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An Interlinking Converter for Renewable Energy
Integration into Hybrid Grids

Zhongting Tang, Student Member, IEEE, Yongheng Yang, Senior Member, IEEE,
and Frede Blaabjerg, Fellow, IEEE

Abstract—This letter proposes an interlinking converter archi-
tecture, which enables flexibly integrating renewable energy into
hybrid grids. The proposed converter has one AC port and two
DC ports, offering a flexible solution to integrating various DC
and AC sources, which can also be versatilely configured as a
DC-DC converter, a DC-AC inverter, or a DC-DC/AC multiport
converter. The general concept of the architecture, its common-
mode voltage analysis and flexible operation modes are detailed
in this letter. Experimental tests are performed on an example
converter with a dedicated modulation strategy. The test results
confirm the concept in terms of flexible conversion, high power
density, low leakage currents as well as controllable power flow.

Index Terms—Hybrid DC/AC grid, power converters, renew-
able energy integration, flexibility, leakage currents

I. INTRODUCTION

ENEWABLE energy sources (RESs) like wind, photo-

voltaics (PV), and fuel cells are of uncertainty. The high
penetration of RESs may challenge the entire power system.
At present, the mixture of AC and DC grids is still the main
concept to achieve a flexible, secure and reliable power supply
and to accommodate more RES systems [1]. In this way,
many DC generation RESs may be consumed flexibly by local
loads, increasing the energy conversion efficiency and self-
consumption [2], [3]. Such a hybrid grid architecture is also
in alignment with the intelligent power conversion and the
near-zero-energy building initiatives [4], [5].

In the prior-art research, the focus has been put on the
power management and control of hybrid AC/DC grids. For
instance, in [6], an overview of hybrid microgrids was pre-
sented in terms of system structures, operation modes, power
management and control. The hybrid microgrid is becoming
much attractive due to the increase of modern DC loads and
RESs with energy storage being integrated into the system.
In such applications, the interlinking converter is critical
(e.g., reliability, manageability, and stability), which enables
integrating various energy sources into the grid. To ensure the
operation, power-sharing approaches were also developed for
interlinking converters under various scenarios [6]. However,
attempts to develop interlinking converters have not been
intensively made in the literature, which yet can be a promising
means to enhance the operation of such hybrid energy systems.

Clearly, the interlinking converter should have multiple
connections (e.g., DC ports and AC ports). There are two
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ways to achieve so: using separated standard DC-DC and
DC-AC converters to form a multistage conversion system [6]
and developing stand-alone multiport configurations [7]-[13].
Compared to the former solution, standalone hybrid topologies
bring more benefits (e.g., increased reliability, higher power
density, and lower system cost due to the reduced number
of conversion stages), and they possess more flexibility. For
instance, the split-source inverters were introduced in [9] and
[10] to enhance the compactness, efficiency, flexible power
flow and voltage-boosting, while the leakage current issue
was not considered. This is a troublesome challenge when
applied in PV systems. To lower leakage currents, transformer-
less stand-alone converters [12], [13] can be employed, yet
lacking bidirectional power flow capability. Additionally, due
to adopting of a dual-buck inverter, large AC filter inductors
are required, leading to a relatively low power density that
contradicts with the benefits of standalone hybrid converters
[12]. In all, the state-of-the-art converters have limitations
when being used as an interlinking conversion stage in hybrid
AC/DC grids.

In light of the above, this letter proposes an interlinking
conversion architecture as a promising candidate for RES
integration into hybrid grids. It has superior performance in
terms of high reliability, easy implementation, and flexible
operation. The proposed architecture is attained by replac-
ing the power device of the boost converter with an active
switch and a voltage source inverter (VSI), as detailed in
Section II, where the pros and cons of the proposed converter
are also discussed. In addition, it employs a symmetrical
impedance network that is beneficial to system efficiency,
leakage current suppression and power density. A dedicated
modulation scheme is exemplified, which can further improve
the power quality and flexible control [14], while maintaining
efficiency. Experimental tests in Section III have demonstrated
the efficacy of the proposed interlinking converter. Finally,
concluding remarks are provided in Section IV.

