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ABSTRACT The need to integrate energy storage devices with renewable energy sources and improve the
employed converters’ modulation and control techniques continues to grow. This trend is further activated
by utilizing new converter topologies, such as high-frequency (HF) link converters. A dc-ac with HF link
isolated converter is presented in this paper to integrate a battery storage device with a three-phase grid.
The proposed converter is composed of two stages. The first stage is a direct three-phase to single-phase
bidirectional Matrix Converter (3x1 MC), which converts the standard three-phase voltages to a single-
phase HF waveform. Besides, the MC ensures three-phase sinusoidal grid currents with a unity power factor
(UPF). The second stage of the proposed topology is an H-Bridge Converter (HBC), which converts the
battery dc-voltage to a single-phase HF waveform synchronized with that of the single-phase output of
the MC. Therefore, HF terminals of both stages have been linked by a single-phase HF transformer that
provides galvanic isolation to the system. Also, a new mathematical model has been presented to obtain
the accurate duty cycles of all matrix converter switches. Moreover, a new Pulse Width Modulation (PWM)
technique of the analyzed converter with the controllable voltage limits is introduced. A simple control
method is presented to regulate the battery dc-current and match reference value using a single PI controller.
A laboratory prototype-based 200V, 2kW has been carried out to investigate the proposed technique’s
validity.

INDEX TERMS DC-AC-AC converter, isolated grid-connected converter, matrix converter, PWM.

I. INTRODUCTION

In the past two decades, the global warming phenomenon has
been the most significant threat facing the planet. Accord-
ingly, there was an international consensus to countermeasure
global warming and compensate for the lack of electrical
power generation by increasing the penetration of Renew-
able Energy Sources (RES) [1], [2]. Furthermore, due to
the dependence of the generated power from RES on the
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weather changes, Energy Storage Systems such as batteries
should be integrated into these systems to configure the
microgrids (MGs) [3].

The Battery Storage System (BSS) manages the power
mismatch between load/grid power demanded and RES at
the load variation. It also improves the power quality and
reliability of the main grid [4]-[6]. Thus, dc-ac bidirectional
converters should be used to interface between BSS and
the grid to manage the bidirectional power flow during the
charging and discharging process [7]. Bidirectional dc-ac
converters in grid-tied applications include galvanic isolation
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between the ac and dc sides and are recommended in the
standards grid-connected systems (e.g., German codes VDE
0126-1-1) to avoid the leakage current and for safety issues.
This paper focuses on a dc-ac converter for a BSS, rep-
resenting the key component for integrating the microgrids
with a RES. From the past efforts, the galvanic isolation in
BSS is commonly introduced in two ways [7]: (a) using stan-
dard line-frequency transformers (LFT) at the grid side, and
(b) utilizing medium or high-frequency transformers (HFT)
that link an intermediate ac stage in the system [8]-[11].
Although the single-stage grid-tied dc-ac converter with
LFT has a simple structure and ensures sinusoidal grid cur-
rents with a unity power factor (UPF), the HFT based con-
verters offer a smaller footprint, and less copper wire, hence
reducing overall system losses and enhancing efficiency with
a lower cost [7]. This, among other features, increases the
attention towards the HFT based converter, which can be
employed in different topologies and applications [8]-[31].
A comprehensive review of HFT-based converter topolo-
gies, corresponding controller, associated application, and
implementation problems was introduced in [8]. Three-port
HFT-based converters to integrate three isolated circuits were
discussed in [9], [10]. The intermediate HFT-based dc-ac
converters are commonly considered [11]-[16]. It has two
basic architectures, as shown in Fig. 1. The conventional
type is shown in Fig. 1(a) [11]-[13]. It uses a back-to-back
(B2B) converter in the grid-side to achieve an ac HF voltage
waveform at the terminal of HFT and uses an ac-dc voltage
source converter (VSC) on the battery side. It is important to
note that this configuration provides acceptable dynamic per-
formance and injects sinusoidal grid currents with low Total
Harmonic Distortion (THD) [12]. However, this architecture
utilizes a bulky dc-link capacitor, which has low resistance
to environmental conditions and reduces the overall system’s
reliability. Moreover, it increases the number of stages and
therefore increases the system cost, footprint, overall power
losses and reduces the system efficiency and lifetime [14].
Alternatively, the architecture of Fig. 1(b) uses a direct three-
by-single-phase bidirectional matrix converter (3 x 1 MC),
in which no dc-link capacitor is utilized, as can be seen in
Fig. 1(b). The MC gives the system a longer lifespan, reduces
the system stages, volume, and size. In addition, the use of the
MC improves the system dynamic characteristics [14]-[18].
As a research hotspot combining the features of MC
topology into the dc-ac grid-connected converters, this com-
bination with LFT has been dramatically explored from
various aspects [19]-[24]. In [19]-[22], a three-phase MC
was presented as a single-stage grid-tied dc-ac bidirectional
converter for BSS with LFT. Although this system ensures
sinusoidal grid current with a UPF, the galvanic isolation is
employed at the grid side with a conventional three-phase
LFT. Moreover, an isolated ac-ac-dc converter considering
unidirectional power flow was presented in [23]. Also,
bidirectional power flow of the ac-ac-dc converter consid-
ering dc load voltage regulation and sinusoidal three-phase
grid current was presented in [24]. However, all switches of
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(b) Reduced MC based ac-dc with HF link converter

