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Abstract—This paper presents a new mathematical model and
a soft-switching technique for the bidirectional three-phase grid-
tie DC-AC-AC converter of the matrix converter high-frequency
link type. The converter topology consists of a conventional
H-bridge circuit linked to a single-phase-to-three-phase matrix
converter through a single-phase high-frequency transformer
(HFT). The proposed control technique regulates battery current
and injects three-phase sinusoidal current to grid at unity power
factor. The proposed mathematical model uses a trapezoidal
approximation of the high-frequency (HF) current to obtain the
accurate duty cycles for all matrix converter switches, which
results in low total harmonic distortion (THD) at the grid side.
Also, the proposed soft-switching technique enhances the system
overall efficiency. Moreover, using HFT as a galvanic isolation
between the battery and grid sides enhances the system efficiency
and reduces the overall size and weight. The mathematical model
of the DC-AC-AC converter and the circuit operational modes for
soft-switching are presented along with the voltage controllable
limits. The system validity has been verified experimentally using
laboratory prototype.

Keywords—DC-AC-AC converter, grid-tie bidirectional DC-AC
converter, Pulse Width Modulation (PWM), High-Frequency Trans-
former (HFT), soft-switching.

I. INTRODUCTION

Concerns over energy crisis and global warming have led to
a significant amount of research on renewable energy systems
and the methods facilitating their grid integration [1]-[3].
The generated power of these sources is continuously varying
according to the weather. Therefore, incorporation of energy
storage devices, such as batteries, in distributed generation
systems is essential in order to smooth out active power flow on
the utility grid by storing the excess energy and retrieve it back
when needed [4]. Consequently, the need for high efficiency,
high reliability, and high power density DC-AC bidirectional
converters has been treated extensively in the literature [5].
The bidirectional converters enables power to flow in both
directions between the grid and the batteries [6].

A simple technique was proposed in [7] for a line com-
mutated controlled rectifier that can operate in the inversion
mode by adjusting its delay angle. However, it has poor power
factor at the grid side, high Total Harmonic Distortion (THD),
and low efficiency. On the other hand, the bidirectional three-
phase Voltage Source Inverter (VSI) has a good dynamic
performance and injects a sinusoidal AC current to the grid at
unity power factor [5], [8], [9]. An LC filter is installed at the
grid side to eliminate the high-frequency components. In [10],
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[11], matrix converter is proposed as a bidirectional AC-DC
converter. However, the grid-tie AC-DC converters based on
VSI or matrix converter need bulky transformers for galvanic
isolation between the AC and DC sides, which increase the
system size and weight. Also, transformer reduces the overall
efficiency due to its high leakage inductance. Moreover, the
VSI generally requires PLL or hysteresis current controller for
synchronizing the inverter output frequency with the grid [7].

Recently, HFT has been emerged as an alternative to the
conventional bulky transformer operating in line frequency
(50/60 Hz) for galvanic isolation between the AC and DC
sides [12], [13]. Therefore, bidirectional DC-AC converter
with HFT has the merits of high efficiency and high power
density [14]. It can be classified into two types [15]-[17].
The first one is the rectifier HF link that has a Voltage
Source Inverter (VSI) linked with a Dual Active Bridge (DAB)
through a common DC-link capacitor [18]. However, it utilizes
an additional converter stage with a bulky short life-time
capacitor. The second one is the matrix converter HF link
that uses matrix converter linked with an H-bridge through
a single-phase HFT [14], [19]. It has the merits of high power
density since it get rid of the bulky DC-link capacitor.

