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Abstract—In the past ten years, because of less power transferred
loss, the partial power processing (PPP) converter systems are ex-
tensively studied for embedding the renewable energy source (RES)
into the strong grid system. Moreover, by combining the energy
storage system (ESS), the RES can provide the required power for
the consumer stably, but the RES is usually connected to the dc
bus through dc—dc converter system without PPP characteristic.
Therefore, in this article, a novel PPP structure, which can embed
the RES and the ESS, is proposed for the islanded dc microgrid
with robust dc-link voltage. Notably, this structure can deal with the
small difference among different RES units as well as the difference
between the total output power of RESs and the required power of
consumer. Besides, in the proposed PPP structure, the RES should
feature the limited range of voltage regulation such as photovoltaic
(PV) and fuel cell. Then, the control requirement of the RES and
the robust dc-link voltage can both be achieved. In addition, based
on the dual-active-bridge (DAB) dc—dc converter, a DAB-based
PPP converter system is proposed for verifying the effectiveness
of the proposed PPP structure. Then, a high-robustness control
scheme is proposed for maintaining the total dc-link voltage when
the working condition of the RES, the output voltage of the ESS, and
the power requirement of the consumer are changed. Furthermore,
when output power of one RES unit is limited, the corresponding
operation is also proposed. Finally, by using PV panel as an exam-
ple, simulation results and experiment results are provided to verify
the effectiveness of the proposed PPP structure and the proposed
methods.

Index Terms—Islanded dc microgrid, partial power processing
converter system, robustness dc-link voltage.
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1. INTRODUCTION

ITH the appeal of carbon neutrality, the development
W of the renewable energy source (RES) has steadily in-
creased over recent years [1]. Among the renewable energy
sources such as photovoltaics (PV) and fuel cell (FC), PV energy
has become one of the most important energy sources, especially
for the residential PV grid-tied system [2], [3], the railway elec-
trification system [4], and the electric vehicles charger system
[5]. In most applications, PV panels are connected in series for
achieving higher voltages as shown in Fig. 1(a) [6], [7]. How-
ever, because of some undesired factors such as manufacturing
tolerances, partial shading, and nonuniform aging, the caused
mismatch in the PV cells will restrict the total output power of
these current-sharing panels.

Although the bypass diodes as shown in Fig. 1(a) can reduce
the loss of the output power, the power losses are still high
without a positive control, especially for the series-connected
PV panels since the total available power of one cell-string may
be bypassed for a small difference [8]. Moreover, with bypass
diodes, the power-voltage curve will become complicated with
several peak points, so it will be more difficult to realize the
global maximum power transmission for the PV system [9]. To
deal with this issue, the differential power processing (DPP)
technique is a promising technique for realizing the individual
maximum power point tracking (MPPT) control [10], [11], [12],
where the DPP modules are isolated dc—dc converters. These
isolated converters are employed to process only the mismatch-
ing power among PV panels under the MPPT controls, which
can reduce the power rating of these converters and improve
the efficiency of the PV-based system [13]. The typical DPP
architectures can be shown in Fig. 1(b) as the PV-to-isolated port
(PV-IP) structure and Fig. 1(c) as the PV-bus structure. In the
PV-IP architecture, the string current is determined by the output
power of the PV panels with MPPT, and the string current of the
PV-bus structure can be adjusted flexibly. Thus, by optimizing
the string current of PV-bus architecture, the efficiency of the
PV-bus architecture can be higher than that of the PV-IP structure
[14], [15]. For these distributed PV architectures as shown in
Fig. 1, the total transferred current to the dc-link terminal is
only from the PV modules, and under MPPT performance,
this current is uncontrollable. Therefore, although there are lots
of published articles focusing on the partial power processing
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Fig. 1. Existing distributed PV architectures. (a) PV-D structure. (b) PV-IP
structure. (¢) PV-Bus structure.
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Fig. 2. Diagram of traditional RES-ESS based energy system for the islanded
dc microgrid.

(PPP) structures for RES, there is not published article which
can provide the constant dc-link voltage with the PPP technique.

Traditionally, combining the energy storage system (ESS)
such as the battery, the RES such as PV and FC can provide
the required power for the consumer stably, and the system
configuration can be summarized in Fig. 2 [16], [18], [19]. A
decentralized coordination power control scheme is proposed
for islanding microgrids based on PV-battery configuration [16].
Similarly, a decentralized energy management scheme is pro-
posed for the FC-battery based hybrid electric vehicle [19].
Compared with the centralized controller, the decentralized
controller will usually limit the response capability of the con-
verter system. Moreover, compared with the PPP structure for
RES, the power loss will become bigger since there is always a
dc—dc conversion stage between the RES and the dc terminal.
Therefore, based on the compensated module (CM) for the total
dc-link voltage, a novel PPP structure with adjustable dc-link
voltage is proposed for islanded dc microgrid as shown in Fig. 3,
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Fig.3. Proposed PPP converter system with robust dc-link voltage for islanded
dc microgrid.

which can deal with the small difference among different RESs
as well as the difference between the total output power of
the RES and the required power of consumer. Notably, if one
CM cannot provide enough ability to maintain the total dc-link
voltage, the input-series output-parallel (ISOP) CMs can be
adopted.