FIGURE 1. The schematic diagram for ac-dc with HF link converters.

HBC in these topologies at the dc side were represented by
common- collector bidirectional switches.

Alternatively, the HFT based configurations of Fig. 1 have
been extensively explored in the literature for various appli-
cations, such as BSS [12]-[16] and wind energy conversion
systems (WECS) [17], [18], [18], [25], [26].

More advantages of utilizing both architectures for WECS
are raised; the galvanic isolation provided by the medium and
HFTs moves the insulation problem from the generator-side
to the transformer secondary-side, which leads to the use of
a passive rectifier for the ac—dc conversion [18]. Moreover,
it enables the dc series and ac parallel connection of the wind
farms to extensively reduce the system losses and costs and
increase the reliability [25], [26]. It is worth mentioning that
the combination of medium or HF-link with MC topology,
investigated in [17], [18] for offshore wind farms, increases
the system efficiency. In addition, it introduces a flexible
topology for this application, whereas it enables different
types of operation with a simpler structure compared with
conventional approaches. Moreover, advanced PWM tech-
niques for the same topology were proposed in [14], [16] for
accurate UPF.

The combination of reduced MC with HFT in the con-
verter topology was presented in [17] for offshore wind
farm application and considered in [14]-[16] for the grid-
connected systems. The same topology is used in this paper
for a BSS, in which the battery terminals replace the HVDC
transmission system terminals. Unfortunately, the presented
PWM switching techniques in [14], [15] result in grid cur-
rents problems, in which the three-phase grid currents have a
THD of more than 10%, which exceeds the IEEE standard’s
grid permissible limits. From the understanding gained, few
studies have focused on the grid current problems. A mod-
ified mathematical model of the MC to reduce grid current
harmonic components is proposed [16]. Another approach
has been shown in [27] to reduce the grid current harmonics
based on the space vector PWM technique. However, these
solutions are complex in implementation, and therefore the
related research work on the modulation and control tech-
niques of this topology for the grid-connected applications,
especially those used to integrate RES and BES systems, still
needs improvements. Moreover, different control schemes
are introduced to control the ac-dc converters operations and
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improve the active and reactive power flow are presented
in [28]-[30].

