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Abstract—In this paper, a module-based plug-n-play (PnP) dc
microgrid is introduced to help rural electrification. It provides a
bottom-up way to form a microgrid (MG) with multilayer
expandability and Plug-n-Play feature. The module-based MG
overcomes the drawback of conventional MG that requires central
design and implementation which leads to high upfront cost and
long lead time. It provides an organic way to form a MG that
allows user to scale up the system as their demands growing, and
fully utilize the existing resources. The proposed MG module is
expandable on different layers that can meet requirements of
customers with different power consumption requirements. Each
module, which contains PV generation and energy storage, can
work as a standalone solar home system. Multiple modules can be
connected as a group to scale up the local power supply. Groups
can be interconnected through a public bus with gateway
converter modules to form a community network, which can
supply public usages and enables power exchange in a community
range with relatively high distribution efficiency. The control of
proposed MG is in a fully decentralized manner, that central
control and communication network can be omitted, which makes
the system more user-friendly and highly robust. Detailed design,
analysis and implementation of the proposed PnP MG is provided
in this paper. Simulation and experimental results have been
provided to verify the concept and analytical study.

Keywords—dc microgrid, modular microgrid, microgrid module,
decentralized control, rural electrification

LIST OF ABBREVIATIONS
BES Battery Energy Storage
GC Gateway Converter
MG Microgrid
MPP Maximum Power Point
MPPT Maximum Power Point Tracking
PnP Plug-and-Play
PU Power Unit
PV Photovoltaic
SHS Solar Home System
SoC State of Charge

L INTRODUCTION

According to International Energy Agency, over 3 billion
people are living in energy poverty and more than 1 billion
people are living with no access to electricity [1]. It has been a
challenge to develop new ways to power up these unelectrified
areas. The high cost and geographical limitations in most of
unelectrified areas make the conventional power system, which
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Fig. 1. Prior-art and proposed scalable microgrid structures, (a) scalable
microgrid structure used in [14]-[16], [18], (b) scalable microgrid structure
proposed in [17], (¢) PnP microgrid proposed by this paper.

relies on central generation and long-distance transmission, no
longer effective to solve the current energy poverty problem
[2]-[3]. Meanwhile, to power up billions of people with
conventional fuel-burn plants could generate giga tons more of
carbon emission. Alternatively, Photovoltaic (PV) based off-
grid dc microgrid systems have been developed with new
business models to make electricity affordable to households in
energy poverty areas [2].

Most of the less-electrified regions are in Africa and South
Asia where is rich of solar resources. This makes solar
photovoltaic  generation a competitive way towards
conventional generation. The distributed character of PV
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generation relies on microgrid (MG) as an effective way to
utilize solar energy [4]-[7]. MG integrates generation, load and
energy storage, which can constantly provide relatively high
power and support a variety of loads. However, the common
approach to build a MG requires a centralized design,
installation and operation. As a result of this top-down
approach, professionals are required, the cost (including design,
installation and operating) are increased, the lead time is
prolonged, and the future expansion of MG is difficult. With
conventional approach, the MG capacity will be overdesigned
or insufficient in most of time due to the difficulty of
expanding. And it is hard for people living in energy poverty to
raise money for the upfront investment. These drawbacks are
strangling development of MG in rural areas.

To overcome the drawbacks of conventional central MG by
making MG plug-and-play (PnP) to be easily scaled up, more
and more researches on flexible MG structures, modular MGs
and MG clusters have been proposed [8]-[12]. Paper [13] have
pointed out few major concerns to achieve PnP in MG system,
among which the most important is how to avoid
communication which may spoil the scalability and reduce
system reliability and how to design a decentralized control
system independent from total number of modules to achieve a
real scalable design. Paper [14]-[15] studied distributed control
technologies based on peer-to-peer communication. [14]
proposed an Open Energy System that allows independent
nanogrids being interconnected as a microgrid, which relies on
a peer-to-peer control system. Similarly, paper [15] proposed a
distributed cooperative control system. Though the central
controller is eliminated, the systems still highly rely on
communication network, which may not be preferred in a rural
application that communication could increase cost and reduce
reliability as well as the scalability. Paper [16]-[18] provided
decentralized solutions that the MG system can become
independent from communication and realize PnP. Paper [16]
proposed a scalable MG architecture based on droop control
that only relies on local information which is highly suitable for
rural electrification. Paper [17] proposed a scalable MG with
centralized generation and decentralized home power
management units (PMUs). Paper [18] proposed a Self-
Organizing NanoGrid (SONG) system, which is based on a
low-cost multiport converter unit.

Fig. 1 (a) shows a typical structure of scalable MG. Most of
prior arts of scalable microgrid are based on this general
structure, where the control, topology and scale may vary in
different projects. The expansion is based on a dc-dc converter
as an interface of each unit. The advantage of this structure is
simple control that each unit is isolated by the interfacing dc-dc
converter and just needs to manage power balance of its own.
However, the disadvantage is also obvious. Firstly, since the
house load is connected to local bus, the available power to the
load is limited by the rating of interfacing dc/dc converter
regardless of number of units. Secondly, when power goes from
one unit to another unit, it needs to go through interfacing
converter two times, which could be lossy.

