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A B S T R A C T

In microgrid, photovoltaic (PV) and storage are always combined as a droop-controlled ideal source, which is not
very practical. Alternatively, this paper introduces a PV-storage independent system via allocating the PV-sto-
rage separately. For this structure, a novel quasi-master-slave control frame is proposed without communication.
Storages work as master voltage sources, and PVs operate as current controlled voltage sources (CCVS). For the
slave PVs, a MPPT-based power droop control and an adaptive reactive power control are proposed. Thus, PVs
can simultaneously achieve maximum energy utilization in real-time and the voltage/frequency regulation.
Compared with the conventional master-slave frame, this quasi-master-slave frame is more applicable for al-
lowing a high PV penetration and for unifying islanded and grid-connected modes. Furthermore, the small signal
stability of entire system is analyzed to design the physical and control parameters, such as, the minimum
capacitance value of DC side, droop coefficients. Finally, simulation and experimental results are presented to
verify the system effectiveness.

1. Introduction

Renewable energy sources are drawing considerable attention be-
cause of the cleanness, environmental protection and sustainability.
Among the renewable sources, photovoltaic (PV) has emerged to be one
of the major distributed generators (DGs) due to the decreased in-
stallation cost in recent years [1,2]. To integrate PV sources, the con-
cept of PV-storage microgrid has been widely researched [3–5], and
storage is a supplementary component for the power supply-demand
balance. In islanded PV-storage microgrid, the coordination control
between PVs and storages and the system voltage/frequency stability
are two major tasks. Hence, this paper would focus on the control frame
of PV-storage system.

In PV-storage based microgrid, there are two typical configurations
shown in Fig. 1 [6–9]: (a) PV-storage integrated system; (b) PV-storage
independent system. In the former, storage units are integrated with
PVs to form a micro-source which is independent on the power char-
acteristics of solar panels. Due to the power fluctuations of PV, the units
would charge or discharge frequently, resulting in low efficiency and
short lifespan. To overcome these drawbacks, a centralized storage
system should be disposed. As a separate unit, storage is managed ac-
cording to the voltage/frequency of AC bus. Therefore, the latter is

preferable to flexibly dispatch storage and easily optimize storage al-
location. For the PV-storage independent system, the two general
structures are shown in Fig. 1(b): (b.1) DC/AC coupled architecture.
(b.2) AC coupled architecture. In the DC/AC coupled architecture, PVs
and storages are connected to the DC bus. The AC bus is connected with
the DC bus via a DC/AC inverter. The benefit of this architecture is that
it can fed DC loads through the DC bus directly, which avoids the extra
power losses [8–10]. Since there is only one inverter, the system is
easier to be controlled. Meanwhile, the inverter must be highly reliable
because almost all the power needed by ac loads flows through it [11].
This architecture is more suitable for the local energy management
which has lots of DC loads, such as loads of the households. In the AC
coupled architecture, the loads are connected directly to the AC bus. It
would cause the power loss and extra cost with a high proportion of DC
load [11]. However, the system has a high flexibility to be controlled
and optimized and it is easier to be modularized. It is convenient for
utilizing the remote DGs. The investigation in this paper is focused on
the AC coupled architecture.

For the PV-storage integrated microgrid, peer-to-peer control frame
is often applied to feature the plug-and-play capacity. As a typical
control scheme, various droop control methods have been widely
adopted [12–16]. In [12], the basic concepts of frequency droop, angle
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droop and virtual impedance control are revealed. In [13], an adaptive
droop control is investigated for PV-storage hybrid units. The battery
may provide extra power when the available power of the integrated PV
is insufficient. In [14], a V-I droop mechanism is utilized in the primary
controller to share load power among DGs. These peer-to-peer strate-
gies [12–16] do not require communication, which reduce the system
cost and improve the reliability. However, this peer-to-peer frame is
only applicable for the ideal sources [17,18]. It needs considerable
storages to fill the fluctuation of renewable energy generation, which is
expensive and impractical.

For the PV-storage independent system, the master-slave frame has
been a common control structure [19–23]. In [19], an auto-master-
slave control technique is presented to ensure a fast dynamic response
and precise load power sharing. In [20], a utility interface (UI) installed
at the PCC is controlled as the master source. The UI works in grid-
supporting mode under grid-connected operation and grid-forming
mode under islanded operation. To eliminate the limitation of physical
connection among DGs, a master-slave control with analog wireless
communication is demonstrate in [21]. This master-slave frame in
[19–23] enables PVs as slave current sources to inject maximum energy
to Microgrid. Storages operate as master voltage sources to support
system voltage and frequency. However, there are some limitations: (a)
Real-time communication reduces system reliability and increases cost;
(b) It needs a considerable master source to avoid a single point of
failure [24]; (c) High-output voltage/frequency overshoot may occur
during transients since only master sources support the system voltage.
In a word, the existing master-slave frame is operational for the mi-
crogrid with a low PV penetration. With the penetration level in-
creasing, PVs should participate in the system voltage/frequency reg-
ulation [25]. These challenges would be addressed in this paper.

There are some references about the voltage-controlled PV inverter.

Ref. [26] proposes a voltage-source control strategy based on droop
control concept for PV inverter. This controller can maintain the dc bus
stability even during load transient and automatically reduce genera-
tion of PVs with low load demand. This controller is only applicable to
single-stage inverter. Focusing on the specific characteristic of PV, the
Vdc/Vg-droop and P/Vg-droop are combined to obtain the proper power
sharing in [27]. But each inverter requires a multistage controller to
implement this control strategy, which may reduce the system effi-
ciency. In [28], a universal controller is proposed to combine the
maximum power point tracking (MPPT), droop control and dc side
voltage regulation. However, the range of load variation is limited by
the capacity of the storage in microgrid. In a word, each of [26–28] just
proposes a single modified droop control for voltage-controlled PV in-
verter, while they do not give a comprehensive point from a level of the
system operation mode.

Considering the characteristics of PVs and storages, a novel control
frame should be developed, which can ensure the MPPT of PVs and
efficient operation of storages. In this paper, a novel quasi-master-slave
control frame is proposed by combining features of peer-to-peer and
master-slave frame. As shown in Fig. 2, the control frame is a com-
promised choice, whose features are given as follows:

● Non-communication. This control frame allows DGs to regulate the
voltage and frequency without communication, so physical con-
nection constraint and high cost are avoided. In addition, a high
reliability and plug-and-play capability of the system are obtained.

● Multiple master and multiple CCVS-based slave sources. All of the dis-
patchable energy sources are controlled as master sources to avoid
the single point of failure. The PV sources function as current con-
trolled voltage sources (CCVS) to participate in the voltage/fre-
quency regulation, especially for a high PV penetration.
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Fig. 1. Architectures of PV-storage system.
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