On the other hand, the soft-switching techniques represent
one of the main critical aspects that should be considered
for the HFT-based converters to reduce the size of the pas-
sive component and the switching losses [31]. It is mainly
classified into 1) passive, 2) active, and 3) natural soft-
switching techniques. The passive technique is considered
in [15] for the HFT-based grid-tie dc—ac converters by con-
necting shunt ceramic snubber capacitor across each active
switch. Although the snubber capacitors increase the system
efficiency in high power applications due to the high current
that can exchange stored energy between snubber capacitors
across the OFF-going and ON-coming switches during the
dead-time, it reduces the efficiency at low power applications
due to the circulating current between snubber capacitors and
switches [15]. The active soft switching incorporates addi-
tional switches, which are turned ON at a preset time before
turning ON the main switch [28]. However, this solution
increases the system size, cost, and complexity. In this paper,
a natural soft switching is performed for the HBC based on
the switching technique of both MC and HBC without using
additional components and depending only on the commuta-
tion charge of the parasitic switch capacitance and the time
of commutation current.

Given the many benefits of the strategy of Fig. 1(b) and
motivated by the technical challenges, this paper now aims
to introduce a new simple and more sophisticated modulation
and control technique to solve the problems mentioned above.
This PWM modulation technique’s key contribution is to
provide a simple approach to ensure a real power injection
at UPF to the grid from a dc battery in the proposed system.
Furthermore, it is also used to inject a sinusoidal current to
the MC output voltage, allowing bidirectional flow.

In summary, the merits of using the analyzed topology with
the proposed modulation and control technique can be listed
as follows:

1) The analyzed configuration provides galvanic isolation
by utilizing HF transformers (HFT).

2) The absence of the dc-link capacitor in the MC gives
the systems a longer lifespan, reduces the system
stages, and improves their dynamic characteristics.

Moreover, the novelty and key contributions that are carried
out from this paper can be written as follows:

1) A new mathematical model of the system with accu-
rate duty cycles of all matrix converter bidirectional
switches is proposed.

2) A new straightforward PWM switching technique is
proposed to achieve the maximum allowable VTR.

3) The proposed switching technique achieves natural soft
switching for the H-bridge circuit. It also obtains sinu-
soidal grid currents with UPF and low THD according
to the IEC-61000-standard.

4) Moreover, a simple control technique to regulate the
battery current is presented using one PI controller.
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Alongside the above merits, it can be mentioned that the
proposed system has the following features

1) a small footprint, low cost, and higher efficiency,
2) simple modulation and control techniques,

3) sinusoidal grid current with UPF, and

4) high efficiency (about 93% as in the case study).

These features make the proposed switching technique for
the system under study particularly valuable in integrating the
BSS with RES in the future power grid.

The rest of this paper is classified as follows: section II
introduces the proposed grid-connected dc-ac converter’s
operation. Then, the system configuration is modeled and
analyzed in section III. A new switching pattern for the MC
is introduced in section IV, including the duty cycle and
controllable range derivations. Section V presents the PWM
switching pattern of the HBC. The system control technique
is introduced in section VI. Finally, a laboratory prototype-
based 200V and 2kW has been carried out in section VII
to validate and verify the proposed system and its control
technique.

Il. THE GRID-CONNECTED ISOLATED DC-AC CONVERTER
The power circuit topology of the proposed dc-ac-ac grid-
connected converter is shown in Fig. 2. The converter consists
of two stages connected through an HFT. The first stage is
direct 3x 1 MC, while the second one is a conventional HBC.
The HBC has four switches Sj, to Sy,. Whereas the direct 3 x 1
MC has six four-quadrant switches S, to Sy. The MC is
used to perform the following operations: a) convert the stan-
dard three-phase grid voltage to an HF single-phase voltage
waveform, and b) ensure sinusoidal grid current waveform
with UPF. Whereas the HBC converts the dc voltage of the
battery to a high-frequency single-phase voltage waveform,
which should be synchronized with MC single-phase output.
Therefore, single-phase HFT with a unity turns ratio links
HBC and MC to accommodate both sides’ galvanic isolation.