Based on the dual-active-bridge (DAB) dc—dc converter, a
DAB-based PPP converter system is proposed for verifying the
effectiveness of the proposed PPP structure. Moreover, to boost
the dynamic performance of this DAB-based converter system,
a high robustness control scheme is proposed for maintaining
the dc-link voltage under different conditions including changes
of the RES working condition, the ESS output voltage, and the
load consumer requirement. Furthermore, this proposed scheme
can easily cooperate with the existing schemes for realizing the
requirements of the RES, such as the maximum output power of
PV panel and the desired output current of FC unit. In the follow-
ing sections, the comparison between the traditional structure
and the proposed structure is discussed in Section II. Then, the
DAB-based PPP converter system is analyzed in Section III, and
the adopted single-phase-shift (SPS) modulation method is also
discussed. Then, the high-robustness control scheme is proposed
in Section IV, and the operation, when the output power of one
RES is limited, is also proposed. Finally, by using PV as an
example, the simulation and experimental results are provided to
validate the effectiveness of the proposed PPP converter system
and the proposed high-robustness control scheme in Section V,
followed by a conclusion in Section VI.

II. COMPARISON BETWEEN THE TRADITIONAL STRUCTURE
AND THE PROPOSED STRUCTURE

In this section, acomparison between the traditional RES-ESS
based converter system and the proposed PPP converter system
embedding the RES and the ESS is discussed, especially in terms
of the effective energy and the cost.

A. Comparison of the Power Flow Condition

Moreover, the power flow conditions of the traditional RES-
ESS system and the proposed RES-ESS system can be shown
in Fig. 4. In the traditional system, a part of renewable energy
can transfer to the load through one-stage dc—dc conversion
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Fig. 4. Diagrams of the power flow condition. (a) The traditional system.
(b) The proposed system.

as shown in Fig. 4(a). In the proposed system as shown in
Fig. 4(b), this part of power is divided into two parts. A portion
of power is directly transferred from the RES to load without
dc—dc converter. Meanwhile, the other portion is transferred to
the ESS and then to the load, which contains a two-stage dc—dc
conversion. Therefore, when the voltage of CM is smaller than
the half of the total dc-link voltage, the instantaneous power
transmission between the RES and the load in the proposed
PPP system will contain less dc—dc conversion than that in the
traditional RES-ESS system. In addition, the other part of power
in the RES is stored to the ESS and then transferred to the load.
In the traditional system, this part of power will pass through
a three-stage dc—dc conversion in the traditional system, while
this part of power will only follow through a two-stage dc—dc
conversion in the proposed system. Furthermore, the output
voltages of the RES such as PV and FC are relatively smaller
than the common dc-bus voltage [20], [21], so this proposed PPP
structure is very suitable for the RES application in islanded dc
microgrid with high-voltage terminal.

B. Comparison of Effective Energy

Since there are some powers charging in the ESS and then
providing powers to the load consumer, instantaneous efficiency
is meaningless. So, effective energy is adopted to compare the
traditional structure and the proposed structure, and the effective
energy is the energy which can be finally transferred to the load
side from the original RES. Then, when x of the total energy
is transferred to the load from the RES, the energy flowing
condition of the traditional RES-ESS based structure can be
shown in Fig. 5(a). Furthermore, when A of the energy, which
is transferred to the load from the RES, is transferred to load
consumer directly in the proposed structure, the energy flowing
condition of the proposed PPP structure embedding the RES and
ESS can be shown in Fig. 5(b).

Assuming the efficiency of each dc—dc conversion is the same
as 7, the unified effective energy of the traditional structure ey,
can be calculated as follows:

ea=1—pwn®+un O<p<1,0<np<1). (1)

Similarly, the unified effective energy of the proposed struc-
ture e, can be calculated as follows:

epro = (1 — p)n* + (1 = M) + pa

where A is the proportion of energy which directly transferred
to load consumer in the load required power. Assuming e, is

0<r<1) (@
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Fig.5. Power flowing conditions under different structures. (a) The traditional
structure. (b) The proposed structure.
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Fig. 6.  Current flowing condition of the proposed PPP structure.

larger than ey, A can be calculated as follows:

(L= wn® + pn—(1 = pn? — pm?
= pm?
Assuming the efficiency 7 of one dc—dc conversion is 95%

and 50% of power from RES is only transferred to load (n =
95%, 1+ = 50%), X can be further calculated as follows:

A > 0.0244. )

A > (€)

When the output current of RES iggg is bigger than the load
current iy/p, A can be regarded as the proportion of the total
RES’s voltage Urgg in the total dc-link voltage Usp as shown
in Fig. 6. When the output current of RES iggg is lower than
the load current i,;p, the proportion of the total RES’s voltage
Ugrgs in total dc-link voltage Ujpsp should be higher than A.
In this condition, assuming the average output current of RES
irgs is 1/2iyp, the total RES’s voltage Urgs should be 21 of
the total dc-link voltage Uj;p. Furthermore, assuming the time
when irgs>iyp is half of the day, the average voltage of the
RES Uggs should be calculated as follows:

22Uup | AWUnup  3MUnmp

[ /- =
RES 2 2 D)

According to (5), when the total RES’s voltage URES is
more than 3.6% of the total dc-link voltage UMD, the effective
energy of the proposed structure will be bigger than that of

=3.6%Upnp. (5)
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Fig. 7.

the traditional structure. Although this calculation is a little
rough, this result also indicates that the proposed PPP structure
embedding the RES and ESS has obviously advantage in the
efficient use of renewable energy.

C. Comparison of the Cost

Assuming the voltage levels of RES and ESS are similar and
the switches with the same rated voltage are used, the converter
system for the traditional RES-ESS based structure and the
proposed PPP structure embedding RES and ESS can be shown
in Fig. 7 with o RES and one ESS, where o« RESs and one ESS
are adopted for meeting the requirement of the load consumer.

As shown in Fig. 7(a), by using switches with same rated
voltage, 3a+2m dc—dc modules are required in the traditional
RES-ESS structure, while only a+m dc—dc modules are re-
quired in the proposed PPP structure as shown in Fig. 7(b).
The current stress and voltage stress of the dc—dc converters
between the RES and the dc-link terminal, and between the
dc-link terminal and the ESS are similar as the current stress
of the dc—dc converters in the proposed PPP structure, so the
cost of the proposed PPP structure is far cheaper than that of the
traditional structure. Moreover, there are three different dc—dc
modules in the traditional structure, and the proposed structure
only needs the same dc—dc module. So, the design cost of the
proposed one is also cheaper than that of the traditional one.

In addition, these three different dc—dc stages in the tradi-
tional structure needs different control operations, while there
is only one dc—dc stages with similar control requirement in the
proposed PPP converter system. Therefore, the design of the
control system of the traditional structure is more complicated
than the proposed PPP structure. Then, the comparison between
the traditional structure and the proposed structure can be sum-
marized in Table I. With low cost, high effective energy, and
simple control requirement, the advantages of the proposed PPP
structure embedding the RES and ESS are obvious.

III. ANALYSIS OF THE DAB-BASED PPP CONVERTER SYSTEM

In this section, based on the proposed PPP structure, the
DAB-based PPP structure is obtained and analyzed, and the
average model of this converter system will be discussed. Then

Islanded dc microgrids with different structures. (a) The traditional RES-ESS based dc microgrid. (b) The proposed PPP converter system.

TABLE I
COMPARISON BETWEEN THE TRADITIONAL STRUCTURE
AND PROPOSED STRUCTURE

. Effective Electrical
Solution Cost Control System
Energy Stresses
Proposed . L. .
Low | High Similar Simple
Structure
Traditional . L. .
High | Low Similar Complicated
Structure

the SPS modulation is adopted for realizing the bidirectional
power transmission of each DAB module.

A. DAB-Based PPP Converter System

Currently, the DAB dc—dc converter with the symmetric,
isolated, and bidirectional characteristics becomes a promising
candidate for the dc power system [22], which can form cas-
cading or paralleling configurations for different voltage-level
requirements. Moreover, since the soft switching performance
can also be easily implemented, the high efficiency and high-
power density are the advantages of this converter. In addition,
the ultrafast dynamic performance under input-voltage or load
disturbances of the DAB dc—dc converter can be easily achieved,
which can boost the robustness of the dc microgrid [23], [24],
[25]. Then, based on the proposed PPP structure, the DAB-based
PPP converter system can be shown in Fig. 8 with the consid-
eration of one CM. As shown in Fig. 8, the mth DAB module
is adopted to adjust the total dc-link voltage, and other DAB
modules are employed to meet the requirement of the RES such
as maximum output power of PV and the desired output current
of fuel cell. Besides, if one compensated DAB module cannot
provide the enough ability to maintain the total dc-link voltage,
the input-series output-parallel (ISOP) DAB modules can be
adopted.