II. PROPOSED INTERLINKING CONVERTER
A. General Concept

The general concept of the proposed interlinking converter
architecture for hybrid grids is shown in Fig. 1. As seen in
Fig. 1, the converter has two DC ports and one AC port, where
the low-voltage DC (DCp) side can be PV panels, batteries
or other RESs, and the high-voltage DC (DCy) side can be
connected to a DC grid or loads (also storages). Similarly,
the AC side can be an AC load or an AC grid. Notably, all
the power conversions in the proposed architecture should be
bidirectional for high flexibility. To realize so, the following
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Fig. 1. General concept of the proposed interlinking converter architecture,
where S represents an active switch, allowing the bidirectional power flow.

should be considered: 1) The control switch of the boost
converter is replaced by a VSI with its common-mode voltage
(CMV) being clamped to achieve the AC output; 2) An active
switch, i.e., a synchronous rectifier switch, is adopted for the
bidirectional DC-DC conversion, and accordingly, the hybrid
converter can achieve boost or buck conversion between the
DCL and the DCy sides; 3) A symmetrical impedance network
(SIN) is placed at the DCy, side, as exemplified in Fig. 1, which
is also essential to lower the leakage currents.

In such an architecture, the CMV will be clamped to be half
of the DCL, voltage by the symmetrically arranged impedance
and the VSI. To demonstrate the CMV clamping, the proposed
interlinking converter architecture with a single-phase inverter
is exemplified as shown in Fig. 2. As observed in Fig. 2, there
are two modes, i.e., the charging and discharging states of the
SIN, which are defined as follows:

(1) During the charging period, the VSI operates in shoot-
though (ST) mode and the active switch .S is OFF, as depicted
in Fig. 2(a). Accordingly, the terminal voltages are van =
vpn = VL/2, and the CMV v,y [12] is calculated as

v = 2oy W (1)
2 2

(2) As presented in Fig. 2(b), the SIN is discharging, the VSI
operates in the DC-AC conversion mode, and .S is in ON-state.
Due to the CMV (denoted as v.mvsy) being already clamped by
the adopted VSI vemyst = (var +vpt)/2 = Vii/2. Considering
the terminal voltage van = var—Vz, vsN = vpr—Vz, the
resultant CMV of the proposed converter can be obtained as

e — UAN 1 UBN _ (var — Vzo) + (vgr — V)
_ Va — (Vo + V) _ E
2 2

where V7, and V7, are the SIN voltages, i.e., Vz = V.

It can be observed from Eqgs. (1) and (2) that the proposed
interlinking conversion architecture can maintain a constant
CMYV due to the employment of the SIN and the VSI with
its CMV being clamped. Thus, the proposed interlinking
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Fig. 2. Operational states of the proposed interlinking converter architecture
with a single-phase inverter: (a) charging state and (b) discharging state, where
Z) and Z; are the equivalent impedances of the SIN (Z; = Z,), P and N are
the positive and negative terminals of the DCy, side, S and T are the positive
and negative input terminals of the VSI, A and B are the output terminals of
the VSI, V1, Vi1 and wac are the DCL, voltage, the DCy voltage and the AC
voltage, Cpyg and ijeqk are the PV parasitic capacitor and the leakage current.

converter is suitable for PV applications. It is worth noting that
the leakage current suppression can only be achieved at the
DC_ side. Additional isolation equipment can be considered
at the DCy side according to application requirements (e.g.,
in a DC grid).

B. Operational Flexibility

As shown in Fig. 1, the adoption of the synchronous rectifier
switch enables the bidirectional power flow between the DC
ports. Furthermore, the VSI can also achieve reactive power in-
jection with a dedicated modulation method, where the power
factor can be adjusted between [-1, 1]. In all, the proposed
hybrid converter has high flexibility and controllability for
RES integration into hybrid grids. As shown in Fig. 3, the
flexibility is reflected by the possible operation modes, which
include: the power feed-in mode (Mode I), the power feed-
back mode (Mode II), and the power factor mode (Mode III):

(1) In Mode I, the DCy, side is a source (e.g., PV panels) to
provide power to the DCy side, the AC side or both. In this
case, the converter achieves the boost DC-DC conversion and
DC-AC conversion from the DCy, side to the DCy and the AC
sides, respectively. Additionally, in this mode, both the DCp,
and the DCy/AC sides can feed power into the AC/DCy side.