This paper proposes a new mathematical model and a
PWM switching technique for controlling the three-phase
bidirectional grid-tie DC-AC-AC converter of the matrix con-
verter high-frequency link type. The new mathematical model
provides the matrix converter switches with their accurate duty
cycles. On the other hand, the PWM switching technique
of the matrix converter minimizes the number of switching
transitions, which enhances the system efficiency. Moreover,
soft-switching technique has been achieved by using a shunt
ceramic capacitor with each bidirectional switch of the matrix
converter and each switch of the H-bridge converter. There-
fore, this system has the merits of high power density, high
efficiency and low THD. A detailed mathematical model of
the DC-AC-AC converter, PWM switching technique, and the
soft-switching operational modes have been presented. The ef-
fectiveness of the proposed mathematical model in addition to
the soft-switching technique has been verified experimentally.

II. CONFIGURATION OF THE DC-AC-AC CONVERTER

Fig. 1 shows the circuit configuration of the two-stage
bidirectional three-phase grid-tie DC-AC-AC converter of the
matrix converter high-frequency link type. In the first stage,
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Fig. 1: System configuration of the DC-AC-AC converter.

a single-phase H-bridge converter is used to convert the DC
voltage to a single-phase HF square-wave. In the second stage,
a direct three-phase to single-phase matrix converter is used to
convert the HF voltage to three-phase waveforms synchronized
with the grid. Therefore, a single-phase HFT is used to link the
H-bridge and the matrix converters. A smoothing inductor L
is installed to smooth the current waveforms at the HFT. Also,
LC filters are installed at battery and grid sides to eliminate the
HF components of the currents. Therefore, the parameters of
both LC filters are usually small. For soft-switching, a shunt
ceramic capacitor is connected with each switch of the H-
bridge converter and each bidirectional switch of the matrix
converter.

III. PWM SWITCHING PATTERN

Fig. 2 shows the PWM switching pattern in addition to the
output voltage and current waveforms of the converter. The
switching pattern of the matrix converter is explained during
the time of (7/6 < 0 < m/3), when the levels of the three-
phase grid voltages are eg, > eg, > 0 > eg4y,. Bipolar PWM
switching technique is used for the H-bridge converter, hence
the output voltage v; has two levels of +V;.. In the positive
half-cycle of the matrix converter output voltage v, terminal g
is switched with all three-phase grid voltages, whereas terminal
h is connected only with the minimum phase voltage w.
In the negative half-cycle, the switching process is reversed.
Therefore, the output voltage v has three-levels; (i.e.; zero and
=+ signals of the line-to-line grid voltages). Although matrix
converter has six bidirectional switches, the commutations
in each control period are only three, which enhances the
converter efficiency. The detailed switching pattern and PWM
switching signals of all switches are presented in [17], [20].

Fig. 3 shows the PWM technique and the related gate
signals of each switch in the H-bridge converter and each
bidirectional switch in the matrix converters, based on the
grid line-to-line voltages and the reference input currents of
the matrix converter. It also shows the input current waveform

i, of the matrix converter in addition to the primary and
secondary voltages of the HFT (i.e.; v; and vs).
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Fig. 2: Switching pattern of the DC-AC-AC converter.

IV. MODELING AND DUTY CYCLES OF THE MATRIX
CONVERTER

The three-phase grid voltages e, €5y, and ey, are given
using the rms line voltage ' and the displacement angle 6 as
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Fig. 3: Detailed PWM switching signals of the DC-AC-AC
converter.

follows:
[esu} D) cos 6 }
esy | = \/>E cos(f — 2m/3) (1)
€sw 3 cos(f + 2m/3)
where
0 =uwt 2)

where w is the angular frequency of the three-phase grid
voltage. The grid line-to-line voltages €syy, €spw, and €gypy,
can be formulated as follows:
€suv €su — €Esy
[es,uw:| = [esv - 654 =V2E cos(0 — w/2)
Eswu Esw — Esu

cos(6 + 7/6)
] 3)
cos( — 7w /6)

Considering unity power factor at the grid side, the refer-

ence grid injected currents i, ¢y, and ¢ can be formulated
as follows:
i cos(f + ¢*)
it | =21 | cos(d —21/3 + %) (€))
i cos(f — 4w /3 + ¢*)
where
=0 &)