B. Average Model of DAB-Based PPP Converter System

Traditionally, the inductance of the dc—dc converter such as
buck and boost plays an important role in the modeling analysis.
Nevertheless, since the transferred current of the DAB dc—dc
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Fig. 8. Topology of the proposed DAB-based PPP converter system with
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Fig.9. Simplified circuit of the DAB-based PPP converter system with battery
integration.

converter can be determined by the circuit parameter and the
phase-shift ratio, the middle ac inductance can be neglectful
[24], [26]. So, the DAB converter can be treated as a controllable
current source by using different control values. Moreover, the
RES such as PV and FC can usually be modeled as a current
source [27], [28], [29], and the ESS such as a battery is a
voltage source. Then, the simplified circuit of the DAB-based
PPP converter system can be shown in Fig. 9. According to
Fig. 9, the average model of the DAB-based PPP converter
system can be expressed as follows:

. dURgsa — ; _ s _ IraUrp
Cma dt = IRES« Tbus URrEsa
aU, I U .
Ciom dtc ==L UCLD — Tbus

. . (Oée [Lm_l]) (6)
C(MD dUdI;ID = lus — 'MD

Uup =Uc+ 227;11 URrgsa
where Ciy, and Ciy, ,, are the input capacitors of DAB modules,

Urgs., is the voltage of the RES, i, is the current between
the DAB module and the total dc link, /7, and Ir,, are the
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Fig. 10.  SPS modulation method of the DAB converter for bidirectional power
flowing conditions. (a) DABs transfer power to the battery. (b) DABs absorb
power from the battery.

transferred current of the DAB modules, Cyp is the capacitor
of the total dc link, Uj,p is the total dc-link voltage, ipsp is the
load current and U, p is the output voltage of the ESS. Based on
(6), the transferred current of the first (m—1)th DAB modules can
be employed to adjust the output voltage Urgs,, for meeting the
requirement of the RES such as the maximum output power of
PV and the desired output current of FC. Besides, to maintain the
dc-link voltage U,;p, the input voltage U of the compensated
DAB module should be controlled, which can be realized by
adjusting the transferred current /7, of this DAB module.

C. Single-Phase-Shift Modulation Method

For the DAB dc—dc converter, the SPS modulation method is
the most popular modulation method for realizing the flexible
power transmission. Thus, in this article, the SPS modulation
method is adopted, which can be illustrated in Fig. 10 for bidi-
rectional power transmission, where U, is the output voltage
of the primary-side H Bridge, U.4, is the output voltage of
the secondary-side H Bridge, i1, is the inductance current, D,,
is the phase-shift ratio, and T, is the switching period of the
corresponding DAB modules.

According to Fig. 10, the transferred power P, of DAB
module connected to the RES under SPS modulation method
can be expressed as follows:

Uresa ULp Do (1-Do ) Tsa
P, = 2l ez
o UresaULp Do (1-=Da)Tsa,

el D (Pa <0).

Then, the transferred current /1, of the DAB module can be
expressed as follows:

Ursa Do (1-Da)Tsa
[ P, s2n(a+a) (Ira = 0) ®)
To ™ Up ) _ UkisaDa(1-Da)Tsa (Ire < 0).

2n6 Lo

As shown in (8), the transferred current of the DAB mod-
ule connected to the RES can be directly calculated by the
phase-shift ratio, which is also suitable for the DAB module for
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compensating the total dc-link voltage. Therefore, if the desired
transferred current for each DAB module can be obtained, the
required phase-shift ratio can be directly obtained for realizing
this transferred current. Furthermore, when the desired current
can balance the relationship between the output current of the
RES and the load requirement of current, the fast-dynamic
performance can be easily obtained, and the robustness of the
total dc-link voltage can be ensured.

IV. PROPOSED HIGH-ROBUSTNESS CONTROL STRATEGY

In this section, a high-robustness control scheme is proposed
to boost the dynamic response of the DAB-based PPP converter
system. When the working condition of the RES, the output
voltage of the ESS, the required power of the load consumer are
changed, this proposed scheme is employed to maintain the total
dc-link voltage. Moreover, the operation, when one RES unit is
out of work, is also discussed for ensuring the reliability of the
proposed DAB-based PPP converter system.

A. Proposed High-Robustness Control Scheme

As analysis in the last section, the DAB module can be treated
as a controllable current source, so the direct current control
scheme is very suitable for the DAB-based converter system
[30]. Then, based on the desired transferred current, the phase-
shiftratio D, in (8) can be calculated by the required transferred
current as follows:

1 8LoI7Ty
D 2 1- naUREsZ:Tsa (ITO‘ =z 0) )
o fr—
8noLolra
% —y/1+ %RESTs: (ITQ < 0)

Similarly, the phase-shift ratio D,,, of the mth DAB module
can be expressed by its transferred current /1, as follows:

LpIrm
D sl (Irm 20) (10)
m pr—
mLm ITm
3L+ e (Irn <0).

