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Abstract

Preserving the frequency stability of new important blocks in smart grids such as interconnected microgrids, is a serious
challenge. Inertia can act as a significant stability/performance index for frequency regulation in the power grids. Renewable
energy sources have low inertia and mostly need a special control mechanism to emulate an inertia and inject to the system.
In this work, a frequency response model is introduced for AC interconnected microgrids based on the inertia concept. The
absence of a suitable model for study on frequency and tie-line power control in the interconnected microgrids, limits research
activities in this field. A clear classification has not been done considering the inherent dynamic behavior of all distributed
generators types, which may help researchers to introduce more simple strategies to provide better dynamic performance. This
paper addresses a new approach for study on inertia-based simple frequency response model for interconnected microgrids.
The outcome can be useful for frequency and tie-line power control analysis and synthesis in interconnected microgrids.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Distributed generators (DGs) such as wind turbines (WTs), photovoltaic (PV) and energy storage systems (ESSs)
may build a low/medium voltage power grids named microgrids (MGs). Due to environmental concerns, improving
performance and reliability of power grids, there is an increasing interest in using of MGs [1]. It is predictable that
in the future, interconnected microgrids (IMGs) provide a new application face of smart grids. The IMGs improve
reliability, resiliency and flexibility of the future power generation systems [2—0].

One of the important challenges for study on frequency control in AC IMGs, is the absence of suitable dynamic
frequency response model (FRM). As mentioned in [7], modeling can be done for variety of purposes. Thus, using
a comprehensive model for a special purpose, is not a reasonable choice, and it is better to suggest a model for
coinciding on a specific study purpose.
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The present paper provides a simplified FRM for AC IMGs for study on frequency and tie-line power control,
which in power grids is known as load frequency control (LFC). In this paper, a new classification is presented
for all types of DGs based on their inertia characteristic. According to this classification, an equivalent transfer
function is obtained for each type. Then, a simplified FRM is derived for a single connected microgrid. Finally,
considering tie-line power, the obtained FRM is modified for AC IMGs and a new equivalent model is presented
which is suitable for frequency and tie-line power control analysis and synthesis studies.

The rest of this paper is adjusted as follows: Section 2 presents three categories for DGs such as WT, PV, ESS
and diesel generator. In Section 3, a FRM is obtained for a single microgrid. In Section 4, the mentioned FRM is
generalized for AC IMGs. Simulation of the proposed model is analyzed in Section 5. Finally, the conclusions are
given in Section 6.

2. Three DGs categories

Dynamic analysis and providing a dynamic model for power grid is a hard task due to several reasons such as high
number of components to be taken into account, non-linear behavior and complex coupling between components
and dynamics [8]. For these reasons, after determining the purpose of the study, separating effective and ineffective
dynamics for a special purpose, provides a good solution to obtain a suitable dynamic model for the problem at
hand [7]. In this work, an FRM for AC IMGs is presented using the inertia concept. When an event occurred in a
power grid, the grid frequency changes according to the system inertia and power imbalance as described by the
following well-known swing equation:
dAf (1)

dt

AP, (t) — AP, (t) = 2H + DA (t) (1)

where, Af is the frequency deviation, APy, is the mechanical power change, AP is the load change, H is the
inertia constant, and D is the load damping coefficient.

On the other hand in the power grids, inertia, power imbalance and frequency deviation are interdependent.
Power imbalance is affected by consumption and production parts. Thus, it is not an inherent characteristic for the
power grid components. But inertia is an inherent property for power grids in frequency response point of view [9].
Therefore, inertia can be selected as a significant categorizing index. In distribution generators sources, two indices
are selected as effective dynamics on frequency response: inertia and the overall (high) time constant of DGs. The
overall time constant introduces a time interval that each DG requires for producing energy according to its natural
properties. Inertia introduces the system trends to maintain its current state. In this work, inertia is selected as an
index to categorize DGs. Therefore, DGs can be sorted by 3 different categories:

i. Mechanical type which presents synchronous generators (SGs) type such as diesel generators, gas turbine
and direct connected WTs.
ii. Chemical type which presents storage systems such as batteries.
iii. Electrical type which presents inverter-based DGs such as PV and indirect connected (power electronic
interfaced) WTs.

In this work, it is assumed each MG consists of a direct connected WT, a diesel generator, a solar panel, indirect
connected WT and an ESS as shown in Fig. 1.

2.1. Mechanical type

In the mechanical DGs, a mechanical process such as a rotating heavy mass leads to produce electricity.
Therefore, inertia and time constant are depended on a mechanical process. It is clear that a heavy mass takes
several seconds to rotate at a fixed speed. Although, according to Newton’s first law, this rotating mass tends to
keep its current state. Thus, when an event occurred, it takes a few seconds to be affected. This property is a
good index for the system robustness against disturbances. Because in this condition, a disturbance cannot affect
rotational speed immediately. In fact, rotational speed has a direct effect on frequency as follows:

w=2rf 2
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Fig. 1. DGs classification in an MG based on inertia concept.

