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Abstract—This paper presents a matrix converter design for
achieving maximum power density using a SiC device based on
a front-loading design. To design the matrix converter to achieve
maximum power density, the conduction loss and the switching
loss of the matrix converter are theoretically derived and validated
by simulation and experiment. Based on these formulas, the rela-
tionship between the efficiency and power density are revealed by
using a Pareto–Front curve in order to solve the tradeoff problem
between the power density and the efficiency. Moreover, in order
to promote the widespread use of the matrix converter instead of a
BTB system, it is quantitatively evaluated that the power density in
the matrix converter is increased by 4.19 kW/dm3 in comparison
to the BTB system. Moreover, the power density of the matrix con-
verter that uses a SiC-MOSFET (ROHM) as the switching device
with natural air cooling is 95.0% (2.1 kW/dm3) of the calculated
maximum power density. Thus, the power density of the matrix
converter is improved by 57.5% by the maximum power density
design method. Based on the results, the design method for a high
power density ac–ac direct converter is established according to
the requisite specifications.

Index Terms—Front-loading design, loss analysis, matrix con-
verter, maximum power density design, Pareto–Front curve.

I. INTRODUCTION

THE matrix converter which can convert an ac power supply
voltage directly into another ac output voltage of variable

amplitude and frequency without any large energy storages, such
as electrolytic capacitors, is one of the solutions to achieve the
high power density and high efficiency [1]–[11]. The key advan-
tages of the matrix converter compared with the back-to-back
(BTB) converter system, which consists of a PWM rectifier and
a PWM inverter are as follows: 1) reduced size, light weight,
and long lifetime owing to the absence of the large electrolytic
capacitor in the main circuit; 2) high efficiency because the
single-stage power converter results in less switching loss com-
pared with a two-stage power converter, and 3) low current stress
on the switching devices in the low output frequency operation
owing to no current concentration. Given these advantages, it
is expected that the matrix converter can be applied to ac–ac
conversion applications, such as industry motor drives, hybrid
electric vehicle systems, and wind energy conversion systems
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[10], [11]. At present, the BTB system is more commonly used
in ac–ac conversion applications instead of the matrix converter.
In order to promote the widespread use of the matrix converter,
the validity of the matrix converter should be quantitatively eval-
uated by comparing its efficiency and power density with that of
the BTB system. Furthermore, in ac–ac conversion applications,
in order to install the matrix converter in the limited space that is
typically available, high power density is a major requirement.

In several studies, methods of achieving high efficiency and
high power density of the power converter, which includes the
matrix converter, have been discussed [12]–[17]. In order to
achieve optimized maximum power density of the matrix con-
verter, a silicon carbide (SiC), which has higher rated voltage,
lower switching loss, and higher switching speed, is used in
the matrix converter [12]–[15]. For optimized design, the proto-
types are manufactured after many modifications in the design
and specifications of the power converter. Manufacturing a large
number of prototypes results in high development costs and long
development periods. To solve this problem, the front-loading
design, that estimates the loss, size, and electromagnetic com-
patibility before manufacturing the prototype, is adopted in the
power converter design [16]. In the front-loading design, the
prototype needs to be manufactured only once owing to the
prior estimation of the performance. As a result, the developing
cost as well as the process time can be reduced.

The front-loading design in terms of the efficiency and power
density requires the use of techniques for estimating loss and
volume using mathematical formulas. Two methods generally
used for loss analysis are as follows. 1) The loss is calculated
from the device current and the drain-source voltage using a
circuit simulator [18]. 2) The loss is theoretically obtained from
the derived formulas using device parameters [19]. In method
1 , it is difficult to optimize the converter loss when the loss
is analyzed under several conditions simultaneously. This is
because considerable simulation time is required to determine
the minimum loss condition through trial and error. On the other
hand, in method 2, it is easy to optimize the circuit because
analysis time and trial time are considerably reduced.

Some derivation methods of the converter loss of an ac–
ac direct converter have been proposed [19]–[25]. In [21], the
conduction loss and the switching loss of an indirect matrix
converter are theoretically calculated. The converter loss of the
direct matrix converter composed of nine switches has been dis-
cussed [22], [23]. Nevertheless, it is difficult to understand the
switching loss formulas because a coefficient of the switching
loss has not been revealed. Moreover, the validity of the con-
verter loss is not enough by experiment because the converter
loss has been measured at only rated current. In earlier studies,
the volumes of the matrix converter and the BTB system have
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been quantitatively compared using the loss formulas [24]–[26].
Nevertheless, the effectiveness of the design method based on
which the direct matrix converter is designed at maximum power
density point has not been confirmed by experiments. In addi-
tion, the performances such as the efficiency and the power
density using a SiC device have not been theoretically revealed.
In other words, when the matrix converter is designed using a
SiC device, the effect for the design is not figured out.

This paper proposes a maximum power density design
method for the matrix converter using loss formulas and clari-
fies its design procedure in detail. In addition, the validity of the
proposed design method is revealed by experiments. In order
to validate the design method, the prototype of the matrix con-
verter is demonstrated at maximum power density point using
a SiC-MOSFET. It is easy for anyone to design the matrix con-
verter at required power density point with proposed maximum
power density design method. Thus, to promote the widespread
use of the matrix converter is expected owing to its advantages
of energy saving and size reduction. Moreover, the requirement
improving the performance for SiC device can be revealed in
terms of the application sides. This is because the formulas,
which include the SiC parameters, are validated. Finally, even
when widebandgap devices, such as SiC and gallium nitride de-
vices are practically used, the design method is effectiveness in
terms of an optimum design because the volume and loss can
be calculated similar to silicon (Si) device.

The remainder of this paper is organized as follows. First, in
Section II, the circuit configurations of the BTB system and ma-
trix converter are introduced. In Section III, the conduction loss
and the switching loss of the matrix converter are theoretically
derived. Additionally, the validity of the loss formulas is con-
firmed by experiment using the first prototype with 2-kW rated
power. Second, the maximum power density design method is
introduced in terms of loss formulas. Subsequently, the volumes
of the heat sink, input LC filter, boost-up inductor, and dc-link
capacitor are calculated. Thus, the validity of the matrix con-
verter is evaluated by comparing the power density of the first
prototype with the BTB system. Next, a Pareto–Front curve is
drawn using loss and volume formulas when the switching fre-
quency is changed. It has to be noted that the SiC-MOSFET,
with 1200-V rated voltage and 120-A rated current, is used
as the switching device. Based on the Pareto–Front curve, the
second prototype with 10-kW rated power is designed and man-
ufactured at the maximum power density point. Finally, the op-
eration of the matrix converter is demonstrated by experiments
with a 9.5-kW RL load. Based on the experimental result, the va-
lidity of the maximum power density design method, which can
obtain the required power density using the SiC or Si devices,
is confirmed.