(2) In Mode 1II, there are three operation cases. Firstly, the
power from the AC side is fed back to the DCp, and DCy
sides (i.e., the two DC ports are loads), where the converter
operates in the active rectification for the DCy side and the
buck DC-DC conversion for the DC;. side from the AC side.
Secondly, the power feed-back mode is the case where only the
DCy. side is working as a load (e.g., charging batteries). That
is, both the DCy and AC sides are providing power. Thirdly,
both the DCy, and the AC sides are acting as loads, where the
DCy side should perform the buck DC-DC and the DC-AC
conversions, respectively.

(3) In Mode III, whatever power flow modes between the
DC_ and DCy sides are, the power factor at the AC side should
be controlled flexibly to enable grid-connected applications.
The proposed converter architecture can achieve so when the
modulation method for the DC-AC conversion has reactive
power injection capability, as indicated in Fig. 3.

When applied in a hybrid AC/DC grid (i.e., the AC and DCy
ports are connected to grids), the overall system operation can
be enhanced to a large extent. For instance, when the AC grid
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Fig. 3. Possible operation modes of the proposed interlinking conversion
architecture, where Pac and Qac represent the corresponding active power
and reactive power at the AC port.
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requires support (e.g., to tackle the frequency stability), the
active power from the input DCy side can be regulated, while
the DCy grid can also provide support by feeding power to the
AC port. Similarly, if the DC side has stability issues under
faults (e.g., under voltage issues), the AC grid can be operated
in the rectification mode to help the DC grid withstand the
fault. In all, the proposed power conversion architecture can
be a flexible and promising solution to the integrating of RESs
into hybrid AC/DC grids.

C. Topology and Modulation Example

A modulation strategy for the proposed architecture is fur-
ther demonstrated on an exemplified converter using a highly
efficient and reliable inverter concept (HERIC) inverter [15] as
the VSI and a symmetrical inductor network as the SIN, which
is shown in Fig. 4. Fig. 5 shows the modulation method for
this converter. As observed in Fig. 5, this modulation scheme
compares a triangular carrier my; with 1—d and |mac|, where
mac is the DC-AC modulation signal. The modulation scheme
is illustrated in detail as follows:

(1) When my; € [1 —d, 1], the converter operates in the ST
mode, and Si¢ are in ON-state and Ssg is OFF. Moreover,
the AC conversion is in zero-voltage state during this period.
The CMV is clamped as half of the DCy, voltage V1, by the
DC inductors Lg.; and Lgey, as discussed in Section II.A.

(2) During the period of my; € [0,1 — d), the synchronous
rectifier switch Ssg is ON, and the HERIC adopts an improved
modulation method in [14] to achieve a constant CMV (i.e.,
being half of V{). In this case, Sj¢ operate following a
sinusoidal pulse width modulation (PWM) scheme (i.e., by
comparing my; with [mac|), as shown in Fig. 5.

Since the proposed interlinking conversion architecture has
no ST protection, deadtime should be added between the
switching mode transitions. The deadtime insertion is the same
as that in [14]. Nevertheless, according to the above, the DC
gain can be obtained as

Wi ®
3 _
Since the DC-DC and DC-AC conversions should be com-
pleted in one switching cycle, to avoid distortions, the follow-
ings should hold:

d+mac <1 4)

Accordingly, the maximum modulation signal macmax = 1—d,
i.e., the peak AC output voltage must satisfy:
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Fig. 4. An example of the proposed interlinking conversion architecture
using a symmetrical boost inductor network and an HERIC, where Ssgr is
the synchronous rectifier switch, the boost inductors are Lgci, Lgco, (i-e.,
Lgc1 = Lge2), Cr and Cy are the DC capacitors, ig4c, ¢sT and igg are the DC
inductor current, the VSI input current and the synchronous rectifier switch
current, iac is the current of the L-type filter (i.e., including L, and Ly,
Ly = Lac), and its positive direction is from the VSI to the AC grid.
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Fig. 5. A modulation scheme for the proposed converter in Fig. 4, where
my; is the carrier, d is the ST interval and mac is the modulation signal of
the HERIC [15].