Fig. 1 (b) shows the scalable microgrid structure used in
paper [12]. Instead of having PV modules in each unit, this

structure has a centralized PV generation. The Power
Management Units (PMU) installed at each user only contains
BES and loads. Thus, the control of each unit can be
significantly simplified without local generation. The available
power on the 12V bus is also limited by the single converter
capacity. Power on the 48V cluster bus is scalable. However,
due to the centralized generation, the modularity is reduced that
a single unit cannot work without generation, and it is economic
viable only for relatively large communities.

Fig. 1 (c) shows the proposed PnP microgrid structure.
Firstly, in this structure, each unit has BES and PV generation
which can be used as a standalone unit. Secondly, since the
connection of multiple units uses local bus directly without any
interfacing converters, the power on the 48V bus is scalable
without single converter limit and the loss is reduced without
interfacing converters. Thirdly, to interconnect multiple groups,
an interface converter, or called a gateway converter, is used to
create a relatively high voltage distribution network.

As shown in Fig. 1 (c), the proposed MG has three expansion
layers. Firstly, a single power unit (PU), can work as a
standalone SHS. Each PU contains PV generation and BES
with a common 48V dc bus as output. Secondly, multiple PUs
can be interconnected directly with the 48V local dc bus as a
group. Thirdly, multiple groups can be connected to a public dc
link (200V-400V), through gateway converters. Inter-group
expansion is at community level and allows power exchange
among households and pooling power for public usages.

Conventionally, for central-planned commercial dc
microgrid, communication-based hierarchical control structure
is commonly used [19]-[21]. The involvement of control center
and communication network significantly reduces system
modularity. To better introduce PnP into microgrid, the study
on decentralized control become popular. Literatures [14]-[15]
and [22]-[24] studied decentralized control of microgrid.
Though the central controller is removed, they still rely on
communication network. Most of studies on communication-
less control of microgrid only focus on primary control and
system stability [25]-[27], while some other important aspects
of microgrid control, e.g. State-of-Charge (SoC) balancing,
control mode selection, are overlooked. In this paper, to keep a
high modularity and reliability, a fully decentralized and
communication-less control is applied to the proposed MG
system. The direct bus connection inside a group increases the
difficulty of coordinating all the parallel Battery Energy
Storage (BES) converters and parallel PV converters. It is
challenging to achieve power sharing, BES SoC balancing, PV-
BES coordination, and inter-group coordination at the same
time in a communication-less manner. The proposed control is
based on modified droop control, of which the stability is as
good as common droop-controlled systems. With proposed
control methods, units can be bus interfaced with a well-
designed droop control system based on dc bus signaling
technology [28]-[29].

Control for each PU is fully decentralized and does not need
any modification in different expansion levels and operation
modes. Grid-connection is possible when a grid is available.

The proposed MG solution has advantages of,



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

1) It allows a bottom-up way to establish a power
network. Users can start with single PU and expand the
system as their demand and budget growing or
interconnect the system with their neighbors’.

2) Separate local household-level bus and public dc bus
allows using of two voltage levels. The low voltage
48V household-level bus is safe for untrained people to
use and install. High voltage public bus keeps low
distribution loss.

3) Public dc bus is isolated from each local dc bus with
GCs. Reliability is improved that failure can be isolated
within the local bus range.

4) Group expansion can be achieved without interfacing
converters, which reduces cost and power loss.

5) The modular design of PU and gateway converter could
significantly reduce the design cost of MG and enables
mass production.

6) Fully decentralized control keeps high reliability and
robustness, saves cost on communication devices.

Noticing that all PUs in one group share only one common
bus, a relay is necessary at each PU’s output terminal to protect
devices under fault condition. And the number of PUs connected
to one local bus should be limited to a reasonable value not
exceeding GC capacity and to guarantee a good reliability.

The proposed MG has a bottom-up building feature that
allows system growing organically as the demands growing. The
feature that combines advantages of conventional SHS and
central MG could significantly reduce the difficulty of
developing MGs in rural developing areas.

The paper is organized as follows: In section II, the
architecture of proposed module-based MG is introduced. In
section III, detailed design of fully decentralized MG control is
provided. Section I'V provides simulation and experiment results
to verify the analytical study. Conclusion is given in Section V.

II.  ARCHITECTURE OF PROPOSED PNP MICROGRID

As shown in Fig. 1 (c), the proposed PnP MG has three
expansion levels, standalone, group expansion and inter-group
expansion. This section will introduce the proposed MG
architecture by these three expansion levels.