II. CIRCUIT CONFIGURATION

A. BTB System

Fig. 1 shows the circuit diagram of a BTB converter, which
consists of a PWM rectifier and an inverter. This system requires
a large electrolytic capacitor in the dc link part to reduce the rip-
ple voltage formed by the rectifier. The electrolytic capacitor is

Fig. 1. Circuit configuration of a BTB system consisting of boost-up inductor,
electrolytic capacitor, PWM rectifier, and PWM inverter.

Fig. 2. Circuit configuration and virtual indirect control diagram of a nine-
switch matrix converter. (a) Circuit configuration of a matrix converter. (b)
Control diagram of the matrix converter.

of a large capacity and low cost; however, has a large equivalent
series resistance and low performance for a frequency character-
istic. Moreover, it is necessary to maintain the performance of
the electrolytic capacitor periodically owing to its short lifetime.

In general, the PWM rectifier requires an automatic current
regulator (ACR) to control the input current. Besides, an auto-
matic voltage regulator (AVR) for the dc-link voltage is required
to obtain the input current command. The minimum capacitor
value is constrained by the control response of the dc-link volt-
age and the input current according to the AVR and the ACR.

B. Matrix Converter

Fig. 2(a) shows the circuit configuration of the matrix con-
verter. Note that the bidirectional switches in the matrix con-
verter can be used with two MOSFETs. In addition, in order
to suppress the input filter resonance, the damping resistor is
connected to the input inductor in parallel or input current sta-
bility control, such as damping control is adopted. It is noted
that the damping resistor and the damping control gain are de-
termined after designing the parameters of the input LC filter.
Thus, the input LC filter can be stably designed. For this reason,
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Fig. 3. Loss analysis method by simulator. The loss data table is obtained
from the datasheet of the switching device or the switching test.

in this study, the stability of the matrix converter is not taken
into consideration to design the input LC filter. Here, the loss
and volume of the damping resistor do not affect the total loss
and volume.

Fig. 2(b) shows the control diagram of the matrix converter.
In this study, a virtual indirect control proposed in [6] is adopted.
In the virtual indirect control, the input current and the output
voltage can be independently controlled. For this reason, a con-
ventional control technique that uses a rectifier and an inverter
is easily applied. Moreover, the switching loss is reduced by
fixing the switching pulse patterns [7] because the fluctuated
voltage owing to switching is decreased. Accordingly, the pulse
pattern, in which the switching changes directly from the maxi-
mum voltage phase to the minimum voltage phase, is not taken
into consideration. It has to be noted that the maximum, middle,
and minimum voltage phases depend on the relationship among
each input phase voltage. In order to simplify the loss analy-
sis, a three-phase modulation scheme is adopted. Furthermore,
the dead time is not taken into consideration. The input cur-
rent command in the virtual rectifier is also set to unity power
factor.

In order to design high efficiency and high power den-
sity of the matrix converter, it is necessary to optimize the
switching device and the switching frequency by analyzing the
loss.

III. LOSS ANALYSIS METHOD FOR MATRIX CONVERTER

Fig. 3 shows the loss analysis method that uses a simulator.
The device voltage νc and current ic are detected. Next, the
conduction and switching losses are calculated from the mea-
surement value and the loss data table. In this method, it is easy
to analyze the loss of the matrix converter using the loss model
of the switching device. However, it is still difficult to optimize
the converter loss because the loss is analyzed under multiple
conditions. This is because considerable simulation time is re-
quired to determine the minimum loss condition by trial and
error.

Fig. 4. Equivalent single-phase model of the matrix converter. The matrix con-
verter losses are discussed as the maximum phase, middle phase, and minimum
phase switches. (a) Equivalent circuit. (b) Switching pattern by a three-phase
modulation.

Fig. 4(a) shows the equivalent single-phase model of the ma-
trix converter for the derivation of loss. When the relationship
among the input phase voltages is R > S > T, then the max-
imum phase switch Smax is the R-phase switch, the middle
phase switch is the S-phase switch, and the minimum phase
switch Smin is the T-phase switch. In other words, the matrix
converter loss is derived by each Smax , Smid , and Smin .

Fig. 4(b) shows the pulse pattern of the single-phase in the
matrix converter. According to this figure, the switching loss of
the matrix converter is calculated by assuming that the middle-
phase switch is turned ON when the pulse pattern is changed
from the maximum phase switch (or the minimum phase switch)
to the minimum phase switch (or the maximum phase switch)
during one control period.

A. Conduction Loss

The conduction loss in the matrix converter Pcon can be ex-
pressed as [22], [23]

Pcon =
1
π

∫ π+θo

θo

von · io dωot =
1
2
kcon1Io

2 +
2
π

kcon2Io .

(1)
Here, ωo is the output angular frequency. In this paper, the to-

tal conduction loss of each phase Pcon is derived. Consequently,
the on-duty command of each phase is definitely 1. Thus, it can
be revealed that the two switches are not in the on-state when the
other switch is turned ON. It is assumed that switching devices
with the same characteristics are used. It is noted that kcon1 and
kcon2 are obtained from the on-state voltage characteristic in the
datasheet. Concretely, the drain-source voltage νon characteris-
tic corresponding to the drain current mentioned in the datasheet
is approximated to a primary by (2). In other words, kcon1 is an
intercept value, and kcon2 is a gradient for the drain current

von = kcon2io + kcon1 . (2)

In addition, the instantaneous value of the output current io is
expressed by (3) in terms of the maximum load current Io and
the load angle θo

io = Io sin(ωot − θo). (3)
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Fig. 5. Integral period of each switching loss of the matrix converter. The
turn-on loss of the maximum phase switch occurs when the sign of the output
current is positive. (a) Occurrence region of turn-on loss. (b) Mechanism of
turn-on loss occurrence during “A.”