(1-dWn
(1-d)
where Vacpeak 15 the peak of vac. Referring to Egs. (3) and (5),
the DC-DC and the DC-AC gains of the exemplified multiport
converter in Fig. 4 are the same as the conventional boost

converter and the single-phase HERIC inverter, respectively.

Vacpeak = Macmax Vi = =W @)

D. Discussions

Although the proposed architecture has high flexibility, there
are certain concerns in terms of conversion ratio, control and
efficiency. Those can be further explored as future work to
improve the performance of hybrid converters for integrating
various renewable sources. When designing the system, those
aspects should also be considered:

(1) Conversion Ratio. As shown in Egs. (3) and (5), the
conversion ratios are limited. To solve this issue, a symmetrical
high-boosting impedance network [16], switched-inductor [17]
or others can be adopted.

(2) System Control. Notably, the control of the proposed
converter varies in applications. The currents are the control
objectives when the ports connected to energy sources, while
the voltages are controlled when the ports supplying loads. For
instance, the proposed converter operates in Mode I, where
the DC;, side is the source, the DCy side is the load and
the AC side is a grid. In this case, a proportional-integral
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TABLE I

SYSTEM PARAMETERS OF THE POWER CONVERTER IN FIG. 4
Symbol Parameters Values
VL DCy, voltage 180 V
Vu DCy voltage 260 V
Vac AC grid voltage (RMS) 110 V/50 Hz
CL, Cu DC capacitors 2000 uF
Lgc1> Lgex  DC inductors 0.3 mH
Lact, Lac L-type inductors 0.75 mH
fsw Switching frequency 20 kHz
Cpve PV parasitic capacitor 200 nF

(PD) controller can be adopted as the voltage control-loop
for the DC-DC conversion, and a proportional-resonant (PR)
controller can be used for the DC-AC conversion, respectively.
In addition, due to the power coupling between the DC
and AC sides, both DC ports have pulsating ripples. This is
also common in conventional single-phase VSI systems, the
strategies for which to mitigate the ripples may also be applied
to the proposed converter. Moreover, the MPPT control of the
proposed converter can be achieved flexibly, i.e., obtained in
the DC-DC conversion, the DC-AC conversion or both.

(3) Efficiency. Comparing with the conventional two-stage
system (a boost converter with an HERIC inverter), the power
losses of the proposed converter are lower. Firstly, according
to the modulation scheme in Fig. 5, all the full-bridge switches
are used as a boost switch during the ST period, leading
to lower switching losses of Sj4 (i.e., the turn-ON losses
of Si4 are eliminated in the DC-AC conversion) and lower
conduction losses of Ssg (i.e., the power diode in the two-
stage inverter). Therefore, the efficiency can become higher
than the conventional two-stage inverter [14].

(4) Power Density. The proposed interlinking converter can
improve the power density due to: 1) fewer power devices to
obtain multiple outputs when compared to the conventional
two-stage inverter; 2) smaller AC filter inductors compared
to the transformerless hybrid converter with the dual-buck
inverter as the VSI [12]; 3) symmetrically distributed boost
inductors, resulting in lower leakage currents (thus, good
power quality); 4) higher efficiency leading to a smaller
heatsink, as mentioned in the above. In all, it is confirmed
that the proposed converter has superior performances than
the conventional two-stage solution.

III. EXPERIMENTAL RESULTS

Experimental tests are performed on a prototype, referring
to Fig. 4. The power switches Si¢ are from Infineon and
the MOSFET Sgg is from Fairchild. Operation schemes and
modulation algorithms are implemented in a fixed-point digital
signal processor (DSP) from TI. A commercial DC source
is adopted at the DCy side. The DCy side is supplying an
ET5420 electronic load, and the AC side is connected to an
AC grid. System parameters are listed in Table I. Referring to
Fig. 3, Mode I and Mode III are tested.