In standalone mode, a single PU can operate as a SHS,
providing basic energy supply. Fig. 2 shows the diagram of a
single proposed PU. The PU consists of two power electronic
converters, a dc-dc converter for PV generation and a de-dc
converter for BES. Each PU is controlled by an independent
digital controller.

Multiple PUs can be interconnected directly through the local
dc link to provide bulk power to users as a group. Fig. 3 shows
the diagram of a MG contains multiple groups. As mentioned in
the introduction, direct bus-interfacing could omit interfacing
converters, however the control coordination could become
challenging, which will be discussed in detail in Section III.

Multiple groups can be interconnected to a public network in
a relatively large area to enable power exchange among
households and usage of public loads. Fig. 3 shows the diagram
of proposed MG in inter-group expansion. The interconnection
of groups requires interfacing converters called as Gateway
Converters (GC) in this paper. The GC boosts the low voltage
(48V) on the group side to a high voltage (200V-400V) on the
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Fig. 2. Diagram of a proposed power unit (PU).
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Fig. 3. Diagram of proposed MG with inter-group expansion.

public network side, provides galvanic isolation, and controls
power flow between local group and the public network. With
proposed control method, GC could compensate net
load/generation differences and balance SoCs among groups
automatically without communication.

Notice that, the PUs inside a group are very close to each
other, where the line resistance among the PUs can be obviously
neglected. For the public network, the line resistance can also be
neglected to simplify the study considering two facts:

i. The community network is still in a relatively small scale
(in a hundreds-meters range). With proper selection of
conductor size and voltage level, the line resistance is very
small.

ii. Each GC only maintains bus voltage at its terminal with
droop control, the line resistance only affects the
performance of power sharing among groups. The virtual
resistance in droop control is much larger than line
resistance. Thus, the effect of line resistance on power
sharing is also neglectable.

III. DECENTRALIZED CONTROL STRATEGY FOR PROPOSED
MICROGRID MODULE

To achieve PnP and robust operating in all expansion levels
while keeping low cost and high reliability, a fully decentralized
control system independent from communication has been
designed in this paper. Mode transitions of each converter can
be achieved seamlessly. The proposed method is developed
from dc bus signaling control proposed by [28]-[29]. And new
SoC self-convergence control and seamless PV mode adaptive
control are integrated to the conventional dc bus signaling
technology. This section introduces the detailed design and
implementation of proposed decentralized control to achieve
proposed scalable MG in a wireless and seamless manner.

A.  BES Converter Control

In a regular operation scenario, the BES converter should
regulate local dc bus voltage with droop control to compensate
the power mismatch between PV MPPT output and load
consumption. Besides voltage regulation, the BES SoCs of



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE

7BES max

*
Vioc Ver I Current |d .
- iref controller
/BES,min

SoC*

IgEs
T Coulomb counting
SoC SoC |_orother method

Fig. 4. Block diagram of SoC-based droop control for BES converter.
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Fig. 5. Droop lines of SoC-based droop control under different SoCs.
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parallel PUs should be kept balanced to make full usage of each
battery. Paper [30] and [31] have proposed modified droop
control to achieve BES SoC self-convergence without
communication, by adjusting the droop resistance. Different
from existing solutions, to accommodate dc bus signaling, this
paper adds a first order term to the conventional droop control
to achieve SoC self-convergence, rather than changing the droop
resistance, which is important for the control coordination in the
proposed MG. Fig. 4 shows the diagram of proposed controller
for BES converter. The modified droop control, which is based
on [-V droop control, follows,

ipes = Mpes(V;,, = Vioc) + 1(SoC — SoC*) (1)

where V| is the rated local bus dc link voltage and SoC" is a
reference value of SoC ramp term.

Fig. 5 shows droop lines of proposed modified BES droop
control. Besides the conventional I-V droop term that output
current is proportional to voltage error, it contains a SoC ramp
term. With the additional term, the output current will slightly
increase when BES SoC level is higher than SoC*; the output

current will slightly decrease when SoC level is lower than SoC*.

Thus, an SoC self-convergence characteristic can be created. By
properly selecting parameter [, the voltage deviation can be kept
in an acceptable range.

It is also shown in Fig. 4, a saturator is added to the BES
current reference. A overcharge protector provides limits for
saturation stage based on information of SoC. When SoC is 0%
or lower than a minimum SoC level, the current upper limit is
set to zero (prevent from over-discharging); when SoC is 100%,
the current lower limit is set to zero (prevent from over-
charging). When the BES operating is limited by the saturator,
the BES converter lost the droop characteristic. At this point, the
bus voltage should be maintained by PV converter(s) (when
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Fig. 6. Block diagram of PV converter control with seamless mode selection.

BES is saturated to charging limit) or gateway converter (when

BES is saturated to discharging limit).