The MC is connected to the grid through an ac-filter to
eliminate the grid current harmonics and ensure sinusoidal
current waveforms. Practically, near sinusoidal currents are
achieved with an acceptable THD level with a minimal effect
on the power factor, which can be compensated using the
control algorithm to obtain an accurate UPF at the grid side.
The detailed design procedure of the ac-filter was presented
in [16]. It is important to note that SIC-MOSFETs have been
used as the power switches for HBC and MC to provide high-
frequency switching at low power loss.

lll. MODELING OF THE ISOLATED AC-AC-DC CONVERTER
The effect of the ac-filter at the grid side of MC can be ignored
to simplify the analysis. Therefore, the grid phase voltages
(esu» sy, esy) and line voltages (es,y, €spw, €swy) are defined
as follows:

esu 3 cos (0)
e | = \/tE cos (6 — 27 /3) (1)
Csw 3 cos (9 + 271/3)
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FIGURE 2. The topology of the grid-connected DC-AC-AC converter.

Esuy €sy — Cgy cos (8 + /6)
eow | = | e —eqw | =~2E | cos (9 - 71/2) 2)
€swu Csw — Esy cos (9 + 7 /6)

where E is the line voltage effective value and 6 is the
displacement angle between the voltage and current of the
grid, which can be determined by the line angular frequency
o and an arbitrary angle ¢* as follows:

0 = wt + ¢* 3)
The reference three-phase current of the MC (i}, %, and i)
can be formulated as given in (4)
i cos (0 + ¢*)
it | =21 | cos (6 — 27 /3 + ¢*) )
i cos (6 + 27 /3 + ¢*)

where I* is the reference current magnitude of the grid.

Based on the power invariant concept and by considering
lossless MC, the reference current magnitude can be deter-
mined as follows:

Vil = eql, + epiy + ey iy, = V3EI* cos ¢* 5)
Therefore, the reference grid current is governed by
v1i]
V2 ge;ol{lcos Yo + eg cos Vg + e, cos V) ©)
V3E cos p*
where
Vo =0+ ¢*

195294-(/3*—27[/3
9y, =0 +¢*+21/3

The MC duty cycles, d,;—d,,; should be decided according
to the reference single-phase HF voltage and the reference
grid current. On the other hand, duty cycles of the HBC,
djp — di, should be decided according to the reference single-
phase HF voltage and the reference dc current.
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IV. PROPOSED SWITCHING PATTERNS OF THE MC

Fig. 3 shows the MC analytical model. In this model, the
three-phase grid voltages are represented by e, eg, and e,
according to their levels, which are the maximum, middle and
minimum, respectively. Therefore, e, > eg > e,. The same
definition can be applied to the grid currents iy, > ig > iy,.

The proposed switching pattern is designed based on
switching the positive input terminal with the maximum and
middle grid terminals «, 8, whereas the negative input ter-
minal is switched only with the middle and minimum grid
terminals 8, y. Fig. 4 shows the current direction and the
active switches during the positive and negative half cycles
of the MC input voltage vy. It can be observed that in the
positive half-cycle shown in Fig. 4(a), the positive terminal g
is switched only with the grid terminals « and S to realize pos-
itive average voltage during a control period of Ty, while the
negative terminal % is switched only with the grid terminals
B and y to realize negative average voltage during another
T;. In the negative half-cycle shown in Fig. 4(b), the negative
terminal g is switched only with the grid terminals 8 and y,
whereas the positive terminal % is switched only with the grid
terminals « and S.

Fig. 5 shows the proposed switching strategy, the grid
injected current waveforms and the high-frequency input
voltage of the MC. The suggested switching pattern is defined
during the period of 0 < 6 < m/3 when the input volt-
age ey, > ey > 0 > eg,. Therefore, the three-phase
voltages ey, ey, ey, are represented by ey, eg, e,,, Tespec-
tively. The switching pattern enables the current to flow in

P 2 S
- o oe
4 g g 4
€ M
S,o
(P . Y i1
€ p &
72 “ o ®
e\ ‘”o/
s €, S
€5y . o
, s,
Ve v & /ho/c ) h

FIGURE 3. The direct 3X MC Equivalent circuit.
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0 —>+— vy {0 —>

both directions. During their period of 27,, the high-
frequency single-phase voltage and current waveforms Vi, I
of the MC are in-phase.