The performance of the proposed converter in Mode I is
shown in Fig. 6, where the DCp side provides power to
the DCy side and the AC output. As shown in Fig. 6, the
proposed architecture can provide an AC and DC outputs
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Fig. 6. Performance of the proposed interlinking converter with an HERIC
as the VSI operating in Mode I (time: 10 ms/div).
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Fig. 7. Performance of the proposed converter, where van and vpn are the
voltage of the terminals A and B to N in Fig. 4, respectively, and vem and
1eak are the CMV and the leakage current (time: 10 ms/div).

[ek Prevu [ T 1 1
V. (100 V/div)
wWa YR NN 7
B\ v \v\//\ /\ /‘ //\ /\1 \/’j \ / \\ j’*
N/ N / iAc (10 A/mv) \ \\/, :u,’
4 1
VoY step ch@nge 1\,' V y ./ step'¢hange.2

500kS/s
100k points

[

5 Jul zozo]

@ 00V & 20.0ms \
1004 % @ 1 60 A 17:28:50

Fig. 8. Performance of the proposed interlinking converter under load step
changes at the AC side in Mode I (time: 20 ms/div).

~

simultaneously. In addition, as mentioned in Section II.D, both
DC voltages have ripples in Fig. 6 due to the power coupling
and also the characteristics of the commercial DC source (i.e.,
having an internal resistance and a large output capacitor). The
power decoupling strategies for the conventional VSI may also
be applied to alleviate this.

Fig. 7 demonstrates the CMV and leakage currents of the
proposed converter for PV applications. As shown in Fig. 7,
the leakage current 7,k is below the limit (i.e., the VDE 0126)
[12]. Additionally, it is illustrated by the inverter voltage van
and vy in Fig. 7 that the adopted modulation method can
achieve the same performance as the HERIC with the unipolar
PWM. Thus, the proposed converter can maintain low leakage
currents and good power quality.

Moreover, the dynamic performance of the converter in
Mode I has been tested under an AC load change. As shown
in Fig. 8, the grid current amplitude (RMS) was changed to
2.5 A and then back to 5 A. The experimental results indicate
that the proposed converter can operate stably under dynamic
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load changes. More importantly, due to the separated control
of the DC-DC and DC-AC conversions, the current quality is
not affected by the load changes.

To further validate the performance of the proposed con-
verter, experimental tests in Mode III are carried out and the
results are shown in Fig. 9, where the DC-AC conversion
operates under a non-unity power factor. Observations in
Fig. 9 indicate that the proposed converter can provide flexible
reactive power injection, which may be beneficial to the entire
system operation (e.g., to provide grid support).

Fig. 10 presents the efficiency comparison between the
traditional two-stage inverter (i.e., a boost converter and an
HERIC) and the proposed converter in Fig. 4, where different
AC and DC power ratios (i.e, Pac : Ppc) are considered
with the total power being 1.4 kW, and the two-stage inverter
supplies a DC load at the DC-link. The conversion efficiencies,
which consider the losses of the power devices and the filters,
are calculated by measuring the voltages and currents of the
three ports. Although the efficiency is not optimal under this
power level, the results in Fig. 10 indicate that the proposed
converter has a higher efficiency than the traditional two-
stage inverter. Furthermore, as shown in Fig. 10, the efficiency
benefit of the proposed converter will become significant when
AC output power is higher (i.e., larger Pac : Ppc), which is
in agreement with the discussion in Section II.D.

In all, the above results have verified that the proposed
converter can achieve flexible operation. With the dedicated
modulation scheme, the proposed interlinking converter can
obtain good power quality and high efficiency. Besides, when
the DCy, side employs PV panels, it can achieve low leakage
currents. Thus, the proposed interlinking conversion architec-

ture provides a flexible, secure and reliable solution for future
hybrid AC/DC grids with the integration of various RESs.

IV. CONCLUSION

In this letter, an interlinking conversion architecture was
proposed as a promising solution to the integration of various
energy sources into hybrid grids. The proposed architecture
is implemented by replacing the power devices in the boost
converter with a VSI and an active switch. The proposed
interlinking conversion architecture can achieve low leakage
currents, good power quality, high efficiency, and flexible
power flow control. Experimental results have verified the
performance of the proposed architecture. As the demand of
hybrid energy systems is increasing, the flexible power con-
version architecture could be a promising interlinking stage.
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