM performance improvement.

13)
(14)

(16)

III. PWM SWITCHING SEQUENCE IN PROPOSED
PWM METHOD

The proposed PWM method is a generalized method that
uses the effective voltage vectors from all three virtual dc-link
voltages and the zero-voltage vector. The method allows the
proper switching sequence to be chosen, according to the PWM
purpose. When the conventional SVPWM method is required,
the proposed PWM method with X3 = 0 can be utilized. The
switching sequence developed by the proposed method is iden-
tical with that using the conventional SVPWM method. More-
over, in order to improve the output-current harmonic character-
istics, a new switching sequence can be adopted. In the proposed
method, when the magnitude of the output voltage reference is
small, X; can be set to 0, and when the magnitude of output
voltage reference is large, X, can be set to 0. This allows for
seamless transitions among all switching sequences.

A. Switching Sequences Identical to Conventional PWM
Method Sequences

Fig. 7 shows sextants of the virtual dc-link voltage hexagons
under two output voltage reference magnitudes. Fig. 7(a) and
(b) shows the virtual dc-link voltage vector with the conven-
tional PWM method when output voltage is small or large,
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respectively. In that method, the effective voltage vectors from
the maximum and the medium virtual dc-link voltages, and the
zero voltage are used, regardless of the magnitude of the output
voltage reference vector.

To use three virtual dc-link voltages freely, the general ef-
fective duty-ratio equations that produce an output voltage as
the output voltage reference and synthesize a sinusoidal input
current can be applied. In such a case, when X3 is set as zero,
X, Xy, and X, can be calculated from (13)—(16). Then, by
applying the proper switching arrangement, as shown in Fig. 8,
a switching sequence identical with that in the conventional
SVPWM method [7] can be obtained.

The effective duty ratio of the maximum virtual dc-link volt-
age X is a sum of two effective duty ratios X;; and X1 of two
effective voltage vectors Vicnmaxi: and Vicnmaxe, respectively,
as shown in Fig. 8(b). X, and X, can be calculated using (17)
and (19) by adapting the carrier-based PWM method [7]. Sim-
ilarly, X5 is the sum of the X»; and X5, effective duty ratios,
which can be calculated using (18) and (20). Here, V., V",
and V7, represent the maximum, medium, and minimum out-
put voltage references, while Ey, .+, Fnid, and, Ey,;, represent
the maximum, medium, and minimum input phase voltages. In
this switching sequence, there are six commutations during a
switching period

X1 = X1 + Xo (17)
Xy = Xo1 + Xop (18)
X=X 1— mid nﬁin 19
H ' ( Vnﬁax - V:ﬁu) {19
Xor = X, [1— Vinia = Viain ) 20
. ’ ( V;;;ax - Kﬁin) ( )

In order to minimize the output current ripple, the zero-
voltage vector should be properly arranged between the effective
voltage vectors [12]. When the switching current ripple is sim-
ply calculated using (21), the output current ripples related with
X; and X, can be expressed by (22) and (23), respectively. Be-
cause the zero-voltage vector should be distributed in proportion
to the corresponding ripple current from the effective voltage
vector, the zero-voltage vectors of the maximum and medium
virtual dc-link voltages can be calculated, as in (25) and (26),
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Vref

Fig. 9. Effective voltage vector of the proposed method for reducing output
current ripple at (a) small output voltage and (b) large output voltage.

respectively,
dl
Liszic ing 21
dt Switching ( )
1
Iripplcl = ZXleqamplinngcMAX (22)
1
Iripple? = EXQYEarrlplillg‘/ZIChrIID (23)
Lipplet © Lripple2 = Vaemax X1 @ Vaemmn Xo (24)
1 Vaemax Xy
Xy = 7Tsam in X
T Plng Ay Max X1 + Vaerip Xo
(25)
1 Vaemip Xa
Xy = 7Ts‘ mplin X .
127 greampling Ay ax X1 + Vaewmn Xz
(26)

B. New Switching Sequences for Reduction of Output
Current Ripple

In the proposed PWM method, a variety of PWM switching
sequences can be implemented. One effective way to reduce
the output current ripple is to minimize the voltage difference
between the output voltage reference and the output voltage
vector during a switching period. Therefore, new switching se-
quences that reduce output current ripple can be implemented
using the effective voltage vectors adjacent to the output voltage
reference.