A. DUTY CYCLES OF THE 3 x 1 MC

The constraints of all switches duty cycles for the MC can be
formulated as:

(N

dug + dvg + dwg =1
dun + dyp + dyn = 1

According to the PWM pattern shown in Fig. 5, the ref-
erence three-phase injected currents to the grid by the direct
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3x1 MC i}, iz, i;j can be formulated as follows:

iy = (dag — dan) i1
iy = (d,gg — dﬁh) i 8)
i, = (dyg — dyn)

The grid injected power pg can be formulated as follows.

Py = eqi}, + egify + ey i, = V/3EI* cos p* )

Assuming a lossless power conversion, the grid injected
power can be formulated as follows.

Py =iy (10)

Based on equations (9) and (10), the current I* can be formu-
lated as follows.
VTi 1

\/§E cos @*

During the positive half-cycle of the voltage of MC, vi >
0, the terminal g is switched only with the grid high current
phases « and B, while the terminal % is switched only with
the grid low current phases B and y. Therefore, the switches
Sy¢ and Sy, are off during this switching period T and their
duty cycles are zero. According to (8), all switches of the MC
can be controlled using the following duty cycles:

*

(1)

i i
dog ==, dgg=1-=5, dyg=0
i i
don =0, dgp=1+L, dy=-L
1 1

Furthermore, during the negative half-cycle, vi < 0, the
switching pattern is reversed. The terminal g is switched only
with the low current grid phases 8 and y, while the terminal
h is switched only with the high current grid phases « and .
The switches Sy and S, are off during this switching period
T, and their duty cycles are zero. Therefore, the duty cycles
of all MC switches, in this case, can be formulated as follows:

i* i

dﬁg:l___y, dyg:.l

i i
" " 13)

dop = — 2, dﬁh=l+l.£, dyn =0
i i

dag = O,

B. RANGE OF CONTROL

In general, the 3x 1 MC duty cycles should be within limits
{0-1} to avoid the overmodulation operating region. There-
fore, VTR’s constraints and the reference power factor angle
must be determined according to the duty cycle limits. The
controllable limits are the same in the case of vi > Oandv; <
0. Considering the time of 0 < 6 < /3, the controllable
limit can be determined based on the duty cycles i’ /I1(=
dug), —i”)j/ll(: dy ) shown in (12) and (13), as follows;

0 < ﬁ _ \/Evl*cos(@—i—(p*) <1
- I V3E cosg* -
I J2V* N (14)
O<l—y=— 2Vicos (0 + ¢ +27r/3)<1
I V3E cosp* N
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1) CONTROLLABLE RANGES OF POWER FACTOR ANGLE
According to (14), a positive duty cycle can be achieved based
on the power factor reference angle ¢*. Furthermore, the grid
phase angle 0, as follows.

cos (0 + ¢*) -0

cosp*
cos (0 + ¢* +2m/3) =0 (15)

cosp*

Thus, the ranges of controlling the input current phase angle
are obtained from (15) can be governed by (16) as follows:

b4 T
—gffﬂ Eg
S I (16)
— ¢ = —
6 6

2) CONTROLLABLE RANGES OF THE OUTPUT
VOLTAGE MAGNITUDE

According to (16), the relation between the input and grid
voltages of the matrix converter can be formulated as follows;
2 * *
\/_Vl cos (6 + ¢*) <1

V/3E cos ¢* - a7
V2V cos (6 + ¢* + 27/3) -

V3E cos ¢* -

Therefore, the controllable ranges of the MC voltage are
obtained from (19) as follows:

—x/E/ZEcoscp*SkaSx/g/ZECOSw* (18)

V. SWITCHING PATTERN OF THE HBC

Fig. 6 shows the analytical model of the HBC. It converts
the battery dc voltage and current to a high-frequency signal
transferred to the MC through the HFT. Since the HFT turns
ratio is one, the input and output voltages Vi, V; are ideally
the identical waveforms. Therefore, the switching pattern
depends mainly on the output voltage of the HBC, V.