The proposed MG has to use proposed SoC self-convergence
control with a first-order SoC term rather than conventional
method as discussed in [30] & [31], due to the following reasons,
i.  Some other important control parameters are selected based

on the BES droop coefficient mggs. The proposed method
has a fixed droop coefficient rather than the conventional
method adjusting droop coefficient all the time.

il. Another important reason is the linearity, which the
conventional method cannot provide. Proposed method
provides a linear relationship between local voltage, local
SoC, and local net generation/load, which will be used for
the GC control to compensate the power mismatch and SoC
unbalance among multiple groups.

iii. The proposed method also takes advantage of consistency
in charging and discharging process and stable balancing
speed, which is not related to charge/discharge power.

Under BES droop control, vy, follows,

1

*
Vioc = Vloc

IBES 2

which is used in the dc bus signaling system design.

l N
+KES(S°C —SoC*)

MBES

B. PV Converter Control

In a grid-connected PV system, PV panels can always operate
under MPPT control theoretically while the grid can always
absorb surplus power. However, in a small off-grid system as
proposed MG, PV generation has to be able to operate under
droop control when BES is fully charged. Paper [32] proposed a
control for PV sources with a switch choosing two control
configurations, which increase system complexity. Paper [33]
proposed a seamless control for PV sources with an inner control
loop to control dP/dV, which can achieve seamless mode
transition by a saturator to dP/dV reference. However accurate
measurement of dP/dV could be difficult especially for a low-
cost application for rural electrification. This paper proposed an
alternate PV controller with seamless mode transition and more
practical implementation. Fig. 6 shows the proposed mode
adaptive PV converter control diagram. The inner control loop
is a PV voltage loop maintains PV panel voltage. The outer
control loop is a V-I droop control loop that maintains local dc
link voltage, with a higher voltage reference value compared to
BES droop control. The mode transition is seamless that the
saturator and local bus voltage PI controller provides the ability
of automatic mode transition.
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When the BES is not yet fully charged that the local dc link
voltage is well regulated by BES converter, Vyp, 1o is always
higher than vj,c, with a preselection of V] PV The input of
voltage PI controller is constantly positive, so the output of PI

controller is saturated to higher limit which is set to MPP voltage.

The inner loop will control vpy to Vyypp which achieves MPPT.

When PUs are fully charged or the BES current already hit
the limit of iggg min (Maximum charging current), the local dc
link voltage will rise higher than Vg, rr. Then the Vpy reference
will decrease lower than Vypp, so PV may operate at an off-MPP
mode. Under PV droop control, v}, follows,

Vloc = V;OC,PV — 7T DPpv (3)

When load increases that ppy < pjpaq, the dc link voltage
will drop, Vpy will rise up until reaching MPP and BES starts to
discharge and maintains local dc link voltage.

C. Gateway Converter Control

Fig. 7 shows the control diagram of GC in proposed MG
architecture. Any bidirectional dc-dc topology can be used for
GC, e.g. Boost, Flyback, Forward, Dual-Active-Bridge, etc. And
in this paper, Buck-Boost converter is used for GC to
demonstrate the general idea. As the interface between local
low-voltage dc bus and public medium voltage dc bus, the
gateway converter has two operation modes, vy, control mode
and v}, control mode. Similar to PV mode selection, which is
based on a voltage threshold, the gateway converter mode
selection uses smaller current reference from i..¢; (generated by

public bus droop control) and i, (generated by local bus droop
control). As a result, the power direction change becomes
continuous and seamless. Gateway converter and BES converter
can work simultaneously under droop control establishing local
dc bus voltage.

In vpyp control mode, the local group operating in healthy
condition, the gateway converter will maintain the public dc bus
voltage with a modified droop control, as ijefy < iper, in Fig. 7.
The current reference in vy}, control mode is given by,

lref1 = mg,1 (V;ub - vpub) + lp(vloc - V;Koc) “4)

In v, control mode, the energy stress of the local group is
too high to support public network that i ., < iref;, the GC can
reduce output power even to reversely inject power into the local
group to maintain the local dc link voltage inside acceptable
level. The controller for gateway converter in v}, control mode
uses simple [-V droop control,

. *
lref2 = Mg,2 (vloc - Vloc.GC) ©)

*

where V) . is rated voltage for GC local bus droop control.

The selection of V;‘OC’GC
D

The mode selection is based on i.es, , which is actually an
indicator of group energy stress. The larger i.f, is, the less
stressed the group is. In vy, control mode, irer, > irefs, the
gateway converter will follow the public bus droop control. In
Vjoc control mode, iof < iref;, the gateway converter will
maintain the local dc bus at a minimum level. Fig. 8 shows the
droop line of local bus droop control of gateway converter.

For selecting parameters of GC control, an important
difference is GC could be connected to groups with different
number of PUs. Thus, the control parameters of GC should be
adjusted according to the number of PUs connected to local
group to proportionally share power with other groups. The
setting of number n can be achieved by simply using buttons or
a knob on the GC, which can be done by any untrained people
and will not spoil the PnP feature. Thus, mg2, mg, and I, should
be adjusted accordingly,

will be detailly explained in Section III

Mgy =N"Mg, (6)
Mgz = n-Mg, Q)
l,=n-1, (8)

where n is the number of PUs connected to the local bus, mg 4
and mg , are droop coefficients per unit for local bus droop
control and public bus droop control, respectively, [ is the per
unit coefficient for SoC balance among groups.