A. Duty cycles of the matrix converter

All duty cycles dyg — dyp, of the matrix converter bidi-
rectional switches should be decided to realize the reference
injected current at unity power factor. All switches duty cycles
can be formulated based on the following constraints:

dug + dvg + dwg =1 (6)
duh + dvh + dwh =1 @)

The input power of the matrix converter p,,._;, can be
formulated as follows:

Pmc—in = esuiz + esvi: + eSU}ZIjL - \/gEICOSQO* (8)

On the other hand, the matrix converter output power Pyc—out
can be formulated as follows:

Pmc—out = U2i2 (9)

Owing to its galvanic isolation function, HFT has a 1:1 turns
ratio. Therefore, the primary and secondary currents are same
(i.e.; 71 = t3). Also, the primary and secondary voltages
equal the battery dc voltage; (i.e; vi = v; = V). For
simplification, the HF current i5 can be approximated to either
a square-wave or a trapezoidal waveform, as shown by the
blue-dotted line and the green-solid line, respectively, with the
current waveform in Fig. 2. The square-wave approximation
of the current 75 results in a considerable error in the duty
cycle calculations [14], [17]. The trapezoidal approximation
of the current 7o looks same as the actual one, which results
in accurate calculations of the duty cycles [21]. Considering
trapezoidal approximation of the current io, the matrix con-
verter output power can be expressed as follows:

. 0
Pmec—out = USZQ = VdCIQ(l - ;d) (10)

Assuming ideal matrix converter with equal input and output
power, the trapezoidal current I, can be formulated as:

I V3EIcosp*
2= ———Fp—
Vdc(l - HFd)

Also, the trapezoidal current /5 can be obtained, based on the
current waveform in Fig. 2, as follows:

1 [T ViieOaTs
L=— [ (v —v) dt = 12
2 QL/O (v1 —v3) 2 (12)

Based on (10), (11) and (12), the phase shift angle 6, between
v, and vy can be formulated as follows:

(an

2
g, = TEVT 4K W;4K (13)
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where
_ 2L7T2pmc—out

K = 14
Vd2c TVS ( )

The matrix converter reference voltage v; can be formu-
lated, based on the switching pattern of Fig. 2, as follows:

*

Uy = (dug_duh)esu“’(dvg_duh)esv+(dwg_dwh)esw
= (dug - duh)esuw + (dvg - dvh)esvw (15)

Considering duty cycles of the matrix converter, the reference
current of the matrix converter 7}, ¢;,, and ¢}, can be formulated

as follows: . )
Ty = (dug - duh)ZZ
iy = (dvg — dun)iz (16)
iy = (dwg — dwn)i2

Therefore, the average currents of phase u and v (i.e.; i, and
i) in each half-cycle of the voltage vy can be formulated as
follows:

dy
Ts(1—=5%)

- 1 0
o= iy dt = (1= =% — dyg)I5 (17)
s Ty (489 1d,,) g
B 1 [Te(B42+dy,)
io= iy dt = dyy I (18)
Ts Jr.tye)

In the positive half-cycle of the matrix converter voltage o,
the switch Sy, is always ON during the control period 7.
Therefore, the duty cycles of all switches linked with terminal
h (i.e.; dyn, dyn, and d,,;) can be formulated as follows:

dun =0, dop =0, dyp =1 19)

Considering the reference and average currents of the matrix
converter are equal, the duty cycles of all switches linked with
terminal g (i.e.; dyg, dvg, and d,,g) can be formulated, based
on (4), (6), (17), (18) and (19), as follows:

*
Vg — Epw d'ug

duy = 2t 20)
0, i
dog = (1_?)2'*4:1'* D
—vr—e d
dwg _ Cuw U@Q Cuvluyg (22)
uw

Likewise, in the negative half-cycle of v, the switch S,  is
always ON during the control period 7. Therefore, the duty
cycles of all switches linked with terminal g (i.e.; dyug, dug,
and d,,4) can be formulated as follows:

dug = 07 dvg = 07 dwg =1 (23)