B. Switching Loss

In this section, the turn-on loss of maximum phase Pton smax
is derived. First, the general turn-on loss is expressed as

Psw loss =
1
2π

∫ π

0

fs

Vs
eonvsw dωot (4)

where T is the cycle of io , fs is the switching frequency, Vs is
the tested voltage when the switching loss was measured, and
νsw is the drain-source voltage of the device. In addition, the
instantaneous turn-on loss eon is expressed by

eon = kton3io
2 + kton2io + kton1 . (5)

Similarly, kton1 , kton2 , and kton3 are obtained from the turn-
on loss characteristic in the datasheet by approximating to a
polynomial.

Fig. 5(a) shows the integral period to calculate the switching
loss. The integral period is different among switching devices
owing to sign of io . In other words, Pton smax occurs when the
sign of io is positive.

Fig. 5(b) shows the mechanism by which the turn-on loss of
the maximum phase switch occurs. It is noted that the current
path in Fig. 5(b) is the path when the pulse pattern is changed
from the middle phase switch to the maximum phase switch.
In addition, the period (1) and (2) are the current paths on the

right portion of the figure, respectively. Moreover, the sign of
the output current io is positive. During (1), the current flows
through the switch (S2a , S2b ), which is connected to the middle
phase. The differential voltage between the maximum phase and
the middle phase νsw is dropped on the switch S1a . On the other
hand, during (2), the current path becomes the maximum phase
switch (S1a , S1b ) because the switch S1a is turned ON. Now,
the dropped voltage on S1a becomes zero and the differential
voltage νsw is dropped on the switch S1b . As a result, the turn-on
loss of S1a occurs. It is noted that the maximum phase turn-on
loss Pton smax does not occur when the sign of the output current
is negative. This is because the current, which flows into S1a ,
passes through a fly-wheeling diode (FWD).

Furthermore, the drain-source voltage νsw is different among
each switching devices. Accordingly, the drain-source voltage
of Smax is the differential voltage (νmax − νmid ) between the
maximum phase voltage νmax and the middle phase voltage
νmid

vsw = vmax − vmid = Vin sin
(

ωit +
5
6
π

)
, 0 ≤ ωit <

π

6
.

(6)
It is noted that Vin is the maximum input line voltage. In

addition, ωi is the input angular frequency. Thus, Pton smax is
expressed as

Pton smax =
fs

4π2Vs

∫ π+θo

θo

{∫ π
6

0
eon(ωot) · (vmax(ωit)

− vmid(ωit)) dωit +

· · · +
∫ 2π

− π
6

eon(ωot) · (vmax(ωit)

− vmid(ωit)) dωit

}
dωot (7)

Pton smax =
3fsVin

4π2Vs

(π

2
kton3Io

2 + 2kton2Io + kton1π
)

.(8)

On the other hand, the dropped voltage of the minimum phase
switch is the differential voltage between the middle phase volt-
age and the minimum phase voltage (νmid − νmin ). Now, the
dropped voltage of the middle phase switch, which depends on
the output current, is (νmax − νmid ) or (νmid − νmin ). Similar
to the turn-on loss of the maximum phase switch, the middle
phase, and the minimum phase turn-on losses are calculated as

Pton smid =
3fsVin

2π2Vs

(π

2
kton3Io

2 + 2kton2Io + kton1π
)

(9)

Pton smin =
3fsVin

4π2Vs

(π

2
kton3Io

2 + 2kton2Io + kton1π
)

.

(10)

C. Confirmation of Matrix Converter Loss Formulas

In order to validate the conduction and switching loss equa-
tions, the calculation results are compared with the loss sim-
ulation results obtained by PLECS. Table I lists the calcula-
tion parameters. In the loss simulation, the stray inductance,
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TABLE I
DEVICE PARAMETERS AND SIMULATION CONDITION TO CALCULATE MATRIX

CONVERTER LOSSES

Parameters of switching device (SK80GM063)

On-state voltage characteristic kc o n 1 (V) 0.977
kc o n 2 (V/A) 0.018

Switching loss characteristic k t o n 1 (J) 0.0
k t o n 2 (J/A) 5 × 10−5

k t o n 3 (J/A2) 0.0
Input power factor 1.0

Maximum input line voltage V i n 283 V
Switching frequency fs 10 kHz

Test voltage Vs 300 V

Fig. 6. Conduction loss and switching loss-load current characteristics be-
tween calculation and simulation. The difference between the values obtained
by calculation and simulation are within 0.02%.

the stray capacitance, and an input LC filter are not taken into
consideration.

Fig. 6 shows the conduction and switching losses of the matrix
converter obtained by the theoretical calculation and the simula-
tion. Note that the solid line and the square point in Fig. 6 show
the calculated conduction loss. On the other hand, the dash line
and the circle point show the switching loss of the calculation
and simulation results, respectively. As a result, the calculation
result of the conduction loss agrees well with the simulation
result. The conduction and turn-on loss errors between the cal-
culation and simulation are within 0.02%. Thus, the validity of
the derived loss formulas is confirmed. On the other hand, the
error of the switching loss between the calculation and simula-
tion is 2.4% at 20-A output current when the input LC filter is
connected. This is caused by the voltage ripple resulting from
switching. Thus, the loss margin needs to be considered owing
to the ripple voltage when the matrix converter is designed.

Fig. 7(a) shows the matrix converter losses based on the output
power factor. In addition, Fig. 7(b) shows the matrix converter
losses based on the modulation ratio. As the results show, the
conduction and switching losses do not depend on the output
power factor and the modulation index. If it assumes that the
switching devices have the same on-resistance, are used, then
the total conduction loss is not dominated by the on-duty com-
mand. Accordingly, the output power factor is not related to the
conduction loss. Moreover, the switching loss of each switches
occurs during a half period of the output current. On the other

Fig. 7. Conduction and switching loss characteristics between calculation
and simulation. The matrix converter losses do not depend on the output power
factor and modulation ratio. (a) Loss-output power factor characteristics. (b)
Loss-modulation index characteristics.

hand, the switching loss is decided from the drain-source volt-
age νsw and output current. The drain-source voltage of Smax
is the differential voltage νsw at the input side. In other words,
the drain-source voltage does not depend on the output voltage.
Thus, the converter loss is not changed when the output power
factor, modulation index, or output frequency is changed. In
other words, the efficiency is adversely affected because the
output power becomes lower. In order to improve the efficiency,
the output power factor and the modulation index are increased.