Fig. 9 shows the dc-link voltages adjacent to the output volt-
age reference. When the magnitude of the output voltage ref-
erence vector is small, the effective voltage vectors from the
medium and minimum virtual dc-link voltages and the zero-
voltage are used, as shown in Fig. 9(a). In such a case, the
effective voltage vectors from the maximum virtual dc-link
voltage are not used. Similarly, when the magnitude is large,
instead of using the zero-voltage vector, the effective voltage
vectors from the three virtual dc-link voltages are used, as
shown in Fig. 9(b). Therefore, the proposed method exploits
the vectors adjacent to the output voltage reference vector in
the space-vector plane. Compared to the approach used in the
conventional SVPWM method, the output voltage reference
can be synthesized more accurately, thus resulting in a reduc-
tion of output current ripples and harmonics. In contrast to the
conventional SVPWM method, because a carrier-based PWM
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Fig. 10. New switching sequence with small output voltage reference using

proposed method. (a) Switching sequence. (b) Effective voltage vector.

method concept similar to [7] is used, the proposed method
can be implemented without the need for tables and/or complex
calculations.

In the case of a small output voltage reference, the maximum
input line-to-line voltage is not utilized. Hence, X is then set to
zero and Xy, X3, and X, can be calculated from (13)—(16). A
switching sequence to synthesize the output voltage is shown in
Fig. 10. The effective duty ratio for each effective voltage vector
X1, X992, X351, and X35 can be calculated using (27)—(30) in
the same manner as that described for the previous switching
sequence. In addition, the distribution of the zero voltage vectors
can be written as in (31) and (32)

Xy = Xo1 4+ Xoo (27
X3 = X31 + X32 (28)
Xar = %TsamphngX4 Vdcl\HD‘;d(;M—:—Dé;HNX;a Gb
Xz = %TwmphngXﬂl V:icl\rIID‘;(ivzl\iNéjl\HNXS. 62

In the case of a large output voltage, X, is set to zero, which
means that the zero vector is not used during the synthesis
of the output voltage. A proper switching sequence for this
situation is shown in Fig. 11. The effective duty ratios of every
effective voltage vector X1, Xi2, Xo1, Xoo, X31, and X9
can be calculated using (33)—(38). In this case, the number of
commutations is five, while six commutations are used in the
former two cases

X=X+ Xpo (33)
Xo = X1 + Xoo (34)
X3 = X31 + X3 (35)
X =X 1— mid — 1;;111 36

H ' < V;;;a‘x - Vn*lin) ( )
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Fig. 11. New switching sequence with large output voltage reference using
proposed method. (a) Switching sequence. (b) Effective voltage vector.
TABLE I
REGION OF SMALL OUTPUT VOLTAGE IN NEW SWITCHING SEQUENCE
1
@, ﬁx 0 gﬂ
1 2
0 O<sg=—4 Osg=—
3 3
1 1 1
— O<sg=— O<sg=—
6 2 3

Xay = X2 [ 1= @ ) 38
o ’ ( V;;;ax - ‘/H*lin) ( )

C. Determination Between the Small and the Large
Output Voltages

As described in the previous section, two kinds of new switch-
ing sequences are presented to reduce the output current harmon-
ics. According to the magnitude of the output phase voltage, a
new switching sequence with the small output voltage reference
in Fig. 10, or the other switching sequence with the large output
voltage reference in Fig. 11, can be selected.

The virtual dc-link voltages adjacent to the output voltage
reference instantaneously vary according to the input-voltage
phase angle, the output-voltage phase angle, and the voltage
transfer ratio. Therefore, the criterion that determinate whether
the output voltage is small or large, should also vary according
to the aforementioned conditions. In the proposed method, the
criterion is determined by a simple calculation. For example,
when the output voltage reference is adjacent to the smallest
virtual and the second largest virtual dc-link voltages, (13)-
(16) can be satisfied under the condition of X; = 0, which
means that the output voltage reference is small. On the other
hand, if the effective duty ratios do not satisfy (13)—(16) with
X1 = 0, which means that the reference cannot be synthe-
sized according to the switching sequence with small output
voltage reference, and the output voltage reference is large.
Therefore, the switching sequence with large output voltage
reference is utilized. Table I shows the region of the proposed
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Fig. 12.  Boundary of new switching sequence between the small and the large

output voltage.