Fig. 7 shows the switching signals and input and output
voltages waveforms, V,,, V1 of the HBC. As can be observed,
the PWM switching pattern of the HBC has been divided into
four operation modes: M 1 to M 4. The equivalent circuits and
the current directions of the HBC during the modes are shown
in Fig. 8. It is clear to see that the current direction of the
battery side is the same, whereas the current direction of the
HF-side is alternative according to the voltage waveform V5.

VI. NATURAL SOFT-SWITCHING TECHNIQUE

In this paper, the operation of the H-bridge circuit provides
natural soft-switching without using any additional compo-
nents, as can be observed from Fig. 6. In the case of battery
charging, the power flow from the MC side (primary side)
to the HBC side (secondary side). Therefore, the current is
flowing in the body diode of the upper and lower switches of
the H-bridge. In the battery discharging case, the switching
actions of the HBC have been realized according to the
switching pattern shown in Fig. (7), in which four modes of
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operations exist (M1-M4). As can be observed, the switching
actions of the OFF-going switches of the HBC (Sk, & Sj) at
the end of Mode-1 and (Sj,& Si,) at the end of Mode-3 are
done before switching action of the MC enabling zero-voltage
switching (ZVS). Also, switching actions of the ON-coming
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(II) Current transition from minimum phase voltage (phase w) to middle one (phase v)
FIGURE 10. Four-step commutation of matrix converter switches at the terminal (h).

switches of the HBC (Sk, & Sj,) at the end of Mode-2 and On the other hand, four-step commutation has been con-
(Sjp & Skn) at the end of Mode-4 are done after switching sidered for smooth current transition between MC bidirec-
action of the matrix converter enabling ZVS. tional switches. Fig. 9 shows the current transition between
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bidirectional switches of middle and maximum phase volt-
age levels connecting terminal (g) with the three-phase grid
side. On the other hand, Fig. 10 shows the current transi-
tion between bidirectional switches of middle and minimum
phase voltage levels connecting terminal (h) with the three-
phase grid side.

VIl. PWM SWITCHING TECHNIQUE OF H-BRIDGE AND

MATRIX CONVERTER
Fig. 11 shows the PWM switching technique of the H-bridge

and matrix converter. All switching signals of matrix
converter bidirectional switches are generated from the com-
parison between triangle carrier waveform and three modula-
tion signals (Cpg, Cip, and Cy,c), calculated based on the duty
cycle of the matrix converter in (12) and (13) for the positive
and negative half-cycles, respectively. Modulation signals of
the matrix converter can be formulated as follows:

d% lf dﬁg = dﬁh
Cmc = d

P if dgy > dpy

) g B (19)
Ciup = Cipe + docg
Cina =1—Cic

On the other hand, all switching signals of HBC switches
are generated from the comparison between triangle carrier

-~ I — i s ————p

g s a | B B ¥ | B
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B
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FIGURE 11. PWM switching technique of H-bridge and matrix converter.
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waveform and two modulation signals (Cy, and Cg;), which
are the same as modulation signals (Cy,, and C,) with a
small offset to realize a one-microsecond dead-time (7o)
between switching actions of HBC and matrix converter,
hence confirming ZVS of all HBC switches. Modulation
signals of HBC can be formulated as follows:

T,
Csh = Cma + ;}m
T.S (20)
Cl — C _ com
S mc Ts

A simple logic circuit, shown in Fig. 12, is used to generate
gate signals of bidirectional switches connecting three-phase
grid voltage terminals with matrix converter output upper
terminal (g). Also, Fig. 13 shows a simple logic circuit used
to generate gate signals of all HBC switches. The generated
output signal (Sp) of the logic circuit shown in Fig. 13 is used
to derive switches (S, and S;,), whereas output signal (S1) is
used to derive switches (Sj, and Sy,).

