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Abstract - Achieving' a high-level of stability represents one
major concern in autonomous microgrids (MGs) with high
penetration levels of renewable energy sources. The aim of
this paper is to study how photovoltaic (PV) power plants
can provide dynamic frequency support in MGs, in order to
obtain an improved stability for the entire power system.
On the PV side an energy storage subsystem is added, with
the main purpose of better control and higher power
reserve of the PV power plant. By this way the necessary
input power is provided by the PV system along with the
battery block. The required output power is supplied by a
three-phase voltage source converter (VSC). The VSC
control is implemented in a rotating dg reference frame,
including a harmonic compensation loop for the output
current. To improve the dynamic frequency stability of the
MG, specific functions are implemented within the PV
inverter control. To highlight the performance of the
proposed system, a comparative analysis is provided, which
cover four cases of interest depending on the status of the
storage system and dynamic support (i.e. with/without
storage and with/without dynamic support). Simulation
results are included to validate the power control system,
showing that the dynamic frequency control can be
improved by the proposed solution.

Keywords: Frequency control; microgrid; power system
dynamic stability; PV power generation, energy storage.

I. INTRODUCTION

The rapid development growth of distributed generation
systems is mainly associated with the sector of Renewable
Energy Sources (RES). Aiming to maximize the use of
local energy resources as close as possible to the
consumers and to reduce the losses on the conventional
networks have led to the necessity of developing small
self-sustaining power systems, namely microgrids (MGs)
[1]. Moreover, the MG is considered the building block in
the future smart grid [2]. The automated MGs will take
the control of the power systems related to the stability of
supply and energy quality, mainly because the exponential
increase of the control complexity makes no longer
possible the human dispatcher to perform it. Within this
framework, the RES-base generators should also have to
participate to ensuring the MG power quality and stability.
Therefore, the main tasks have to be shared among all the
resources in the MG, sources, energy storage systems and
consumers [3].
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A major issue of the grids with high RES penetration
levels consists in ensuring the power control and
predictability. In this regard, the RES generators must
become controllable in a similar way to conventional
ones. In autonomous MGs, maintaining the stability both
in normal operating conditions and during severe dynamic
regimes represents a more difficult task mainly because of
its reduced inertia and power reserve [19]. Therefore,
besides enhancing the MG stability and power availability
by means of energy storage systems and active loads,
improving the RES generators control mainly during
dynamic regimes represents a new real concern.

The current research is focused on the photovoltaic
(PV) source, because of its high potential in terms of
answer speed capability to face with the stability
problems, part of which are created in large extent by its
own inherent variability of energy production. The
premise used to date, consisting in maximising the energy
production using a maximum power point tracking
(MPPT) algorithm, will be replaced by the higher priority
request to participate to the MG operational stability. The
main studied solutions to achieve a more flexible power
control of PV power plants consist in integrating energy
storage systems within the power plant structure [4]-[7],
curtailing the PV output power to a certain degree [8]-
[11], or combination of both solutions. Although such
solutions increase the costs — either in terms of additional
resources (e.g. energy storage system), or because of not
using the entire available solar energy when operating
outside the maximum power point — they are justified
when ensuring the security and stability in MGs with
limited resources becomes a priority.

Integrating an energy storage system within a PV
power plant to enhance its power control can be
accomplished in several ways. The solution of interest for
the current study involves connecting a battery bank to the
DC-link of the PV inverter by means of a bidirectional
DC-DC converter [13], [15]. To be mentioned that this
paper is an extension of a previous study [20], being
mainly focused on the operation strategy and control of
the PV-battery system in order to increase the active
power control of the PV power plant and thus, to be able
to participate in the MG dynamic frequency control
mechanism [12]-[14],[16].

After introduction, the paper is organized as follows:
Section II presents the three-phase inverter (VSC) and
system configuration, in Section III the control principle
and control methods of the VSC are detailed, Section IV
describes the simulation cases and results while the main
conclusions are provided in Section V.
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Fig.1. Block diagram of the analysed system
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II. PV SYSTEM CONFIGURATION

Fig. 1 shows the block diagram of the studied PV
system, consisting of a three-phase VSC connected to a
MG. The inverter is supplied from a PV system and a
battery block is connected on the DC-link to support
either a local load connected when operating islanded, or
to provide dynamic support when connected to the MG.