Note that the voltage transfer ratio of the matrix converter is
limited to 0.75 when three-phase modulation is adopted in a vir-
tual inverter control. In order to increase the output voltage, the
two-phase modulation should be applied. In the two-phase mod-
ulation scheme, the switching loss can be reduced to two thirds
because one of the output phases is not operated in comparison
with a three-phase modulation. In other words, the switching
loss is calculated by multiplying (8)–(10) by 2/3 when two-
phase modulation is adopted. Furthermore, the switching loss
depends on the modulation strategy. However, it is expected
that the switching loss can be calculated by considering the
drain-source voltage even when the other modulation strategy
is adopted.

Finally, the validity of the loss formulas is confirmed with the
first prototype.

Fig. 8 shows the first prototype of the matrix converter board
using the Si-MOSFET. Table II lists the parameters of the MOS-
FET and the experimental conditions. The switching loss of a
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Fig. 8. Board of a 2-kW matrix converter. The size of this board is
358 mm × 155 mm × 40 mm. A Si-MOSFET (ROHM: R6046FNZ) is used
as the switching device.

TABLE II
DEVICE PARAMETERS AND EXPERIMENTAL CONDITIONS

Parameters of R6046FNZ Input line voltage V i n 283 V

On-state voltage
characteristic

kc o n 1 (V) 0.0 Output power Po u t 2 kW

kc o n 2 (V/A) 0.08 Output frequency fo 40 Hz
Turn-on loss
characteristic

k t o n 1 (J) 0.0 Commutation method 4-step voltage

k t o n 2 (J) 9 × 10−6 Load inductance 5 mH
Turn-off loss
characteristic

k t o f f 1 (J/A) 3 × 10−6 Input inductor 2 mH

k t o f f 2 (J/A) 3 × 10−5 Filter capacitor 18.9 μF
Recovery loss
characteristic

k t r r 1 (J) 0.0

k t r r 2 (J/A) 1.65 × 10−5

No-load loss and snubber loss 10 W

The no-load loss and snubber loss were measured in experiment.

MOSFET is twice as that of an IGBT, the reason being that the
switching loss of a MOSFET does not depend on the sign of io .
In other words, the device current flows into MOSFET which
has low resistance. Thus, when the MOSFETs are used as a bidi-
rectional switch, the switching loss occurs at all of region. This
board consists of the main circuit, filter capacitor, protection
circuit for the surge voltage, and drive circuit. The size of this
board is 358 mm × 155 mm × 40 mm. IC-0526B (RYOSAN) is
used as the heat sink.

Fig. 9 shows the operation waveforms using a 2-kW RL load.
The output line voltage was observed through a low-pass filter
with the cut-off frequency of 1.5 kHz. Two-phase modulation
was adopted in the virtual inverter control. In addition, four-step
voltage commutation is adopted as the commutation method
[27]. As a result, the unity power factor is obtained, and the
input current total harmonic distortion (THD) is 7.4%. Thus,
satisfactory fundamental operation of the matrix converter can
be confirmed.

Fig. 10 shows the loss characteristics for the maximum output
current. It can be seen that the calculated total loss includes the
conduction loss, turn-on loss, turn-off loss, and recovery loss
of the FWD. Accordingly, the calculation results almost agree
to the simulation and experimental results. In particular, the
total loss error at the rated power (rated current) is important

Fig. 9. Steady operation at rated power during the experiment. As a result,
unity power factor is obtained and the input current THD is 7.4%.

Fig. 10. Total loss characteristics comparison between calculation and exper-
imental result. The loss error between the calculation value and the measured
value is 2.77% at the rated current.

because each device is selected at the rated power during the
matrix converter design. It can be confirmed that the loss error
is 2.77% at the rated output current. Moreover, the measured
loss is less than the calculated value. This is because the middle
phase switch is often not operated. In the experiment, in order
to avoid the pulse pattern, which is below the switching time
for the switching device, the threshold value is set to the pulse
width. In the first prototype, the switch is not operated when the
width of the pulse pattern is below 1 μs because the threshold
value is set to 1 μs. Thus, the pulse pattern of the middle phase
switch, which is less than 1 μs, is eliminated. Consequently, the
measured switching loss is less than the calculated value.

Based on these results, the validity of loss formulas can be
confirmed in experiment.

D. Design Procedure for Matrix Converter Using
Loss Formulas

Based on the formulas (1), (8), (9), and (10), it is easy to de-
sign the matrix converter with optimized efficiency and reduced
size. It is noted that the design method depends on whether high
efficiency or high power density. When the matrix converter is
designed in terms of high power density, the switching frequency
is increased. As a result, the input LC filter becomes smaller. In
this case, the size of the heat sink is large because the switching
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loss increases. Furthermore, the switching loss is more domi-
nant than the conduction loss. Thus, the switching device, which
has small parameters kton1 and kton2 , is selected in reference
to the datasheets. Accordingly, high power density is obtained
even if the switching frequency is increased. This is because the
volume of heat sink can be reduced owing to lower switching
loss. On the other hand, when the matrix converter is designed
in terms of high efficiency, the conduction loss dominates owing
to lower switching frequency. Therefore, the switching device,
which has small parameters kcon1 and kcon2 , is selected from
the datasheet. As a result, high efficiency can be obtained be-
cause conduction loss is low. Besides, the switching device in
the matrix converter can be selected depending on the efficiency
required in an application. First, circuit specifications such as
the rated power, rated voltage, rated current, and switching fre-
quency are arbitrarily determined. Second, the on-state voltage
parameters kcon1 and kcon2 as well as switching loss parame-
ters kton1 and kton2 , that the demanded efficiency is obtained,
are calculated using (1), (8), (9), and (10). Next, based on the
calculated parameters, the switching device is selected from the
datasheet. Finally, the efficiency determined in the experiment
agrees with that of the design value when the matrix converter
is manufactured using the selected device.

IV. DESIGN OF MAXIMUM POWER DENSITY BASED

ON FRONT LOADING

Based on these formulas, the maximum power density design
method for the matrix converter is introduced in this section.

Fig. 11 shows the design flowchart of the matrix converter
for achieving maximum power density. First, the volume of
the heat sink Volheat is calculated. The thermal resistance Rth
and the cooling system performance index (CSPI) [28], which
indicates the cooling performance of the heat sink, are needed in
order to calculate Volheat . Second, the volume of the input LC
filter is obtained. Then, the capacitance value Cf is calculated
from the voltage ripple Vrip on the filter capacitor. As a result,
the volume of the filter capacitor VolC can be calculated. On
the other hand, the inductance value of the input inductor L is
decided from Cf and the cut-off frequency fc . Moreover, the
volume of the input inductor is calculated based on an area
product [30]. Next, the Pareto–Front curve is drawn from the
volume of the system and the efficiency. It is noted that the
maximum power density design method is not determined by
the protection circuit. In other words, the switching frequency
obtained the maximum power density does not depend on the
volume of the protection circuit. From the Pareto–Front curve,
fs at the maximum power density is obtained. In other words,
the specification of the matrix converter is decided. Finally, the
inductor, the capacitor, and the heat sink are selected. Note that
Volheat is recalculated when the required heat sink is not found.