Vill. PROPOSED CONTROL TECHNIQUE

Fig. 14 shows the block diagram of the proposed controller
of the isolated grid-connected dc-ac-ac converter. In this
technique, the actual dc-current is regulated to follow the

Cmb }

Cmc—
0>

mb—9¢
L S/Jé’

1 } > Sre
Cm(' m 0—D_

Cks | %

FIGURE 12. Logic circuit for generating MC gating pulses.
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sh } .
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Ca } :D— S1

-
@

Cis |{>°

FIGURE 13. Logic circuit for generating HBC gating pulses.
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Duty
Cyecles

FIGURE 14. Control block diagram of the DC-AC-AC converter.

reference value via the PI-controller, as shown in Fig. 14.
The output of the PI controller is considered as the ref-
erence of input voltage of the HBC, V. The transformer
output voltage, V| can be obtained by considering its turns
ratio, as shown in Fig. 14. The MC switching duties can
be obtained according to the reference grid currents for the
positive and negative half-cycles of the HF voltage waveform,
respectively.

IX. EXPERIMENTAL RESULTS

Fig. 15 shows the proposed grid-connected isolated dc-ac-ac
converter configuration. The experimental system parameters
are listed in Table 1, while Fig. 16 shows the photographs
of the converter prototype. In this system, the battery stored
energy can be injected into the grid through a conventional
H-bridge and the MC linked by a single-phase HFT. The
conventional LC filter is used on the grid side to suppress
the grid injected AC current’s high-frequency components.
The HFT has a 1:1 turn ratio. The experimental results are
carried out based on the reference dc-current of 8 A and 4 A,
enabling power flow of 1.6 kW and 0.8 kW, respectively,
from the battery dc-side to the grid ac-side. Fig. 17 and
Fig. 18 show the experimental results in the case of reference
dc-current of 8 A and 4 A, respectively.

douly i L pL"h

VL
Cr
413,,:|— | Manix ol H-Bridge VA__

converter | V7 V2 converter Vo CC

isw |iw h p
Gale Sl"ll’lls
Voltage
detector

'ﬁ‘ Curr em Voltage
VI_O’HHO—&II detector detector

FIGURE 15. System configuration.

TABLE 1. Experimental System Parameters.

Parameter Value

Source voltage, E, and w 200 V and 377 rad/s
Battery DC voltage, V. 200V
DC current reference, I, 8Aand4 A
Inductance, L and Capacitance, C 4 mH and 1500 pF
Input filter, Ly and C¢ 1.2 mH and 8.2 pF
Carrier frequency, f; 20 kHz
The ratio of HF transformer, N1: N2 1:1
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(b) Back-side

(a) Front side

® Expert-11I controller, @ Current measurements, ® High-frequency transformer,
@ Matrix converter, ® H-bridge converter, ® Gate driver of matrix converter,
@ Gate driver of H-bridge converter, ® DC side filter, @ Grid side filter, and
DC supply.

FIGURE 16. Photograph of Experimental Prototype.
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FIGURE 17. Experimental results in the case of 1.6kW power flow.

The battery dc voltage V., battery dc-current, Iy,
H-bridge input voltage V,, transformer input and output
currents i1; i», three-phase grid voltages vy, Vs, Vs and
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TABLE 2. Comparisons with Other Systems.

References [14], [15]

Proposed

Control

Approach | s inductor at HFT sides.

The power flow is controlled by adjusting the phase shift angle
between primary and secondary voltages of HFT using an additional

The power flow is controlled by adjusting the switching patterns and
duty cycles of both matrix converter and HBC, hence no need for
series inductors on the HFT side.

Control
Objectives

Controlling the phase shift angle between primary and secondary
voltages of the single-phase HFT.

Controlling the input DC current.

Injecting sinusoidal currents to the grid at unity power factor.

e Controlling the power flow by adopting switching patterns and

duty cycles of both converter stages.
Controlling the input DC current.
Injecting sinusoidal currents to the grid at unity power factor.

Merits

Natural soft switching of HBC due to the lagging continuous
current of HFT.
High efficiency due to the Continuous current in HFT.

Natural soft-switching of HBC due to dead-time between
switching of HBC and matrix converter

A simple control algorithm reduces execution time in the DSP
system.

No additional series inductors at HFT sides reduces system
footprint and cost.