Based on (4), (7), (17), (18) and (23), the duty cycles of all
switches linked with terminal h (i.e.; dyp, dyp, and d,,p) can
be formulated as follows:

U; — Epw dvh

duh = (24)
euw
04 i
dpp, = (1 —— v 25
vh ( . )Z:; ¥ ZT; ( )
dwh _ Cyw — Vg — euvdvh (26)
Cyw

B. Control limits of the matrix converter

To avoid over modulation and to satisfy the duty cycle
constraints in (6) and (7), the limits of the reference voltage
v; of the matrix converter should be determined based on the
duty cycle dy4, given in (22), as follows:

Cyw — U; - euvdvg < 1 (27)

dyg +dyg =1~

e'U/UJ

Considering ¢* = 0 and 7/6 < § < 7/3, the limit of v} can
be obtained as follows:

vy < \/EE , (¢* =0, § =7/3) (28)

Sjn

(I) Mode 1 (11) Mode 2 (1IT) Mode 3

Fig. 4: Soft-switching of the H-bridge converter.
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Fig. 5: Soft-switching of the matrix converter.

V. PROPOSED SOFT-SWITCHING TECHNIQUE

Soft-switching techniques for power electronics devices are
used to reduce the switching losses and noise issues, which in-
turn enhances the converter efficiency. These techniques are
usually switching ON or OFF the power semiconductors at
zero voltage resulting in zero-voltage switching (ZVS). Other
techniques are usually switching the power semiconductors
ON or OFF at zero current resulting in zero-current switching
(ZCS) [22]-[26].

Fig. 4 and Fig. 5 show the proposed soft-switching
technique of the H-bridge and matrix converters, respectively.
In the H-bridge converter, a shunt ceramic capacitor Cy, is
connected with each switch to provide ZVS for all ON-coming
switches and ZCS for all OFF-going switches. Likewise, in the
matrix converter, a shunt ceramic capacitor C',,, is connected
with each bidirectional switch to provide ZVS for all ON-
coming switches and ZCS for all OFF-going switches. The
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Fig. 6: Experimental system configuration.

proposed soft-switching technique has been designed based
on the current direction of the HFT, shown in Fig. 2. Also,
the current transition in both H-bridge and matrix converters
has similar three modes of operation, as shown in Fig. 4 and
Fig. 5. In both figures, the red-solid line direction represents
the current path in the OFF-going switches, whereas the red-
dotted line direction represents the current path in the ON-
coming switches. In mode 1, the current flows in the OFF-
going switch. In mode 2, the current transits from the OFF-
going switch to the soft-switching capacitors providing ZCS.
In mode 3, the current transits from the soft-switching ca-
pacitors to the ON-coming switch providing ZVS. Obviously,
The OFF-going switch is shunted with a zero-voltage capacitor
that provides ZCS, whereas the ON-coming switch is shunted
with a charged capacitor that provides ZVS by bypassing
switch current. In order to avoid circulating current between
the discharging capacitor and the ON-coming switch, soft-
switching capacitors must be fully discharged within the dead-
time 74,4 between the OFF-going and ON-coming switches.

Fig. 4 shows the soft-switching technique for each leg
of the H-bridge converter. It is clear that the shunt ceramic
capacitor Cyp, across each switch of the H-bridge converter
provides an alternative path for the current to realize ZVS
or ZCS. Based on the direction of the HFT current iy, the
current transition in each leg of the H-bridge converter can be
considered as follows:

Sjp — Sjn,
Sjn — Sjp,

i1 >0

i <0 (29)

According to the grid three-phase voltage levels (eg, >
esv > 0 > egy,) during the period of (7/6 < 6 < 7/3)
in addition to the switching pattern and the HFT current
waveform ¢; shown in Fig. 2, operational sequence of the
matrix converter bidirectional switches, connecting terminal g

with the grid, is Sy — Sug — Sug — Swg. In this case,
the current transition between the bidirectional switches of the
matrix converter can be considered as follows:

Swg = Svg  (€w <€), 12>0
Sug = Sug  (ev <ey), 12>0 (30)
Sug = Swg  (en > €y), 12<0

Using the information of the phase shift angle 6; between
the primary and secondary voltages of the HFT in addition to
the dead time 74,4 between the OFF-going and ON-coming
switches, the capacitance Cj, of each soft-switching capacitor
across each switch of the H-bridge converter can be formulated
as follows:

20
(TS(VdC - evwdvg + euw(dug + Td — 1))

_Tdead(vdc + euw)) (31)

Also, the capacitance Cj,, of each soft-switching capacitor
across each bidirectional switch of the matrix converter can
be formulated as follows:

(TdeadVdc -

Tdead
"= 8LV

Cs

Tyea 26
C,, < —-dead TS(VdC(lerwngd)

M = 12Leyw

*euwdug - evwdvg)) (32)

VI. EXPERIMENTAL RESULTS
A. System configuration and control technique

Fig. 6 shows the configuration of the laboratory prototype
of the bidirectional three-phase grid-tie DC-AC-AC converter
of the matrix converter HFL type. The H-bridge converter is
used to convert the battery dc voltage to square-waveform
with 50% duty cycle. On the other hand, the matrix con-
verter is used to convert the grid three-phase voltage to a
single-phase quasi square-waveform. The H-bridge and matrix
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Fig. 7: Experimental results of Case-I.

TABLE I: Experimental system parameters
200V , 2 wx 60 rad/s

Grid voltage F, w

Power factor angle (* 0 rad
DC battery voltage V. 240 V
DC current reference I, 6.0 A
Power P,,; 1440 W
Grid filter Ly, C 1.2 mH, 7.1uF
Battery filter L4, Crq 3 mH , 300uF

Transformer turn ratio N7 : No 1:1

Inductors L 0.2 mH
Capacitors Cg,p,, Csp, 0.5nF, 3 nF
Switching frequency 20 kHz

converters are linked by a single-phase HFT with 1:1 turns
ratio. Grid and battery are connected to the converter through
LC filters to eliminate the high-frequency components of the
current. Smoothing inductors L are installed in the primary
and secondary sides of the HFT to smooth the HF current
waveform. The reference dc current I, is 6.0 A, hence the
system capacity is about 1440 W. The system parameters
are listed in Table I. The power switches of the H-bridge
and matrix converters are implemented by the N-channel SiC
power MOSFET C2M0040120D.

esu, e

i [A]

Grid current

Input current
i [A]

Battery current  Transformer voltages  Transformer current

%
S 1
35 150
3 1003
g 107
g 50
~m o 1
—
10 ms Time (ms)

Fig. 8: Experimental results of Case-II.

B. System results

The laboratory prototype system shown in Fig. 6 has been
carried out based on a reference dc current of 6.0 A. Two
approximation techniques have been considered for the HFT
current in order to simplify the matrix converter duty cycles.
In Case-I, the HFT current is approximated to a trapezoidal
waveform, whereas in case-1I the HFT current is approximated
to square waveform. Fig. 7 and Fig. 8 show the experimental
results of the system considering Case-I and Case-II; (i.e.;
trapezoidal and square-wave approximation techniques of the
HF current, respectively). Both figures show the experimental
results of the grid three-phase voltage waveforms ey, €5, and
€sw» injected grid ac line current ¢, matrix converter output
current before the LC filter ¢,, HFT input current ¢;, HFT
input and output voltages v; and v, battery dc current I,
and battery dc voltage V.. In both cases, the actual dc current
matches the reference one of 6.0 A. Also, the transformer
input and output voltages v; and v, in addition to their related
currents ¢, and ¢ are HF waveforms of 10 kHz. In addition,
the grid current and phase voltage (i.e.; s, and eg,) are in-
phase confirming unity power factor at the grid side. However,
there is a small phase shift angle error between the grid phase
voltage ey, and grid injected current i, due to the LC filter.
It is clear that the grid current in Case-I is better than that of
Case-IIL. Fig. 9 and Fig. 10 show the FFT spectrum of the grid
current in Case-I and Case-II, respectively. The THD is about
7% in Case-I with trapezoidal current approximation, whereas
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the THD is 14.5% in Case-II with square-wave approximation.