Moreover, according to Fig. 9, to meet the requirement of the
load side, the bus current iy,,,s should be equivalent to the load
current ip;p. To immediately track the change of load, the
required current 43, , of each DAB module for supporting the

Control diagram of the proposed high-robustness control scheme for the DAB-based PPP converter system.

electricity consumption can be expressed as follows:

" Unipimp
'MD = — ;-

(1)

Uvup

Then, combining (6), (9)—(11), the high-robustness control
scheme for the DAB-based PPP converter system can be il-
lustrated as Fig. 11. For the DAB module connected with the
RES, the desired terminal voltage can be obtained from outer
loop control for the RES, such as the maximum output power
of the PV [28] and the desired output current of the FC [29].
Moreover, the CM is employed to regulate the total dc-link
voltage directly. Since the CM needs to compensate the total
dc-link voltage for several RES units, the overvoltage of the CM
may be emerged. Therefore, to avoid the potential overvoltage,
the desired terminal voltage of the RES should be limited.
Meanwhile, under normal condition, the requirement of the
voltage regulating range for the RES should also be limited.

At the beginning of each switching period, the output current
of each RES unit, the terminal voltage of each RES unit, the
input voltage of the CM, the load current, the output voltage of
the ESS, and the total dc-link voltage are measured. Then based
on the output current and the terminal voltage of each RES unit,
the desired terminal voltage can be obtained for meeting the
requirement of the RES, such as the maximum output power
of the PV and the desired output current of the FC. In addition,
based on the load current and the total dc-link voltage, the desired
output current for supporting the load consumer can be obtained
as (11). For the DAB module connected with the RES, the total
transferred current can be obtained by combining the current
which is employed to adjust the RES’s voltage by (6). This
current can be obtained through the corresponding PI controller
with the terminal voltage and the desired voltage of the RES.
Similarly, by combining the current for maintaining the dc-link
voltage from the mth PI controller, the transferred current for the
additional DAB dc—dc converter can be obtained. Furthermore,
based on (9) and (10), the required phase-shift ratio for each
DAB module can be obtained, which can be used to realize
the control of the DAB-based PPP converter system. Then, the
proposed high robustness control scheme can be realized for
controlling this DAB-based PPP converter system when the
working condition of the RES, the output voltage of the ESS,
and the power requirement of the consumer are changed.
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Fig. 12.  Simplified circuit of the DAB-based PPP converter system when one
RES unit is out of work.

For the single-phase-shift modulation method, the PI param-
eters k, and k; can be calculated as follows [30]:

b < |ADnwUST. [T _ 2nLiy

P = nLUomn 4 UnTs (12)
k: < ADwinUnTs /1 _ 2nLlp

P S TonLUpmn \/ 2~ TaT,

where ADy;, is the limitation of phase-shift disturbance, U,
is the input voltage, /7 is the corresponding transferred current,
U mn 18 the measurement noise, n is the transformer turn ratio,
L is the inductance, and T's is the switching period.

B. Operation When One RES Unit is Out of Work

Sometimes, when one RES unit is out of work such as the
PV panel at night and the FC without burning material, the
output current of this RES unit will become very small. If the
desired terminal voltage of the RES-connected DAB module is
still dependent on the requirement of the RES, the converter
system will become unstable since the control purpose of the
RES becomes meaningless. Therefore, to deal with this issue,
this DAB module should be turned into constant voltage control,
and the desired voltage will be constant when the RES unit is
out of work. Then, the simplified circuit of the DAB-based PPP
converter system can be shown in Fig. 12. As shown in Fig. 12,
when one RES unit is out of work, the ESS will provide the total
power to support the terminal voltage. Similarly, when all the
RES units are out of work such as the PV panels at night, only
the ESS will provide the power to the load consumer.

C. Required Characteristics of the RES for the Proposed
High-Robustness Control Scheme

The RES should feature current output, and if the RES features
voltage output, there will be no control goal for the DAB module
which is connected to the RES. Moreover, under normal working
condition, the regulating range of the desired terminal voltage
is limited, which ensures that the overvoltage of the CM can
be avoidable. Furthermore, with this characteristic, one CM can
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Fig. 15.  Typical output characteristic of the FC stack.

compensate the voltage change of more RES units, and less
power between the RES and the load will follow through the
dc—dc converter. In addition, the relationship among the output
current, the terminal voltage, and the output power of the RES
should be regular, and then, the control of the RES can be
equivalent to the control the terminal voltage.

For example, the typical output characteristic of PV panel
can be shown in Fig. 13, where the relationship among the
output current, the terminal voltage, and the output power can
be obtained. When the terminal voltage is increased from zero,
the output power is increased at first, and then, the maximum
power point (MPP) can be obtained. Furthermore, the output
power of the PV will be decreased along with the increasing
of the terminal voltage. Therefore, by adjusting the terminal
voltage, there are lots of existing schemes for studying the
MPPT performance of PV panel. Generally, when the temper-
ature (=25°C 75°C) and the irradiance (200-1000 W/m?) of
PV panel is changed from, the change of the output voltage
is about 30% for maximum output power [31], [32]. Therefore,
the PV panel meets the required characteristics of the proposed
high-robustness control scheme. Moreover, perturb and observe
method or the hill climbing method is the widely used technique
to track the maximum output power of PV panels as shown in
Fig. 14 [33], [34], which can act as the outer loop control for the
PV-based PPP converter system.