The analysed PV power plant consists in a single string
with 22 series connected panels each having 245 W. The
PV string is connected directly to the VSC DC-link, the
rated DC voltage produced by the string being around
650V.

A 48V battery is connected to the VSC DC-link by
means of a DC-DC bidirectional converter. It should be
mentioned that the discussion about the converter
structure and its impact on the overall system efficiency
are issues outside the focus of the current paper and,
therefore, a generic DC-DC half-bridge converter is
considered. Another important aspect that is reserved for
future studies implies the optimization of the converter
power and battery capacity. If the PV system is intended
to support the MG only during severe dynamic regimes, a
short-term energy storage system is to be considered.

III. SYSTEM CONTROL

A. VSC Power control

The control of the VSC output power is accomplished
in rotating dq reference frame, with the block diagram
developed as in Fig. 2a and Fig. 2b. The inner current loop
is based on proportional-integrator (PI) controllers on
each axis, with voltage feed-forward and cross-coupling
elimination terms [17]. The synchronization of the
inverter is done by a conventional three-phase phase-
locked loop (PLL). Based on the active and reactive
power references (Ppy, QOpy), the dg-axis reference
currents are calculated as follows [17]:

. 2PV 0,7, (1)
L=

3 VY,
r =gP;VanQ;de ©)
T3 e

For limiting the output current distortion to the standard
level (i.e. THD;< 5%), the VSC control also includes a
harmonic compensation (HC) loop, presented in Fig. 2c.
The HC is implemented in rotating reference frames, one
for each harmonic that is required to be compensated. In
this case, targeting for the 5™ and 7™ harmonics, two
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Fig.2. VSC command: a) general structure; b) fundamental current
control diagram; c¢) harmonic current control diagram
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Fig.3. Block diagram of PV Frequency controller

rotating frames at -5@ (negative sequence) and 7w
(positive sequence) are employed. The converted current
signals are provided to two integral controllers with the
corresponding gains of K5 and Kj;. The obtained
compensation voltages are then added to the main dg VSC
reference voltages.

When the energy storage system is connected to the
VSC DC-link the battery acts as an energy buffer to
balance the power between the PV production and the
VSC output requirements. By this way the VSC output
power is decoupled from the PV available power and,
therefore, achieving a better control of the PV power
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Fig. 4. Dynamic Frequency characteristic of the PV power plant

plant. In this paper, this characteristic is used to provide a
certain level of support for the MG frequency.

When the support is enabled, the battery energy storage
system is controlled to maintain the DC-link voltage
constant by absorbing or injecting power by means of the
bidirectional DC-DC converter. For a better assessment of
the system performance, the conventional operation case
of the PV power plant (i.e. without integrated storage) is
also included in Section IV. In this case, the DC-link
voltage is no longer regulated by the battery system, but
by the internal VSC control.

B. Frequency Control

For the purpose of PV power plant participation in the
MG frequency control process, a frequency controller is
developed with the block diagram shown in Fig. 3. The
frequency deviation Af from the reference value f) — which
may be fixed or controlled by the MG central controller —
is used to determine the active power reference according
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to a predefined P-f characteristic. The signal P,ppr comes
from the MPPT block, which is not detailed in the current
paper.

In order to analyse the proposed PV plant response to
the frequency changes, for the simulations presented in
section V an aggregate dynamic MG model is developed,
based on the transfer function from (3) to represent the
primary frequency control process, in per units (p.u.) [18].

My
GMG_/ (s)= ?Mf'

3 1+5sT,
2Hf,Tys* + (DT, + 2Hf,)s + D+ A,

)

where: Afyc is the MG frequency deviation; AP is the
active power disturbance; T represents the composite
time constant of the primary frequency control of the MG;
Auc 1s the composite power-frequency characteristic of the
MG; H is the inertial time constant of the MG; D is the
load damping coefficient; f; is the initial steady-state
frequency.

The active power-frequency characteristic is inspired
from the existing PV grid code standards (Romanian grid
code was targeted), being adapted for the required
operation in MGs. As Fig. 4 illustrates, this characteristic
is based on a 20 % reserve of the inverter when the
frequency falls within normal operation range. Featuring
an enhanced active power control due to the integrated
storage, the characteristic can be expanded to the bottom
quadrant also (i.e. P<O — absorbing active power from
MG). Therefore, the system can react to both signs of the
frequency deviation. To be mentioned that, the current
paper does not cover the cases when the battery reaches its
state of charge (SOC) limits and when the system cannot
longer operate as described. This aspect is reserved for
future studies.