Accurate duty cycles of matrix converter due to independence on
system parameters

Low THD of the grid current

Demerits

Additional series inductors at HFT sides increase system footprint
and cost.

Phase shift angle between primary and secondary voltages of HFT
depends mainly on the additional series inductors that may vary
due to temperature or operating conditions resulting in inaccurate
power flow control.

Modulation of the HFT current as a square waveform to simplify
duty cycles calculations increases errors of the matrix converter

The discontinuous current of the HFT slightly reduces system
efficiency.

duty cycles resulting in high THD at the grid current.

250
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Battery voltage
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FIGURE 18. Experimental results in the case of 0.8kW power flow.

three-phase grid injected currents iy, isy, is,y are shown in
Figs. 17 and 18. Both figures clearly show that the battery

VOLUME 9, 2021

dc-current matches the reference values of 8 A in Fig. 17 and
4 A in Fig. 18. For a better presentation, zoomed waveforms
of these results are shown in Fig. 19. Also, it can be observed
that the grid injected current is a three-phase sinusoidal wave-
form with a unity power factor. However, the LC filter at the
grid side slightly shifted the injected current from the grid
voltage due to the capacitor leading current.

Fig. 20 shows the FFT harmonic spectrum of the grid
injected currents waveform compared to the European IEC
61000-standard of the grid-tied converters in the range of
10 kW. Some distortions in the grid currents are observed
from the experimental results of Figs. 17 and 18. However,
their effects on the FFT spectrum are not significant, and the
low-order harmonic components of the grid injected current is
less than the permissible limits of the IEC standard, as shown
in the FFT spectrum of Fig. 20. These distortions are owed to
the proposed control and PWM switching techniques. There-
fore, it was confirming the validity of the system for grid-tied
applications. Moreover, Fig. 21 shows the efficiency profile
of the system.

A similar topology of the proposed system was pre-
sented in [14], [15]. However, in [14], [15], the power
flow was controlled by adjusting the phase shift angle
between primary and secondary voltages of HFT. There-
fore, the HFT leakage inductance was increased by adding
extra series inductors at the primary and secondary sides
leading to lagging continuous current flow in the HFT,
hence natural soft-switching of all HBC switches. Also, the
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continuous current flow in HFT increased system efficiency.
However, the mathematical model presented in [14], [15]
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FIGURE 21. Efficiency profile of the system.

used a square-wave approximation of the HFT current that
increases THD at the grid current. Also, the additional
series inductors at HFT sides increase system footprint and
cost.

On the other hand, the proposed topology in this paper
does not utilize any additional inductors that increase power
density and reduce cost. Also, the control technique is inde-
pendent of the system parameters. Therefore, power flow is
controlled by adopting switching patterns at both stages of
the converter based on the calculated duty cycles, which in
turn provides MC with accurate duty cycles, hence injecting
sinusoidal current to the grid with lower THD. However,
the discontinuous current in HFT slightly reduces system
efficiency. Table 2 shows the comparison between the two
systems.

X. CONCLUSION

This paper has presented a new and straightforward PWM
switching technique for the isolated grid-connected three-
phase dc-ac converter along with its mathematical modeling.
The dc-ac converter has been designed to connect dc-battery
to the utility grid through an HBC and a matrix converter
linked by a single-phase high-frequency transformer (HFT).
The HFT provides galvanic isolation between the battery and
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grid sides. A simple modulation and control technique of the
analyzed converter is proposed in this paper. Based on the
proposed technique, the maximum voltage transfer ratio of
the converter can be achieved, and a full battery dc-current
control is also provided. An experimental test rig is developed
to justify the proposed technique. Near sinusoidal injected
grid current waveforms with acceptable low-order harmonic
components, which are less than the permissible limits of
the IEC standard, are obtained experimentally with a unity
power factor. It is worth noting that the analyzed system with
the proposed modulation and control technique has a small
footprint, low cost, and high efficiency (about 93% as in
the case study). These features make this system particularly
valuable in integrating the BES with RES in the future power
grid.
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