A. Heat Sink

First, Volheat is calculated from the CSPI [28]. Note that
the CSPI is decided from the datasheet of the heat sink. The
CSPI depends on the cooling condition. For example, the CSPI
ranges from 3 to 10 W/Kdm3 when a forced air cooling system

Fig. 11. Design flowchart of the matrix converter for the maximum power
density based on the front-loading design.

is adopted. In fact, the heat sink is selected by considering the
required heat resistance, and the CSPI is calculated from the
volume of the heat sink. Finally, the heat sink, which has a
larger CSPI, should be selected.

As a result, Volheat is expressed as

Volheat =
1

CSPI × Rth
(11)

where Rth is expressed in terms of the device loss Ploss , maxi-
mum junction temperature Tj , and ambient temperature Ta

Rth =
Tj − Ta

Ploss
. (12)

B. Input LC Filter

Next, the volume of the input LC filter in the matrix converter
is calculated. It is assumed that fc is one-fifth of fs and Vrip is
4% or less. Accordingly, Cf is expressed as

Cf =
Io

πωsVrip
sin πD (13)
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where ωs is the switching angular frequency and D is the on-
duty cycle of the converter. In the matrix converter, D cannot
be obtained because D varies with time. In this study, Cf is
designed considering the worst-case condition. Thus, D is set to
0.5. Moreover, when Io is decided, the output power factor for a
real application should be taken into consideration. Accordingly,
VolC is obtained from electrostatic energy E as

E =
1
2
ε0εskz

2VolC =
1
2
Cf Vin

2 (14)

VolC =
Cf Vin

2

ε0εskz
2 . (15)

It is assumed that the filter capacitor is connected by delta
winding. Accordingly, the dropped voltage on the filter capacitor
is the input line voltage. In other words, Vin is the maximum
input line voltage. In addition, the dielectric constant of the
material εs and the breakdown voltage coefficient kz depend
on the material of the capacitor. In addition, ε0 is the dielectric
constant of the vacuum. εs is 2.2, and kz is expressed from the
film of thickness d and breakdown voltage V as

kz =
V

d
=

400
20 × 10−6 = 2 × 107 . (16)

On the other hand, the volume of the inductor is calculated
from area product [30], [31]

VolL = Kvol

[
LinIin

2

KuBm J

] 3
4

. (17)

Here, the capacitor voltage ripple depends on the modulation
strategy. However, the design of the input filter is not dominated
by the modulation strategy. This is because the input filter is
designed in the worst case. The capacitor voltage ripple becomes
large when the switch is turned on at the maximum point of an
output current and the duty is 0.5. According to (13), the filter
capacitance is calculated by assuming that the output current and
the duty are the maximum value and 0.5, respectively. Thus, the
measured capacitor voltage is less than that of the designed
value.

The area product is the evaluation method for the volume of a
core, which can be quantitatively, calculated from the effective
cross section Ae and the window section Awin . In addition, the
core coefficient Kvol depends on the type of the core, Ku is a
space factor of winding, Bm is the maximum flux density, and
J is the current density. Furthermore, the input inductance is
calculated by assuming that the cut-off frequency is one-fifth of
the switching frequency. The input current ripple then becomes
4% owing to the cut-off frequency of the input LC filter.

C. Boost-Up Inductor and DC-Link Capacitor

The boost-up inductor and the dc-link capacitor are not nec-
essary for the matrix converter. On the other hand, the BTB
system has a boost-up inductor and a dc-link capacitor. First,
the volume of the boost-up inductor and the dc-link capacitor
are calculated. Second, the capacitance value of the dc-link ca-
pacitor is designed by assuming that the fluctuating voltage,
when the output power is rapidly changed from P1 to P2 , is less

than 3% of the dc-link voltage. When the BTB system is used
in real-life applications, the response angular frequency ωAVR
and disturbances are taken into consideration. Thus, the dc-link
capacitance Cdc is calculated as [32], [33]

Cdc =
(P2 − P1)Tp −

√
3V in ΔV

2

(
Kp

Tp

2 + Kifs
Tp

2

3

)

EdcΔV − 1
2 ΔV 2

. (18)

Note that Kp and Ki are the proportional and integral gains
of the AVR, respectively. In addition, Tp is an overshoot time
of the dc-link voltage when the load is rapidly changed and is
expressed as

Tp =
π

ωAVR
√

1 − ζ2
(19)

where the damping factor ζ is set to 0.7. Additionally, the re-
sponse angular frequency for the AVR ωAVR is one-tenth of
the response angular frequency for the ACR ωACR . Moreover,
ωACR is limited to one-tenth of the switching frequency fs . Ac-
cording to (18), in order to calculate the required capacitance
for the BTB system, it takes the fluctuation voltage, response
speed, control gain, and stability control into consideration.

On the other hand, the boost-up inductance is calculated as-
suming that the inductor current ripple is below 4% owing to the
design condition of the input inductor in the matrix converter

LB =
Edc

πωsIrip
sinπD =

Edc

πωsIrip
. (20)

Similar to the input inductor, the volume of the boost-up in-
ductor is calculated by (17). On the other hand, it is necessary
to calculate the dc-link capacitor volume VolC dc from the ef-
fective value of the switching ripple current Irip f s when the
electrolytic capacitor is used as the dc-link capacitor. Thus, the
electrolytic capacitor is selected based on the required ripple
current Irip f s from the datasheet. Finally, the relationship be-
tween the volume VolC dc and the dc-link capacitance Cdc is
expressed as

VolC dc = kvol2Cdc + kvol1 . (21)

Moreover, Irip f s is obtained as [29]

Irip f s =
Io

π
sin πD. (22)

According to (22), the required electrolytic capacitor is se-
lected assuming that Irip f s is the maximum value and D is set
to 0.5.