TABLE II
SIMULATION CONDITION
Quantity Value [Unit]
R-L load R=5 [Q], L=0.2 [mH]

Input Voltage(line-to-line) 220 [Vrms]

Input Voltage Frequency 60 [Hz]
Input LC Filter L=100 [uH], C(A)=35 [uF]

Output Voltage Frequency 30 [Hz]
Switching Frequency 10 [kHz]

switching sequence with the small output voltage reference,
according to the input-voltage phase angle and output-voltage
phase angle. The minimum boundary of the voltage transfer
ratio of the small output voltage reference is 0.5 and the max-
imum boundary value is 0.667. The boundary surface between
the small and large output voltage reference is illustrated in
Fig. 12.

IV. SIMULATION RESULT

To evaluate the performance of the proposed method, simu-
lations with an R—L load were performed. The simulation con-
ditions are shown in Table II.

Using the proposed method, a PWM switching sequence iden-
tical with that of the conventional PWM method was imple-
mented. Additionally, to show the generality of the proposed
PWM method, simulations using the new switching sequence
to reduce the output current ripple were performed and the re-
sults are compared with those using the conventional PWM
method.

A. Voltage Synthesis When Voltage Reference is Small

A small voltage reference means that the voltage transfer
ratio (g) is small. As explained in Section III-B, the maximum
virtual dc link was not utilized. Figs. 13 and 14 show the input
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Conventional Method : q=0.35, RL load (R=5€2, L=0.2mH)
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Fig. 13.  Input voltage/current, output phase voltage, and output phase current
with the conventional method at voltage transfer ratio = 0.35.

Proposed Method : q=0.35, RL load (R=5€2, L=0.2mH)
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Fig. 14. Input voltage/current, output phase voltage, and output phase current

with the proposed method at voltage transfer ratio = 0.35.

phase voltage and current, the output phase voltage, and the
output phase current when the voltage transfer ratio was small
(¢ = 0.35) using the conventional and proposed PWM methods,
respectively.

The conventional PWM switching sequence used the maxi-
mum and medium virtual dc-link voltages, as well as the zero
voltage to synthesize the voltage reference. However, the new
switching sequence developed by the proposed method used the
adjacent virtual dc-link voltages to reduce the output current
ripple. The actual output voltages are shown in both figures. Us-
ing the new switching sequence, the voltage difference between
the ON and OFF switching times was smaller than that produced
by the conventional switching sequence, thus indicating that the
output-current switching ripple can be reduced. Fig. 15 shows
the harmonic characteristics of the output currents from the two
PWM methods. The total harmonic distortion (THD) was im-
proved and showed a reduction from 32.75% in the conventional
method to 22.35% in the proposed method.
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Fig. 15. Harmonic characteristics of output current at voltage transfer ratio =

0.35. (a) Conventional method. (b) Proposed method.

Conventional Method : q=0.8, RL load(R=5 , L=0.2mH)
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Fig. 16.  Input voltage/current, output phase voltage, and output phase current
with the conventional method at voltage transfer ratio = 0.8.

Proposed Method =0 &, RL load (R=5Q), L=0 2mH)
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Fig. 17.  Input voltage/current, output phase voltage, and output phase current

with the proposed method at voltage transfer ratio = 0.8.

B. Voltage Synthesis When Voltage Reference is Large

Figs. 16 and 17 show the same waveforms as Figs. 13 and
14 under similar simulation conditions. However, in these sim-
ulations, the voltage transfer ratio was large (¢ = 0.8). The new
switching sequence developed by the proposed method used
the adjacent virtual dc link, thus resulting in a smaller amount
of the output-current switching ripple. Fig. 18 shows the har-
monic characteristics of the output current from the two PWM
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Fig. 18.  Harmonic characteristics of output current at voltage transfer ratio =
0.8. (a) Conventional method. (b) Proposed method.
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Fig. 19. Matrix converter configuration.

methods. The THD was improved with the results showing a
reduction from 19.33% in the conventional method to 16.81%
using the proposed method.