The values of mg," and mg," could follow regular droop
controller design procedure considering the acceptable range of
voltage variation towards certain power variation. Specifically,
to achieve same voltage regulation performance on local bus
under usage-dominating mode as under storage-dominating
mode, mg, , should be equal to mpgs. I, should also be equal to
mpgps to achieve automatic compensation of load/generation
mismatch, which will be explained later.

Different from conventional solutions as shown in Fig. 1 (a)
where the interfacing converter, BES converter and PV
converter can be controlled by one controller device with shared
information. A challenge for GC is how to achieve power flow
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control and SoC balance among groups simultaneously without
communicating with other devices. The proposed GC control
coordinate with proposed BES droop control as introduced in
Section III. A, naturally, which achieves automatic power flow
control to compensate load/generation mismatch and SoC self-
convergence among multiple groups.

As shown in equation (4), the GC vy, droop control also
consists of two terms, one conventional I-V droop control term
and a first-order term reflects local voltage. Considering groups
could have different numbers of PUs, equation (4) can be
rewritten as,

LGTC = m&,l (V;ub - vpub) + lll)(vloc - V;oc) )

where ig is the current of the GC on the local bus side.

All GCs are connected to the same public bus, so the first
terms in (9) are same in all GCs. Thus, the circulating current to
balance power and SoC is only generated from the second term,

= l;’)(vloc - vloc,avg) (10)

where igccp.u. 18 the per PU circulating current go through GC
converters. With local SoC self-convergence control proposed
in section III A, the local bus voltage contains information of
both group net load/generation and group average SoC. Put (2)
into (10),

lGC,c,p.u.

’

l
. _ p . 3
lecepu = S (iBes,avg — UBES)
1l
+—2—(SoC — SoC ) 11
MBES loc,avg global,avg ( )

Apparently, the circulating current as in (11) consists of two
Iy , . . .
parts. The first term, m—p (iEs,avg — iBEs), 18 used to provide
BES

compensation for load/generation mismatch among the groups.

!

When —2

MBES

=1, the first term becomes exactly the current

!

i
P
(So(]loc_avg

MBES
S0Cqiobal,avg ), is used to balance the SoCs among multiple
groups. Make the difference between SoCjocavg and
S0Cq1obalavg to be AS0Cio¢ avg, Which can be expressed follow
the definition of SoC,

dASOC]OC,an ) ;
— = “isEs tiBEsavg (12)

mismatch of each PU. The second term,

!

Put (11) into (12) and considering P

= b
MBES

dASOCloc,avg .
it = lgcepu — lASOCloc,avg (13)

Solve (13),
AS0Ciocavg(t) = ASOCiocavg(0) + 2% (1 — e71) (14)
Thus the SoC difference can be converged to,
AS0Ciocavg () = ASOCigeavg(0) + 2% (15)

From (15) it can be seen, the SoC converge performance on
GC converters is different from BES converters. It cannot
guarantee SoC difference converging to zero but only to a
certain value related to GC operating condition. Though the

SoCs among groups will have difference, the trend is kept from
divergence. This difference is caused by different
load/generation conditions in multiple groups. Only when the
net load/generation per PU of all groups are equal,
AS0Cigcavg () is equal to zero. Considering the per unit net
load/generation in each group would be similar in a large time
scale, the SoCs among groups can be kept balanced in long term
dynamically.

D. Control Coordination

As mentioned, for each group, multiple PUs are directly bus-
interfaced. The coordination of parallel PV, BES and GC
converters is the key challenge in proposed MG architecture.
While the public dc bus control is much simple and have been
studied by many researchers, this section will be more focused
on the local group control coordination.

With proposed controllers for each converter, the
coordination, including mode transition, power sharing and SoC
balance can be achieved simultaneously in a fully decentralized
manner. As introduced above, generally, each converter in the
proposed MG generally has two operation modes, which can be
concluded as Table I. All mode transitions are based on seamless
control.

TABLEI  SUMMARIZE OF CONVERTER MODES AND CRITERIAS
Mode 1 Mode 2 Mode transition criteria

BES Vioc droop saturated SoC level
converter | control

PV MPPT Vo droop vpy reference saturated to
converter control Vmpp O nNOt
Gateway | vpp droop Vjoc droop - .
converter | control control Comparing irer; and irerz

Besides modes of each converter, the overall system
operation can be put into three modes. Fig. 9 demonstrates the
coordination of PV, BES and GC droop control. Based on which
part is dominating droop control, the three modes are generation
dominating mode, storage dominating mode and usage
dominating mode [28]. The local dc link voltage v}, works as
an indicator of operation mode. To achieve wireless and
seamless mode transition, the parameters for each converter
controller should be carefully designed.