D. Decision of Switching Frequency

Fig. 12 shows the Pareto–Front curve of the matrix converter.
Table III lists the calculation conditions considered to decide
the specification of the matrix converter at the maximum power
density point. Note that the switching devices are the same
as the switching device of the first prototype. In addition, the
calculated efficiency includes the conduction loss, switching
loss, and copper loss of the input or boost-up inductor. Moreover,
the conduction loss (PconS , PconD ) and the switching loss PtonS
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Fig. 12. Pareto–Front curves of the matrix converter and the BTB system
(Rated power = 2 kW) using the film capacitor or electrolytic capacitor.

TABLE III
CALCULATION PARAMETERS TO DETERMINE THE POWER LOSS AND VOLUME

OF THE MATRIX CONVERTER AND BTB SYSTEM

Rated power Pn 2 kW Input current I i n 5.77 A

Cf voltage
ripple V r ip

8.49 V (3%) Current ripple Ir ip 0.23 A

CSPI (W/Kdm3) 14.2 DC-link voltage Ed c 350 V
Core coefficient
Kvo l

17.3 Fluctuated voltage ΔV 10.5 V

Space factor Ku 0.5 Previous output power P1 1 kW
Current density J 4 A/mm2 Output power P2 2 kW
Flux density
Bm

1.23 Wb/m2 Switching ripple current Ir ip f s 1.84 A

Junction
temperature Tj

120 °C Capacitor
volume

coefficient

kvo l1 (dm3) 1.31 × 10−3

Ambient
temperature Ta

20 °C kvo l2 (dm3/J) 1.74 × 10−3

of a BTB system are calculated as [34]

PconS = kcons1Io
2
(

1
8

+
λ

3π
cos θo

)

+ kcons2Io

(
1
2π

+
λ

8
cos θo

)
(23)

PconD = kcond1Io
2
(

1
8
− λ

3π
cos θo

)

+ kcond2Io

(
1
2π

− λ

8
cos θo

)
(24)

PtonS =
Edcfs

2πVs
(2kton1Io + kton2π) . (25)

Similar to (2), kcons1 , kcons2 and kcond1 , kcond2 , which are
the on-state voltage coefficients of the switching device and the
diode, respectively, are obtained from the datasheet, and λ is
the modulation index. The power density design of the matrix
converter takes the input LC filter, the switching device, and
the heat sink into consideration. On the other hand, the power
density design of the BTB system takes the boost-up inductor,
dc-link capacitor (film capacitor or electrolytic capacitor), the
switching device, and the heat sink into consideration.

TABLE IV
CONDITIONS TO DESIGN MAXIMUM POWER DENSITY FOR THE SECOND-ORDER

PROTOTYPE USING SIC-MOSFET

Parameters of switch (BSM00003A) Rated power Pn 10 kW

Turn-on loss
characteristic

k t o n 1 (J) 8.31 × 10−5 Input line
voltage V in

283 V

k t o n 2 (J/A) 3.61 × 10−5 Rated output
current Io

47.1 A

k t o n 3 (J/A2) −3.14 × 10−8 Rated input
current I in

40.8 A

Turn-off loss
characteristic

k t o f f 1 (J) 1.90 × 10−4 Voltage ripple
V r ip

8.49 V (3%)

k t o f f 2 (J/A) 1.60 × 10−6 CSPI (W/Kdm3) 0.496
k t o f f 3 (J/A2) 1.9 × 10−7 Cooling system Natural air
k t o f f 4 (J/A3) −7.52 × 10−1 0 Junction

temperature Tj

120 °C

On-state voltage
characteristic

kc o n 1 (V) 0.0 Ambient
temperature Ta

20 °C

kc o n 2 (V/A) 0.0164 Core coefficient
Kvo l

71

Volume of
switching device

D : 122 × W : 45.6 × H :
21.1 (mm)

Space factor Ku 0.5

Current density J 4 A/mm2

As shown in Fig. 12, it can be confirmed that the maximum
power density in the matrix converter and the BTB system are
attained at 55 and 80 kHz, respectively. The efficiency and the
maximum power density in the matrix converter are 97.4% and
12.8 kW/dm3, respectively. On the other hand, the efficiency
and the power density in the BTB system are 96.0% and 8.61
kW/dm3, respectively. Thus, it is quantitatively evaluated that
the power density in the matrix converter is increased by 4.19
kW/dm3 in comparison to the BTB system. In addition, the
optimized frequency depends on the converter type. In other
words, it is necessary to determine the switching frequency of
each of the converters by the Pareto–Front curve.

The experimental result is plotted in Fig. 12 for the switch-
ing frequency and the output power of 10 kHz and 2.08 kW,
respectively. Nevertheless, the power density of the first proto-
type is either half of the maximum power density or less. In
other words, the first prototype is designed at a low power den-
sity point. Hence, in order to improve the power density, it is
necessary to design and manufacture the second prototype by
the maximum power density design method.

E. Maximum Power Density Design for Second Prototype

Table IV lists the design conditions for the second proto-
type. Note that SiC-MOSFET (BSM00003A), with 1200-V
rated voltage and 120-A rated current, is used as the switch-
ing device. It is noted that ktoff 1 − ktoff 4 are each coefficients
of the turn-off loss eoff characteristic. Thus, ktoff 1 − ktoff 4 are
obtained by the turn-off loss characteristics by polynomial ap-
proximation

eoff = ktoff 4io
3 + ktoff 3io

2 + ktoff 2io + ktoff 1 . (26)

Fig. 13 shows the Pareto–Front curve of the matrix converter
using SiC. According to the switching device, the rated power
of the system is set to 40 kW. The cooling system of the heat
sink and the rated output power are considered as follows: 1)
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Fig. 13. Pareto–Front curve of the matrix converter using SiC-MOSFET ac-
cording to output power and cooling method. (i) natural air (10 kW), (ii) natural
air (40 kW), (iii) forced air (40 kW), (iv) water (10 kW), and (v) water (40 kW).

Fig. 14. Volume comparison for the switching frequency. The volume of the
heat sink and input LC filter is a tradeoff for a given switching frequency.

the natural air cooling system and 10-kW output power, 2) the
natural air cooling system (40 kW), 3) the forced air cooling
system (40 kW), 4) the water cooling system (10 kW), and
5) the water cooling system (40 kW). Note that the CSPI in
3 and 4, 5 are 4.0 and 270, respectively [28]. Additionally, the
conduction loss, the switching loss, no-load loss, and the copper
loss of the input inductor are taken into consideration in order
to evaluate the efficiency. On the other hand, the volumes of
the input LC filter, heat sink, and switching devices are taken
into consideration in order to evaluate the power density. It is
confirmed that a power density of 30 kW/dm3 can be achieved
when the water cooling system is adopted.