In addition, the typical output characteristic of proton ex-
change membrane FC stack can be shown in Fig. 15 [35], [36],
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Fig. 16.  Outer current-loop control for the FC stack.

where the relationship among the output current, the terminal
voltage, and the output power can be obtained. When the output
current is increased from zero, the terminal output voltage is
reduced, and the output power of the FC stack is increased.
Notably, to avoid overcurrent of FC stack, the output current
becomes the prior control purpose, which is usually realized
by adjusting the terminal voltage. Therefore, by adjusting the
terminal voltage, the desired output current of the FC can be
implemented. Generally, when the output current of the FC is
changed in a large range, the change rate of the terminal voltage
is smaller than 30%. Therefore, the FC stack meets the required
characteristics of the proposed high-robustness control scheme.
Moreover, to realize the regulation of the FC, the current control
can act as the outer-loop control for FC-based PPP converter
system, which can be simplified as shown in Fig. 16. Since
the output current and the terminal voltage of the FC stack is
inversely proportional, the output current should be the positive
feedback for cooperating with the proposed high-robustness
control scheme.

V. VERIFICATION

In this section, by using PV panel as an example, a simulation
model with three DAB modules and a small-scale experiment
platform with two DAB modules is built to verify the effective-
ness of the proposed PPP structure, the high-robustness control
strategy, and the proposed operation when one RES unit is out
of work.

A. Simulation Results With Two PV Panels and One
Compensating Module

In this part, a simulation model with three DAB modules is
built. Since the ESS such as battery can be also switched into a
low-voltage dc bus, a dc voltage source is employed to replace
the ESS for testing the function of this proposed converter and
the corresponding control method. The circuit parameters of the
converter system with two modules are shown in Table II.

When the battery voltage Uy p is 90 V and the load resistor
R is 150 €, Fig. 17 shows the simulation result with changed
irradiances of PV panels. As shown in Fig. 17(a), the irradiance
of the first PV panel is changed from 600 to 560 W/m? then to
600 W/m?, and the irradiance of the second PV panel is increased
from 520 to 560 W/m?2 then to 600 W/m?2. Then, the desired
output voltages of PV panels can be shown in Fig. 17(b), and
the corresponding output current of PV panels can be shown
in Fig. 17(c). Based on the proposed high robustness control
scheme, the output voltages of PV panels and the compensated
voltage can be shown in Fig. 17(d), and the total dc-link voltage
Ujsp can be obtained as shown in Fig. 17(e). Thus, based on
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TABLE II
CIRCUIT PARAMETERS OF SIMULATION MODEL
L[, Lz, L3 4mH
ny, na, N3 1/5
s 1kHz
R 150-300Q2
Uwp 80-90V
U'sp 1000V
Modules of PV1 in series | 14
Modules of PV2 in series | 13
PV1, PV2 Trina Solar TSM-250PA05.08
800 450
A
600 G»(W/m?) 400 = ]
_,4’:— 350 U pin(V) U pn(V)
(W/m~)
400 300
10 15 20 10 15 20
Time(s) Time(s)
(@ (®)
6 500
e | e
ipa(A)  ippi(A) 300 Upna(V) Upii(V) UV
200 X
0 100
10 15 20 10 15 20
Time(s) Time(s)
(© ()]
1010
1000 W yl ¥ ¥
Urip(V)
990
10 15 20
Time(s)
(e)

Fig. 17.  Simulation results when the irradiances are changed. (a) Irradiance.
(b) Desired PV voltage. (c) Output current of PV. (d) Voltages for each DAB.
(e) The total dc-link voltage.

the proposed control method, the robustness of the total dc-link
voltage can be ensured when the irradiances of PV panels are
changed.

Moreover, when the irradiance of the first PV panel is
600 W/m? and the irradiance of the second PV panel is
520 W/m?, Fig. 18 shows the simulation result with a changed
load resistor. As shown in Fig. 18(a), the load resistor is changed
between 150 and 300 (2. Based on the proposed high robustness
control scheme, the output voltages of PV panels and the com-
pensated voltage can be shown in Fig. 18(b), and the total dc-link
voltage Ujsp can be obtained as shown in Fig. 18(c), where the
total dc-link voltage is maintained at its desired value. There-
fore, based on the proposed control method, excellent dynamic
performance can be provided for the presented DAB-based PPP
converter system when the load resistor is changed.