In order to highlight the proposed system behaviour in
comparison with the conventional PV operation mode,
two methods of generating the active power reference are
used. In the first case a fixed reference value is used (i.e.
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Fig. 5. Simulink block diagram Simulink of the studied system
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provided by P,ppr), while in the second case the dynamic
frequency support is enabled.

Voltage regulation can also be provided through
exchange of reactive power control [21], but in this case
the reactive power reference is set to zero (Qpy =0) in
order the VSC to operate at unity power factor.

IV. SIMULATION RESULTS

The PV system presented in Fig. 1 is modelled in
Matlab/Simulink, and the main simulations of interest are
discussed hereinafter. Fig. 5 presents the Simulink
diagram of the PV inverter connected to the MG and main
system parameters are presented in Table I. The VSC used
here is a 5 kW three-phase inverter, sized to support the
PV system above and to supply a 5 kW load connected to
the MG. As for the simulation of the MG, is used a
dynamic MG model in Simulink. The dynamic
characteristic of the frequency presented in Fig. 4 is
implemented in Simulink by means of a look-up table
function. The MG model is developed according to
expression (3), the frequency changing according to the
active power balance in the MG. By this way, it is
possible to analyse and optimize the PV power plant
response during dynamic events in the MG.

In order to highlight the support capabilities of the
studied system, the presented analysis includes the
following operating cases: with and without dynamic
support from the PV power plant, applied for different
irradiation values and one more case, in which are applied
the above conditions, but without battery support. There
are three operating cases. In the first case there is a fixed
value for the irradiation (G=1000W/m’) and two
assumptions with and without dynamic support, while in
the second case the irradiation drops to a lower value
(G=500W/m’) in order to simulate a real PV operating
condition also with the same assumptions. In the third
case there are the same aforementioned conditions but
without using the battery support.

The measurements include the MG frequency and the
main active powers in the system (i.e. PV string, battery
and VSC). For all cases, the MG is considered initially at
steady-states with f,=50 Hz.

As Fig. 6 shows, at t=2s when the load is connected, the
frequency decreases rapidly to 48.72 Hz without dynamic
support and to 48.86 Hz with dynamic support. After the
primary frequency control is finished in about three
seconds after the disturbance occurred, the frequency is
restored in both cases to the rated value of 50Hz.
Regarding the system active power flow, as shown in Fig.
7, without support the VSC output power has a small
reaction to the MG frequency deviation. All the powers
remain constant and the battery block is charged. The
output power is constantly around 5000 W, after the load
is switched on. With dynamic support, the PV power
remains unchanged at around nominal value with a
fluctuation after 2 second when the load is switched on.
The VSC output power changes according to the
characteristic from Fig. 4, increasing from 4000 W up to
around 5000 W when the load is switched on, and again at
4000 W after that. During this time, the battery provides
the balance of around 1250W between the PV and VSC
power. This difference is smaller when the system
operates without dynamic support and higher with
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dynamic support, the reason being the imposed operating
characteristic of the frequency dynamic control for the
VSC with power reserve, as described in section III.

TABLE L
THE MAIN SYSTEM PARAMETERS
Parameters Values

VSC rated output power SkW

DC link voltage 650 V

Battery voltage 48V

VSC output filter inductance 3.1 mH; 10 pF
and capacitance
MG rated frequency (fy) 50 Hz
MG time constant of the 0.1s
primary frequency control ( Tr)
MG inertia constant (H) 1s
MG damping factor (D) 2%
MG power frequency 20 kW/Hz

characteristic (Awvg )