Fig. 14 shows the volume comparison for each switching fre-
quency. According to the result, when the switching frequency
is 25 kHz, the total volume of the second prototype is less
compared to that with other values of switching frequency. Al-
though the volume of the heat sink is less at 10-kHz switching
frequency, the input LC filter is large. On the other hand, the
input LC filter becomes smaller when the switching frequency
is 50 kHz. Nevertheless, the volume of the heat sink increases
now because of the converter loss. Thus, the volumes of the heat
sink, and the input LC filter are a tradeoff.

In this study, the prototype is manufactured with 10-kW rated
power owing to the limitation of the experimental environment.
From the result, it is confirmed that fs at the maximum power
density is 25 kHz. Additionally, the maximum power density
is 2.21 kW/dm3 included the protection circuit. Therefore, the

TABLE V
SPECIFICATION OF THE SECOND-ORDER PROTOTYPE USING SIC-MOSFET

DESIGNED AT MAXIMUM POWER DENSITY

Maximum power
density ρm a x

2.21 kW/dm3 Design value of the size (mm)

Inductance value
L in

110 μH Input inductor D65 × W 65 ×
H 48

Capacitance
value Cf

8.44 μF Filter capacitor D20 × W 20 ×
H 36

Cooling system Natural air Heat-sink D147 ×
W 450 × H 42

Switching
frequency fs

25 kHz Switching device
(BSM00003A)

D122 ×
W 46 × H : 21

Heat resistance
R t h

0.752 K/W Total volume 4.5 dm3

Efficiency 98.3% Maximum snubber voltage V s n u 450 V
Maximum surge 960 V % Load inductance 10%
Maximum
output current
Im a x

84.9 A Time constant of C s n u and Rd c 10 s

D–S stray
capacitance
C s n u

450 V Snubber capacitance Cd s 136 μF

Discharge
resistor Rd c

73 kΩ Snubber loss P s n u 1.0 W

Fig. 15. Sensitivity analysis for a maximum power density design method.

input LC filter and the heat sink are selected for the switching
frequency of 25 kHz. As a result, Cf and Lin are designed to
be 8.44 μF and 110 μH. Table V lists the specification of the
second prototype designed at 25-kHz switching frequency.

Fig. 15 shows a sensitivity analysis result for the maximum
power density in order to validate the Pareto–Front curve when
the error Kerror from −50% to 50% is taken into consideration.
It is noted that each maximum power densities in Fig. 15 are
calculated by

P ′
loss = (1 + 0.01Kerror) (Pcon + Psw loss) (27)

Vol′L = (Kvol (1 + 0.01Kerror))
[

LinIin
2

KuBm J

] 3
4

(28)

Vol′C =
Cf Vin

2

ε0εs (kz (1 + 0.01Kerror))
2 . (29)

Here, according to (11) and (12), the volume of the heat sink
is determined by the converter loss P ′loss . Thus, the error occurs
to the volume of the heat sink by changing the converter loss.
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Fig. 16. 10-kW matrix converter using SiC-MOSFET (ROHM:
BSM00003A). PCB size is 433 mm × 233 mm × 4 mm. The input in-
ductance is 110 μH at 25-kHz switching frequency and 30 A. The wire
resistance of the input inductors is 6 mΩ.

Fig. 17. Property of the volume of the matrix converter with the natural air
cooling system. The volume of the heat sink is larger than other devices because
the natural air cooling system is adopted in the heat sink.

As the result, it is confirmed that the error for the converter loss
dominates the maximum power density. On the other hand, the
error for the input LC filter volume is suppressed within 10%
of the designed maximum power density. This is because the
volume of the heat sink is larger owing to the natural air cooling
system in comparison with that of the input LC filter. Thus, the
required maximum power density can be designed when the
error of the converter loss is less. In other words, the validity of
the maximum power density design method can be proved.

Fig. 16 shows the second prototype and the input induc-
tors. In order to reduce the stray inductance, the second proto-
type is manufactured with a printed circuit board (PCB) of size
433 mm × 233 mm × 4 mm. The switching devices, fuses, filter
capacitors, current sensors, and snubber circuit are mounted on
the PCB.

Fig. 17 shows the property of the volume of the second proto-
type. The power density of the second prototype is 2.1 kW/dm3

included the volume of the protection circuit. Accordingly, it
is confirmed that the second prototype can be manufactured at
95.0% of the calculated maximum power density point. In other
words, the power density of the matrix converter is improved
by 57.5% by the maximum power density design method. Thus,

Fig. 18. Steady operation at 9.5-kW output power in the experiment. The
waveforms and the input current spectrum are measured by oscilloscope (Tek-
tronix: MSO5054). The input current THD is 2.9%. The vertical axis is nor-
malized to 28.2-A fundamental current. (a) Input and output waveforms of the
second prototype. (b) Spectrum of the input current.

the validity of the maximum power density design method is
confirmed by the experimental results. Nevertheless, there is a
difference between the experimental value and the design value
because of the difference in the design value and the manufac-
tured value of the size of the heat sink. Moreover, the volume of
the switching device is large. In order to increase power density,
it is important to design the package of the switching device [35].

Thus, it is confirmed that the heat sink is bulky. In order to
reduce the total volume, the forced air or water cooling system is
adopted and junction temperature Tj should be higher owing to
SiC device when the heat sink is designed. Accordingly, the size
of the heat sink and the input LC filter can be reduced because
the CSPI and ωs are increased.

V. EXPERIMENTAL RESULTS

Fig. 18(a) shows the operation waveforms using a 9.5-kW RL
load. Table VI lists the experimental condition for second-order
prototype. It is noted that the switching frequency is 25 kHz.
In addition, two-phase modulation was adopted in the virtual
inverter control. Moreover, the four-step hybrid commutation,
which combines the voltage and current commutations, was
adopted [27]. As a result, the unity power factor is successfully
obtained.
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TABLE VI
EXPERIMENTAL CONDITIONS

Input line voltage V in 200 V Input frequency f i n 50 Hz

Rated power Pn 10 kW Output frequency fo 90 Hz
Modulation index λm c 0.866 Switching frequency fsw 25 kHz
Output line voltage Vo u t 173 V Load inductance 0.65 mH
Modulation method Two-phase Input inductor L i n 110 μH
Commutation method Four-step hybrid Filter capacitance Cf 8.44 μF
Damping resistor Rd – Deadtime compensation Adopt

Fig. 19. Efficiency characteristics at 10- and 25-kHz switching frequency. The
efficiency at maximum point are 99.1% and 98.3% at 10- and 25-kHz switching
frequency, respectively.