PV should operate under MPPT control whenever BES can
maintain v),.. By (2) and (3), the parameters should satisfy,

"
Vloc,PV — 7" PPV,max 2

Vi o+ #ES (SOCmaX - SOC*) - #ESIBES'“““ (16)

And noticing that the power range of PV is dependent on
MPP power, a voltage gap between PV-droop control and BES
droop control is inevitable, which will not have any negative
influence on the system stability or reliability.

Different from having a relatively clear boundary between
PV dominating mode and storage dominating mode, the storage
dominating mode can have an overlapping area with usage
dominating mode. It is allowed to have v, under droop control
simultaneously from BES and GC. This overlap can reduce the
stress of local BES at low SoC level and make the mode
transition process smoother. The overlap is generated naturally

from the selection of parameter VTOC’GC. Reaching the local
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Fig. 10. Typical operating modes of a group in proposed MG, (a) group
diagram, (b) storage dominating mode with all batteries available, (c) storage
dominating mode (PU1 drained), (d) PV dominating mode (PU1&PU2 fully
charged, PU3 at charging current limit), (e) PV dominating mode (all PUs fully
charged), (f) storage dominating mode + usage dominating mode (PU1&PU2
drained), (g) Usage dominating mode (PU1&PU2 drained and PU3 at
discharging current limit), (h) Usage dominating mode (all PUs drained).

*

voltage reaching V| .. means the BESs cannot further provide

any power. Any further decrease of local bus voltage should be
compensated by injecting power from GC. Thus, it makes sense

to set GC power equal to zero at V| .. and V| .. should
follow,
* _yr* 1
Vloc,GC - Vloc - mBES IBES,maX (17)

The width of overlapping is determined by i.r, which is
generated from public bus voltage droop control.

Fig. 10 shows typical operating scenarios of a group consists
of three PUs and one GC under different operation modes. Fig.
10 (a) shows the group connection diagram. Fig. 10 (b) shows a
regular condition that all PUs are available, batteries can absorb
or release energy to maintain the local bus voltage with droop

TABLE II. SIMULATION AND EXPERIMENT PARAMETERS
Item Symbol Value Item Symbol Value
proopsteenes |y, | aav | P ||
SRR | v, | ey | S [ | e
BES voltage Viat 48V Py r;oa;(/i:um Ppymax 100w
BES capacity Cone 10 Wh C‘;‘g fcf‘lrc o r 0.01
maximum SoC S0Cpnax 100 % Gi::;fli)ccil;?:p me, 0.1/unit
minimum SoC S0Cpin 30% Gg;:?&g::]gp me, 1/unit
SoC* SoC* 50% S;g;‘fife‘;‘i 1, 1/unit
Loca_l bus Cone 660 )
capacitance UF /unit

control, the system is under storage dominating mode. The
operating points of three BES converters are on the droop line,
three PV converters are under MPPT control and GC can be
regard as load feeding power into public dc link. In Fig. 10 (c),
though PU1 is fully charged that the operating point is saturated
to zero current, the other PUs still can absorb surplus power, the
group still operates under storage dominating mode. In Fig. 10
(d), PU1 and PU2 are fully charged and PU3 hits the maximum
charging power, all PUs cannot further absorb surplus power.
Thus v, rises and PV converters operates under droop control
to maintain v),., which makes the system PV dominating mode.
In Fig. 10 (e), all PUs are fully charged and the group is kept in
PV dominating mode, until PV output cannot meet the load
consumption, batteries will start to discharge and change back
to storage dominating mode. In Fig. 10 (f), PUI and PU2 BESs
are drained and saturated to zero output power, though both PV
are under MPPT control, vy, is at a relatively low level due to
the high load. GC operates under droop control with reduced
power consumption. The system v,. is dominated by both
storage and usage. In Fig. 10 (g), PU1 and PU?2 are still drained,
and PU3 BES is saturated to its maximum output power, BES
losses the ability of vy, control. Only GC operates under droop
control. The system is under usage dominating mode. Fig. 10 (h)
is similar to Fig. 10 (g), but with all PU BESs drained. GC
operates under droop control. The system is still under usage
dominating mode.

With the proposed control system design, with a certain v,
a unique operating point can be determined for each converter
in the group. In all operating scenarios and expansion levels, the
system can be kept stable and robust. Therefore, a true PnP
feature can be realized with low cost and high reliability.

IV. SIMULATION AND EXPERIMENTAL STUDY

A. Simulation Study

Simulations based on PLECS are performed to evaluate the
proposed MG architecture and the fully decentralized control
technique. Table II shows parameters used in simulation.