In the second studied case, the PV irradiation changes
from G=1000 W/mz, to 500 W/m?® at t=4s. For a better
comparison these tests are accomplished for two operating
conditions, i.e. without dynamic support and with
dynamic support. As shown in Fig. 8, the frequency starts
from the 50 Hz and after 2 seconds when the load is
connected, it drops to 48.72 Hz without dynamic support,
while with dynamic support being limited to 48.86 Hz. It
should be mentioned that the frequency response is
similar to the case presented in Fig. 6, since the integrated
battery energy storage system ensures the power balance
on the DC-link side of the VSC and, therefore, the VSC
maintains its power response capability regardless of the
PV production. As shown in Fig. 9, without dynamic
support the PV power is constant around nominal value.
After 4 seconds when the irradiation changes, the PV
string power drops proportionally to 2000 W. However,
due to the integrated energy storage system, the VSC
output power is not affected, because during this time,
when the irradiation drops the battery provides the balance
between the PV and VSC power with a small fluctuation
in both cases. The VSC output power being higher than
the PV production, the battery provides the difference and
starts discharging. Similar to the previous case, the
balance is lower when the support is enabled in contrast to
the operation without support. As a consequence, the MG
frequency is undisturbed by the PV string power reduction
at t=4s, as illustrated in Fig. 8.

504

with dynamic support
w/o dynamic support

MG frequency [Hz]

15 2 25 3 35 4 45 5 55 6
Time [s]

Fig.6. MG frequency for G=1000 W/m? without and with dynamic
support.
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In the third studied case, the PV irradiation changes
from G=1000 W/mz, to 500 W/m® at t=4s as in the
previous case, but now the battery is removed from the
DC-link. In order to compare this case with the other two
above, these tests are accomplished in the same operation
conditions, without dynamic support and with dynamic
support. As shown in Fig. 10, frequency starts from the
50 Hz, and after 2 seconds when the load is connected, the
frequency starts declining to 48.72 Hz without dynamic
support and to 48.86 Hz with dynamic support. At around
t=4s the frequency is restored to the rated value in both
cases, i.e. with and without dynamic support. However,
after t=4s, when the irradiation changes to 500 W/m” the
MG frequency is dropping to 49.4 Hz without dynamic
support, while being limited to around 49.7 Hz when the
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support is enabled. After 5.8 seconds the frequency is
brought back to 50 Hz in both cases.

As shown in Fig. 11, without dynamic support the PV
power is at a constant value around the nominal value of
5000 W, while in the other case the PV power changes
from 4000 W to 5000 W after 2 seconds when the load is
switched on and again at 4000 W. The output power is
5000 W without dynamic support, whereas with dynamic
support being maintained at 4000 W, according to the
characteristic from Fig. 4, with a minor fluctuation when
the load is switched on.

After 4 seconds, when the irradiation changes, the PV
string power drops proportionally to the irradiation to
approximately 1700 W and remains constant in both
cases, 1.e. with/without dynamic support. However, due to
the lack of integrated energy storage system, the VSC
output power now follows the PV string production and,
therefore, it can no longer sustain the MG frequency, until
the MG frequency is stabilized again after 5.8 s at 50 Hz.
As a consequence, the irradiation change perturbs the MG
and the frequency drops according to the PV active power
decrease (i.e. 4000 W), but this perturbation is limited due
to the dynamic characteristic of the frequency when the
system is working with dynamic support.

Further improvements are under study, one of these
consisting in adapting the PV power plant response
capability according to the battery state-of-charge.
Enhancing the frequency controller to respond to the rate-
of-change-of-frequency is another improvement taken into
consideration.
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Fig.10. MG frequency for G=1000 W/m” and G=500 W/m* with and
without dynamic support and without integrated battery.
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V. CONCLUSIONS

The paper has presented a solution for dynamic
support of frequency in microgrids (MGs) by means of
photovoltaic (PV) power plants. In order to improve the
PV system control and power reserve, an energy storage
system is integrated into the structure of the PV power
plant. The PV response to frequency deviations is
adapted from the existing Romanian grid code, a
modified /P characteristic being developed according
to the system characteristics. The simulation results
have clearly shown that, as long as the battery storage
system operates in normal conditions (i.e. without
storage limitations), the considered PV system is able to
improve the MG frequency response and for sure the
dynamic frequency support according to existing power
reserve, ensures an increased stability of the entire MG
output power. Regarding the PV power it was
demonstrated that, according to irradiation values, the
battery compensates for the difference between the PV
string production and the imposed PV plant output
power according to the frequency controller
characteristic. The case without integrated energy
storage system was also analyzed, the results showing
that the PV power plant can provide a certain level of
support according to its power reserve operation, which
depends on the irradiation level.
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