V. EXPERIMENTAL RESULT

The diagram in Fig. 19 was implemented to verify the valid-
ity of the proposed PWM method. The loads were three-phase
R-L loads, whose parameters were 10 2 and 0.2 mH, and the
ac source line-to-line rms voltage was 220 V. To compare the
characteristics of the currents developed by the conventional
and proposed switching sequences, the output currents were
measured and their frequency spectra were also displayed.

Fig. 20 shows the output voltage and current waveforms when
the output line-to-line rms voltage was 86 V and voltage trans-
fer ratio was 0.39, and its frequency was 30 Hz. Because the
output voltage reference was small in Fig. 12, the proposed
method used the smallest and the second largest virtual dc-link
voltages, which meant that X; was set as 0. Fig. 20(a) and (b)
shows the results from the experiments with the conventional
and proposed methods, respectively. The figures show, from the
top, traces of the output phase voltage, the output current, and
fast Fourier transform (FFT) results of the output current. Re-
gardless of the magnitude of the output phase voltage reference,
the conventional method uses the maximum and the medium
virtual dc-link voltages. However, the proposed method selects
the virtual dc-link voltage adjacent to the output phase voltage
reference, so that X is equal to 0. Therefore, in the proposed
method, the voltage difference between the ON and OFF switch-
ing period was smaller than that in the conventional method.
As a result, output-current switching ripple was reduced. As
expected, the proposed method in Fig. 20(b) produced smaller
harmonics over the entire frequency range than the conventional
method in Fig. 20(a).

Fig. 21 shows the voltage, current, and FFT results when the
output line-to-line rms voltage was 147 V and voltage transfer
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Fig. 20. Output switching voltage, output current, and FFT in small output
voltage reference. (a) Conventional method. (b) Proposed method.

ratio was 0.67, and its frequency was 30 Hz. Because the output
voltage reference was large in Fig. 12, the proposed method
did not use the zero vector, which meant that X, was set as
0, which can be visually confirmed by comparing the output
phase voltages in the first 10 ms of the traces in Fig. 21(a) and
(b). These figures also show that the voltage difference between
the ON and OFF switching times was smaller when using the
proposed method than the conventional method. The output
current waveforms and the associated FFT data indicate that the
harmonics developed by the proposed PWM method was lower
than those using the conventional PWM method, in spite of
using less switching frequency. If the switching frequencies of
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Fig. 21.  Output switching voltage, output current, and FFT in large output
voltage reference. (a) Conventional method. (b) Proposed method.

both methods are set as the same, the difference in the harmonic
pattern would be conspicuous.

Fig. 22 shows the input current waveforms using the two
methods when the output voltage conditions were small (output
line-to-line rms voltage 86 V) and large (output line-to-line rms
voltage 147 V). In a comparison with the input current wave-
forms of the conventional method, input current waveforms of
the proposed method show more ripples. This is because to mini-
mize the output current ripple, the proposed switching sequence
does not consider the input-current harmonic characteristics.
And, the input-current harmonic characteristics might be worse,
even though this kind of virtual dc-link selection can improve
the output-current harmonic characteristics conspicuously.
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Input current waveforms with the conventional method and the proposed method. (a) Conventional method in small output voltage. (b) Proposed method

in small output voltage. (c) Conventional method in large output voltage. (d) Proposed method in large output voltage.

VI. CONCLUSION

This paper has presented a novel generalized PWM method
for a matrix converter using the virtual dc-link concept. The
proposed method takes advantages of the three hexagons of
the virtual dc link of the matrix converter, while the conven-
tional PWM has used only two of these hexagons. The pro-
posed method can implement the same switching sequence as
the conventional method. In addition, the new switching se-
quences that can reduce the output current ripple have been
proposed as an application of the proposed method. As a result,
the harmonic characteristics of the output current of the matrix
converter were improved at the cost of some increase in input
current ripples. The proposed method is compatible with the
carrier-based PWM method, and it can be easily implemented
without tables and complex calculations.
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