In addition, when the irradiance of the first PV panel is
600 W/m? and the irradiance of the second PV panel is
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Fig. 18.  Simulation results when load resistor is changed. (a) Output current

of dc bus. (b) Voltages for each DAB. (c¢) The total dc-link voltage.
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Fig. 19.  Simulation results when voltage of the ESS is changed. (a) Voltage

of the ESS. (b) Voltages for each DAB. (c) The total dc-link voltage.

520 W/m?, Fig. 19 shows the simulation result with a changed
voltage of the low-voltage bus. As shown in Fig. 19(a), the
voltage of the low-voltage bus is changed between 80 and 90 V.
Based on the proposed high robustness control scheme, the
output voltages of PV panels and the compensated voltage can
be shown in Fig. 19(b). Then, as shown in Fig. 19(c), the total
dc-link voltage can be kept at its desired value by using the
proposed high robustness control scheme. Therefore, based on
the proposed control method, excellent dynamic performance
can be provided for the presented DAB-based PPP converter
system when the voltage of the low voltage terminal is changed.

Furthermore, when the battery voltage Urp is 90 V and the
load resistor R is 150 €2, Fig. 20 shows the simulation result
when the PV panels are heavily covered sometimes. As shown
in Fig. 20(a), the irradiance of the first PV panel become as
zero at first and then return to 600 W/m? then to 600 W/m?2,
and the irradiance of the second PV panel is reduced to zero
without recovery. Then, combining the operation for the idle
PV panel, the desired output voltages of PV panels can be
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Fig. 20.  Simulation results when the PV panel is covered. (a) Irradiance.

(b) Desired PV voltage. (c) Output current of PV. (d) Voltages for each DAB.
(e) The total dc-link voltage.

TABLE III
CIRCUIT PARAMETERS OF THE ADOPTED SMALL-SCALE
EXPERIMENT PLATFORM

Ll, Lz 40 uH

ny, Ny 1

Js 40kHz

R 40-90Q
Uwp 50-60V
U 100V
Pup 111-250W

shown in Fig. 20(b), and the corresponding output current of
PV panels can be shown in Fig. 20(c). Based on the proposed
high robustness control scheme, the output voltages of PV panels
and the compensated voltage can be shown in Fig. 20(d), and the
total dc-link voltage U y;p can be obtained as shown in Fig. 20(e).
Thus, based on the proposed control method, the robustness of
the total dc-link voltage can be ensured even when the PV panels
are out of work.

B. Experiment Results With One PV Panel and One
Compensating Module

In this part, a small-scale experiment platform with two DAB
modules is built. The main circuit parameters of this experiment
platform can be shown in Table III, where P;p is the required
power of load side. Moreover, the configuration of the small-
scale experiment platform can be shown in Fig. 21, where the
power supply Agilent E4360A is employed to simulate the PV
panel and the power supply Sorensen SGX60X83C is used to
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Fig. 21.  Configuration of the small-scale experiment platform.
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Fig. 22.  Picture of the experiment platform.

(a)

(b)

Fig.23.  Experiment results when the output current of the PV panel at MPP is
changed (U p, Upv, and U p: 25 V/div; ipp and ipy: 1 A/div; £: 20 ms/div).
(@) ipy: 1.6 A—1A.(b)ipy: 1 A— 1.6A.

replace the battery. As shown in Fig. 21, the total dc-link voltage
Unrp, the load current ij;p, the output current ipy of PV, the
terminal voltage Upy and the voltage U p are measured by an
oscilloscope. The corresponding picture of the corresponding
small-scale platform can be shown in Fig. 22.

When the load resistor is 40 €2, the voltage of the ESS bus
is 50 V and the PV voltage at MPP is 50 V, Fig. 23 shows the
experiment results when the output current ipy of PV panel is
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Fig. 24.  Experiment results when the terminal voltage of PV panel at MPP is
changed (Upyp, Upv,and U, p: 25 V/div; iy p and ipy: 1 A/div; £: 100 ms/div).
(@ Upy:50V —=45A.(b) Upy:45 A — 50 A.

changed. As shown in Fig. 23, when the output current of the PV
panel is changed between 1 and 1.6 A, the total dc-link voltage
U sp can be remained at its desired value by using the proposed
high-robustness control scheme. Thus, when the output current
of the PV panel is changed, excellent dynamic performance can
be obtained by using the DAB-based PPP converter system with
the proposed control scheme.

Moreover, when the load resistor is 40 €2, the voltage of the
ESS is 50 V and the PV current at MPP is 1.6 A, Fig. 24 shows
the experiment result when the terminal voltage Upvy of the PV
panel at MPP is changed. As shown in Fig. 24, when the output
voltage of the PV panel is changed between 45 and 50 V, the
total dc-link voltage Ujsp can be remained at its desired value
by using the proposed high-robustness control scheme. Thus,
when the terminal voltage of the PV panel is changed, excellent
dynamic performance can be obtained by the proposed control
scheme.