Fig. 18(b) shows the spectrum of the input current obtained by
a fast Fourier transform. Note that the input current value is nor-
malized with respect to the fundamental current, which is equal
to 28.2 A. Accordingly, a large harmonic distortion does not
occur. In particular, the fifth- and seventh-order harmonic com-
ponents are low because the commutation failure does not occur
owing to the hybrid commutation scheme employed. Moreover,
the input current THD is 2.9%. Thus, the fundamental operation
of the second prototype is confirmed.

Fig. 19 shows the efficiency characteristics at 10- and 25-
kHz switching frequency. It is confirmed that the maximum
efficiency is 99.1% at 1.5-KW output power and 10-kHz switch-
ing frequency. Nevertheless, with light loads, the efficiency be-
comes low owing to no-load loss. Furthermore, the total effi-
ciency achieved in the experiment is lower than the designed
efficiency. In this study, the second prototype was designed be-
cause the output power factor is unity in order to validate the
maximum power density design method. That is, the output cur-
rent is increased because the output power factor is low in the
experiment. Thus, it is necessary to take the output power fac-
tor into consideration when the matrix converter is designed in
practical applications.

Fig. 20 shows the input current THD characteristics at 25-
kHz switching frequency. The input current THD is less than
5.0% over 1-kW output power. In addition, the input current
THD becomes low when the output power is increased. This is

Fig. 20. Input current THD characteristic at 25-kHz switching frequency. The
input current THD is below 5% when the output power is over 1 kW.

Fig. 21. Total loss characteristics comparison between the calculation and
experimental result. The maximum error of the total loss is 10.6% at 6.29-A
output current. This is because the harmonic component is included in the output
current.

because the ratio of the harmonic component to the fundamental
component is degraded by the increasing output power.

Fig. 21 shows the loss characteristics for the maximum out-
put current determined by using a power meter (YOKOGAWA:
WT1600). It is noted that the total loss measured by a power me-
ter includes the input inductor and filter capacitor loss, snubber
loss, wiring loss, and converter loss. In the calculation result, the
copper loss of the input inductor is included. It is confirmed that
the maximum error of the total loss is 10.6% at 6.29-A output
current. This is because the harmonic component is included in
the output current. According to Table VI, the load inductance
is set to 0.65 mH. In addition, the load resistance is 23 Ω when
the loss error is measured to 10.6%. Then, the time constant of
RL-load is calculated to 28.6 μs (35 kHz). Thus, the switching
ripple of the output current is not suppressed. As the result, ow-
ing to the output current distortion, the measured output power
becomes low by power meter. Moreover, there is also the other
cause of loss error except for the harmonic component, such
as the iron loss of the input inductor, filter capacitor loss, and
wire loss. These losses, which are less in comparison with the
converter loss, are not included in the calculation result.
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Furthermore, the loss error increases over 36-A output cur-
rent. This is caused by the snubber, wire resistor, and fuse.
Thus, the interface loss should be included into the calculated
loss when a large capacity power converter is designed. It is
noted that the temperature characteristic for SiC device is not
almost changed in comparison with that of Si device. For this
reason, the total loss error is not influenced by temperature char-
acteristic for the SiC device. However, the proposed maximum
power density design method for the matrix converter is vali-
dated even when the large capacity matrix converter is designed.
This is because the heat sink volume is only dominated by the
switching device loss.

According to Fig. 21, the loss error between the measured
value and calculated value is 18.8 W at the rated current. In the
loss error, the snubber loss is increased by 1.3 W, and the loss
due to the wire resistor and the fuse is 5.7 W. As a result, the
device loss error is 11.8 W (5.87%). Thus, the loss error does not
depend on the maximum power density design method because
the switching frequency at the maximum power density point is
almost unchanged. Furthermore, the proposed maximum power
density design method is also validity for SiC application. The
converter loss can be decreased by SiC device. As a result, the
total loss depends on the passive component loss. Nevertheless,
if the converter loss is decreased by adopting the SiC device,
the switching frequency can be increased owing to the reduced
size of heat sink. Accordingly, the passive component can be
smaller. In other words, using the SiC device can reduce not
only the converter loss but also the passive component loss.

Based on these results, the loss of the matrix converter can be
easily estimated by loss formulas, which do not depend on the
kind of switching devices. Moreover, the matrix converter can
be easily designed at the maximum power density point with a
Pareto–Front curve because the maximum power density of the
second prototype is 95.0% of the calculated maximum power
density. Thus, it is expected that the application areas of the
matrix converter can be expanded owing to its advantages of
energy saving and reduced size.

VI. CONCLUSION

In this paper, the derivation methods for the conduction loss
and the switching loss in the matrix converter were presented for
experiment and simulation. As the result, it was confirmed that
the total loss error between the calculated and experimental re-
sults is 2.77% at the rated current with the first prototype, which
is 2-kW rated power. The loss error does not depend on the
maximum power density design method because the switching
frequency at the maximum power density point is almost un-
changed. Thus, the loss formulas for the matrix converter were
validated in the experiment.

Next, the maximum power density design method for the ma-
trix converter was proposed based on the front-loading design
in order to improve power density. As the result, it was quanti-
tatively evaluated that the power density in the matrix converter
is increased by 4.19 kW/dm3 in comparison to the BTB system.
However, the power density of first prototype was 37.5% of the
maximum power density point. In order to design the matrix

converter at the maximum power density point, the second pro-
totype was designed and manufactured by the maximum power
density design method. Accordingly, the power density of the
second prototype that uses a SiC-MOSFET as the switching de-
vice in the experiment is 95.0% (2.1 kW/dm3). Thus, the power
density of the matrix converter was improved by 57.5% by the
maximum power density design method in comparison to the
first prototype.

Based on these results, the loss of the matrix converter can
be easily estimated by loss formulas when not only Si device
but also SiC device is used. Moreover, the matrix converter can
be easily designed at the maximum power density point with
a Pareto–Front curve because the calculated maximum power
density is 95% agreed to the experimental result. Thus, it is
expected that the application areas of the matrix converter to
be expanded, given its advantages of energy saving and size
reduction.
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