Fig. 11 shows the experimental results of the voltage and
current waveforms across the switches S}, and S;,, of the H-
bridge converter. It depicts the current transition instant from
Sjp to Sj, when switch S;, is OFF-going and switch Sj,
is ON-coming. Obviously, the current flows from terminal p
to terminal j before turning OFF the switch .S;,, whereas the
current flows from terminal n to terminal j after turning ON
the switch Sj,,. It is clear that the soft-switching is realized
in both switches. Therefore, in the H-bridge converter, soft-
switching capacitor Cy;, provides ZCS for the OFF-going
switch S;, and ZVS for the ON-coming switch Sjy,.

In addition, Fig. 12 shows the experimental results of
the voltage and current waveforms across the bidirectional
switches S, and Sy, of the matrix converter. It depicts the
current transition instant from S,4 to Sy, when switch S,
is OFF-going and switch S, is ON-coming. Obviously, the
current flows from terminal g to terminal u before turning OFF
the switch 5,4, whereas the current flows from terminal g to
terminal w after turning ON the switch Sy,4. It is clear that the
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Fig. 10: FFT of grid current in Case-II.
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Fig. 12: Soft-switching of matrix converter.

Vew [V]

Switch Sgw voltage and current Switch Sgu voltage and current
Igw [A]

soft-switching is realized in both bidirectional switches. In the
matrix converter, soft-switching capacitor Cl,, provides ZCS
for the OFF-going bidirectional switch Sy, and ZVS for the
ON-coming one Sy,,. Yokogawa WT1800 power analyzer is
used to measure the system efficiency with and without soft-
switching capacitors. In both approximation cases, the system
efficiency is 96.9% with the soft-switching capacitors, whereas
the efficiency is 96.5% without soft-switching capacitors.

Experimental results of both approximation techniques in
Case-I and Case-II prove that the system is stable, and the
PWM switching technique regulates the dc battery current to
match the reference one. Also, both techniques inject a current
to the grid at unity power factor. However, the trapezoidal
approximation technique dramatically reduces the THD of the
grid current compared with the square-wave approximation
technique. Moreover, soft-switching of all switches of the
H-bridge and matrix converters has been realized, which
enhances the system overall efficiency.
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VII. CONCLUSION

This paper has presented a new mathematical model and
a soft-switching technique for the bidirectional three-phase
grid-tie DC-AC-AC converter that utilizes HFT for galvanic
isolation to link a matrix converter with an H-bridge converter.
The proposed mathematical model uses trapezoidal approxi-
mation of the HFT current waveform to calculate the accurate
duty cycles of all matrix converter switches. Also, the PWM
switching technique provides a full control of the battery dc
current in addition to achieving unity power factor at the grid
side. Moreover, soft-switching technique has been achieved
by using shunt ceramic capacitor across each switch of the
H-bridge converter and each bidirectional switch of the matrix
converter. It provides ZVS for the ON-coming switches and
ZCS for the OFF-going switches. Permissible limits of the soft-
switching capacitors for the H-bridge and matrix converters
have been obtained. The effectiveness of the proposed mathe-
matical model has been investigated experimentally using lab-
oratory prototype. Experimentally, the battery current matches
the reference one and the grid injected current is a sinusoidal
waveform in-phase with the grid voltage. The THD of the
grid injected current in case of trapezoidal approximation is
less than that of the square-wave approximation. Also, soft-
switching technique enhances the system efficiency.
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