Fig. 11 shows the simulation results of a group consists of
three PUs, where (a) shows the whole scope and (b)-(e) show
the zoomed in waveforms during transients. In t, — ¢, all BESs
of three PUs are under droop control and all PVs are under
MPPT control (with different MPP power). At t;, BES of PU1
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Fig. 11. Simulation results of a group consists of three PUs, (a) operation with
group mode transitions, (b) zoomed-in waveforms at time t;, (c) zoomed-in
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waveforms at time t.

is fully charged and is no longer under droop control. In t; —
t,, BESs of PU2 and PU3 can still absorb surplus power to
maintain vj,.with droop control to a little higher value due to
the higher charging current on each BES. At t,, BES of PU2
also gets fully charged. In t, — t3, solely PU3 BES cannot
absorb all the surplus power and is saturated to the maximum
charging power. The increase of v, changes PV converters
from MPPT control to droop control which keeps v}, from
further increasement, and PVs can evenly share the power. At
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Fig. 13 Simulation result showing power sharing and SoC balance among BESs
inside a group and among groups.

t3, BES of PU3 also gets fully charged. PVs further reduce their
output with droop control to maintainv,.. At t,, a load step
change from 100W to 400W happens, that all PVs increase their
outputs to MPP still cannot meet the load need. BESs start to
discharge and take back droop control.

It can be seen that when BES taking over the droop control,
e.g. Fig. 11 (b) and (e), the transient is much faster (shorter
settling time and smaller overshoot) than that of PV taking over
droop control, e.g. Fig. 11 (c) and (d). It can be explained by
that, BES converter uses I-V droop control, as shown in Fig. 4,
which has a nature of better transient performance than that of
V-1 droop control used by PV converter, as shown in Fig. 6 [34].
At the same time, the v}, PI controller of PV converter has to
have a lower control bandwidth to guarantee a stable inner vpy
loop, which could further deteriorate vy, transient performance.
With proper design of parameters and local bus capacitance, the
transient can be kept in an accept range as shown in the
simulation result (settling time 0.2 s, overshoot 10 V).

Fig. 12 shows the simulation result of a group consists of
two PUs and connected to the public bus with a gateway
converter GC. The simulation result shows GC operation mode
change between vy, control mode and v, control mode and
the case v, is regulated by both BES and GC. In t, — t;, BESs
of two PUs are under droop control and PVs are under MPPT
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control. GC is working feeding power into public bus of which
the power is determined by v,,,;, droop control. Att;, a load
step change from 100W to 400W happens. In t; — t,, Both
BESs are under droop control with increased output power.
Reduced v, makes GC also under v,,. droop control that the
power drained from local bus is reduced. At t,, a solar
irradiance drop happens. In t, — t3, the v}, is still maintained
by BESs and GC. BESs output power are further increased. GC
output power is further decreased to negative that start to inject
power into local bus. At t;, PU1 is drained and PU2 BES hits
the maximum output power. In t; — t,, only GC maintains v},
with droop control. At t,, the load is reduced to 0 from 400W.
Vjo Tise to a higher value and GC change back to vy, control.
PU2 BES maintains v, while PU1 is still drained that cannot
provide any power. Notice that both BES and GC droop control
are [-V droop control which has a high control bandwidth. As a
result, all transients in Fig. 12 are smooth and fast.

Fig. 13 shows simulation result of a case consists of three
groups, where Group 1 has two PUs, Group 2 has three PUs and
Group 3 has three PUs. As shown in Fig. 13, all PUs start with
different SoC, and net load are different in three groups with
two transients of net load step change in Group 2 at 1800s and
3200s. In this test case, the GCs are under vpy;, control mode to
demonstrate power sharing and SoC balancing ability among
groups, due to that SoC balancing and power sharing among
groups are only considered under GC vy, control mode.
Firstly, from the result, with proposed SoC self-convergence
control, the SoCs inside a group converges fast to a well-
balanced state, as well as the current sharing. Secondly, among
multiple groups, as analyzed by mathematical derive from
equations (9)-(15), the SoCs of three groups are kept from
divergence though with a steady state SoC difference due to
different net load/generation condition which agrees to
equation (15). And the net load/generation mismatch in
different groups are compensated that the BES output powers
are well shared by each BES in all groups, with the proposed
control design and parameter selection as explained by equation
(11).

B. Experiment Verification

The proposed MG architecture has been verified by
experimental prototypes, of which the setup is shown in Fig. 14.
A MG system with two PUs and one GC converter is tested.
The verification focuses more on the group operation. The
public bus is emulated as a voltage source with a battery. Each
PU is controlled by a TI F28379d DSP. Parameters are set to
same as Table II.

Fig. 15 (a) and (b) show the system SoC self-convergence
characteristic in charging and discharging process respectively.
SoC waveforms are generated by MATLAB with measured
information of BES currents. It can be seen that the BES with
higher SoC always provides higher current. A converging trend
of two BES SoCs can be observed in both cases. Besides that,

/ 7
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. ey GG U
: __4& converter —= Lithium
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- —
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@ - (b)
Fig. 15. Experimental waveforms of SoC self-convergence inside a group
during (a) charging and (b) discharging.

with change of system overall SoC, a change on the local bus
voltage v, can also be observed, which can be used for GC to
estimate local group average SoC.