In addition, when the voltage of the ESS is 50 V, the PV
voltage is 50 V and the PV current at MPP is 1.6 A, Fig. 25
shows the experiment result when the load resistor R is changed.
As shown in Fig. 25, when the load resistor is changed between
40 and 90 (), the total dc-link voltage Uj;p can be remained at
its desired value by using the proposed high-robustness control
scheme. Then, when the load resistor is changed, excellent
dynamic performance can be obtained by the proposed control
scheme for the DAB-based PPP converter system.

Similarly, when the load resistor is 40 €2, the PV voltage
is 50 V and the PV current at MPP is 1.6 A, Fig. 26 shows
the experiment result when the terminal voltage Upp of the
ESS bus is changed. As shown in Fig. 26, when this voltage is
changed between 50 and 60 V, the total dc-link voltage Ujpsp
can be remained at its desired value by using the proposed high-
robustness control scheme. Then, when the terminal voltage of
the ESS bus is changed, the excellent dynamic performance can
be obtained by the proposed control scheme for the DAB-based
PP P converter system.
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Fig. 25. Experiment results when the load resistor is changed (Up/p, Upv.
and Uy, p: 25 V/div; ipyp and ipy: 1 A/div; t: 20 ms/div). (a) R: 40 2 — 90 Q.
(b) R: 90 ©2 — 40 Q.
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Fig.26. Experiment results when the voltage of the ESS bus is changed (Usp.
Upv, and Urp: 25 V/div; ipp and ipy: 1 A/div; t: 20 ms/div). (a) Urp: 50 V
— 60 V. (a) Urp: 60V — 50 V.

Furthermore, when the load resistor is 40 €2, the voltage of
the ESS is 50 V, the output current of PV is 1.6 A and the PV
voltage at MPP is 50 V, Fig. 27 shows the experiment results
to simulate the transient processes when the PV panels are out
of work or activated again. As shown in Fig. 27(a), when the
PV panel is out of work, the output current suddenly becomes
zero, and based on the high-robustness control scheme, the total
dc-link voltage U,sp can be kept at its desired value. Then, as
shown in Fig. 27(b), when the PV panel is activated again, the
total dc-link voltage Ujsp is also constant. Therefore, based
on the proposed high-robustness control scheme, when the PV
panel is out of work or activated suddenly, the excellent dynamic
performance can be provided for the presented DAB-based PPP
converter system.
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(b)

Fig. 27.  Experiment results when the PV panel is out of work or activated
again (Upyp, Upv, and U, p: 25 V/div; ipp and ipy: 1 A/div; £ 20 ms/div).
(a) PV is out of work. (b) PV is activated.

VI. CONCLUSION

In this article, a partial power processing structure embedding
the renewable energy source and the energy storage system
is proposed for the islanded dc microgrid, which can also be
an alternate scheme when the electricity consumer loses the
support of the strong grid system. Then, based on the DAB
modules, the DAB-based partial power processing converter
system is proposed for verifying the effectiveness of the pro-
posed partial power processing structure. Moreover, for this
DAB-based converter system, a high-robustness control scheme
proposed for maintaining the total dc-link voltage when the
working condition of the renewable energy source, the output
voltage of the energy storage system, and the load condition
are changed. In addition, when one renewable energy source is
out of work such as the PV panel at night and the FC without
burning material, the corresponding operation is also proposed.
Furthermore, the required characteristics of the RES for the
proposed high-robustness control scheme are discussed. The
conducted studies are summarized as follows.

1) By using the DAB-based partial power processing con-
verter system as an example, the constant total dc-link
voltage can be achieved, and the effectiveness of the pro-
posed PPP structure is verified. Thus, by embedding the
renewable energy source and the energy storage system,
the proposed partial power processing converter system in
this article can be employed to provide the constant dc-link
voltage for the islanded dc microgrid.

2) Based on the proposed high-robustness control scheme,
the excellent dynamic response can be provided for the
DAB-based partial power processing converter system
when the working condition of PV panel, the voltage of
the battery and the condition are changed. Moreover, when
one renewable energy source such as PV panel is out of
work, the total dc-link voltage can still be stable by using
the proposed operation.



4038

3)

4)

(1]

[2]

[3]

(4]

(3]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

In the proposed partial power processing structure, the
renewable energy source should feature the current output
and the limited requirement of the terminal voltage regula-
tion. Moreover, to realize the regulation on converter side,
the relationship among the output current, the terminal
voltage, and the output power of the renewable energy
source should be regular.

Since the output voltages of the PV panel and the FC stack
are usually smaller than the common dc-bus voltage, the
proposed PPP structure is very suitable for these renewable
energy sources, and the higher total dc-link and the higher
power capacity can be obtained.
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