Fig. 16 shows operation of a standalone PU showing PV-
BES droop coordination. In t, — t;, BES maintains v, with
droop control and PV operates at MPP. At t;, BES is fully
charged, and BES charging current is saturated to zero; PV
converter change to droop control and maintains vy, at a higher
level with reduced PV output power. At t,, solar irradiance is
reduced. While PV converter still under droop control, the
output power maintains the same but closer to MPP with
increased vpy. At t3, solar irradiance is further reduced. PV
converter increases vpy till reach MPP, but the MPP power
cannot compensate the load. BES starts to discharge and
maintains v, with droop control. At t,, solar irradiance is
reduced to zero. BES can still maintain v;,. with higher output
power. Fig. 16 (b) illustrates the operating points of PV during
mode transitions.

Fig. 17 shows operation of a group consists of two PUs
showing PV-BES droop coordination. Two PV simulators uses
different PV curves with different MPP power. In t, — t;, PV
converters operate at each MPP, and BESs maintain v, with
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droop control and equally share power. At t,, PU1 BES is fully
charged; PU2 BES can still absorb all the surplus power with
droop control; PV converters are kept at MPPT control. At ¢,
PU2 BES is also fully charged that both BESs cannot absorb
any surplus power; PV converters change to droop control. At
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Fig. 18. Experimental waveforms of transient that both BESs get fully charged
and PV converters change to droop control with P, . =50W, P, ... =
60W and P = 85W, where (a) shows local bus voltage, PV panel

MPPT2
voltages and BES current, and (b) shows PV panel voltages and currents.

t3, solar irradiance is significantly reduced on PV1, PV
converters increase their vpy to maintain the output power. At
t4, solar irradiance is also reduced on PV2, PV converters can
still maintain dc link voltage well with equally shared power.
At ts, PV1 is completely shut down, PV2 increase its power till
reaching MPP, BESs start to discharge to maintain v, at lower
level with droop control. Fig. 17 (b) shows detailly how the PV
operating points move on two different PV curves during the
experiment. In storage dominating mode, each PV can track its
own MPP. In generation dominating mode, two PVs can
equally share the power.

Fig. 18 shows the zoomed in waveforms of the transient
from storage dominating mode to generation dominating mode.
Fig. 19 shows the zoomed in waveforms of the transient from
generation dominating mode back to generation dominating
mode. It can be seen the transient of the former one has a much
longer settling time and overshoot, due to the nature PV
characteristic and V-I droop control. With a proper design of
bus capacitance, the overshoot can be limited within an
acceptable range.

Fig. 20 shows experimental waveforms of coordination of
PU and GC vy, droop control. One PU and one GC is used to
verify the BES-GC coordination. Public bus is emulated using
a battery as constant voltage source and i .f; 1S set to 1A. In
to — t;, BES with PV output power can well manage the load
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Fig. 19 Experimental waveforms of transient that load step increases by 80/
and PV converters change back to MPPT control with P, .., = 60W and
P ppr2 = 25W, where (a) shows local bus voltage, PV panel voltages and one
BES current, and (b) shows PV panel voltages and currents.
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Fig. 20. Experimental waveforms of a PU and a GC showing BES-GC droop
coordination.

of 115W maintaining v}, at an acceptable level that GC can
injecting 1A as given by reference i,.¢; . At t;, load step change
to 200W; v}, drops to 45.2V; both BES and GC are under
droop control that GC reduces the power injected into public
bus to 0.4A. At t,, solar irradiance change reduces the PV
output power; BES increase its output power and GC further
reduce its power consumption till injecting power into local
group with 0.2A. At t3, PV output power reduces to zero; BES
operates at maximum discharging current; only GC is under

droop control to maintain v}, at a lower level (44V). At t,,
load is reduced to 115W; BES output is reduced and maintains
Vjoc at a relatively higher level with GC.

IV.  CONCLUSIONS

In this paper, a module-based Plug-n-Play (PnP) microgrid
(MQG) is proposed with fully decentralized control. The proposed
MG is based on PnP modules namely power units (PU) and
gateway converters (GC). Each PU can work as a standalone
unit, and with proposed decentralized control technique multiple
PUs can be put into a group to scale up the system capacity in
an ad-hoc and PnP manner. Groups can be further
interconnected through a public bus with gateway converters.
Control of each converter just requires local information while
power sharing, SoC balancing and mode adaption can be
achieved simultaneously in a communication-less manner. The
proposed architecture allows people to organically develop
power networks in a bottom-up way with PnP modules, which
is suitable for electrification in rural areas. The performance of
proposed MG and control method are studied analytically and
verified by simulation and experimental tests. The results show
that, with the proposed method, an ad-hoc low-cost MG with
multilayer expandability can be achieved while keeping high
reliability and robustness.
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