Thus, in this type, inertia acts as a natural controller for the system against frequency deviation and for large power
system with the number of SG-based DGs, high inertia can be considered as a frequency stability index for the
whole system. Although, interval time which is needed for produced electricity can be presented as a time delay,

(Tn).
2.2. Chemical type

The chemical DGs produce electricity based on a chemical process, e.g., in a lithium-ion battery, an interval
time is needed for charging or discharging the battery capacity. In this process, lithium ions move in the electrolyte
liquid and this process causes charging/discharging of the battery. But its inertia property is not visible as inertia
of mechanical type. Because it is not a physical process and the nature of this inertia is different. Thus, it cannot
affect frequency deviation directly and a control mechanism is needed. Therefore, this type of inertia is presented
as a virtual inertia. Here, if an event occurred, according to the swing equation, with the change of AP and Af, a
feedback will be sent to virtual inertia control loop and the saved energy is injected to the system as extra power to
maintain frequency in nominal value, or the extra power of the system is absorbed by charging the battery. In other
hand, virtual inertia is able to control frequency deviation virtually. Here, time delay which is needed to generate
energy, is presented as 7.

2.3. Electrical type

In the electrical DGs, electricity is produced based on an electrical process, e.g., moving electrons by solar
radiation on solar panels or produced electricity from indirect WTs which they are connected to the grid via power
electronics converters. However, in this electrical based process, an interval time is needed to generate energy,
and the produced electricity is stored in dc-link or super capacitor for solar panels and in ESSs for indirect WTs.
Therefore, inertia could be presented similar to the previous part. Inertia in this type is lower than the other types.
Here. T, introduces the overall time constant for the DGs, and a special inertia constant is suggested for each type.

Assume, Hy, Hc and Hp represent mechanical type inertia, chemical type inertia and electrical type inertia,
respectively. Hy, is a constant value, because nature of this type is constant, but Hc and Hg are variable between
a maximum and a minimum value as follows:

0 < Hc < Hcmax (3)
0 < Hg < Hemax 4)
For more simplification and considering the similar behaviors of H¢c and Hg, it is possible to assume
He + Hg = Hymax- (%)
Then, (3) and (4) can be rewritten as

0 = Hu = Humax' (6)
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Based on (6), when chemical and electrical types cannot inject/absorb power according to their variable nature,
inertia cannot be added virtually to the system; e.g., when ESSs or super capacitors need their power for supplying
the load and are not able to work on virtual inertia mode, in this condition, H, = 0. Amount of virtual inertia can
be estimated by several methods, such as meta heuristic algorithms. In this work, an acceptable range of 2 s—7 s is
presented for He and Hg according to the previous works [10—13]. Based on this analysis, this equivalent inertia
can be helpful to use in the fast dynamic control loops.

3. Simplified FRM for a single microgrid

In this section, a simplified FRM is presented for a single MG based on the given explanation in Section 2. An
MG consists of DGs, power electronics devices and local loads. For study on frequency response, power electronic
devices could be ignored because of their fast dynamics. Load change is presented as a step function. Thus, DGs
are the most important part of this modeling. Each DG could be presented by two properties: a time constant that
introduces the overall interval time needed for generation energy, and an inertia constant that introduces ability of
DGs to play a key role in frequency stability as a natural behavior. Therefore, in an MG for frequency response
modeling, two constants are needed which are introduced by the generation part. A simplified block diagram for
FRM is presented in Fig. 2.
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Fig. 2. A simplified block diagram for FRM of a single MG.

Here, Tpg, Tywr, Tpv, Twr and Tggy present time consents of diesel generator, direct WT, PV, indirect WT
and ESS, respectively. Inertia of the whole system can be presented as an equivalent constant (H,,). Here, H,, is
assumed as the inertia of the whole system which represents the inertia of all three types of DGs, and

H,, = H, + Hy- )

4. AC interconnected microgrids FRM

Consider two AC microgrids that are connected as shown in Fig. 3. Each MG can be modeled as presented
in Section 3. In this system, an important property is added to the whole structure named tie-line power. In an
interconnected two AC MGs, there is a line between MGs for power exchanging. Frequency deviations can be
affected when tie-line power is exchanged. Thus tie-line power must be introduced as an effective dynamic on the
FRM. Since the IMGs are closed to each other, transmission line between two MGs is not very long, and both
resistance and inductance parts of the line must be considered. A time constant using resistance and inductance
parameters can be presented as:

Ltie

Tiie = 8
tie = 1 ®)
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Fig. 3. Two AC IMGs.
where,
XL = Riie + jLiie (&)

Rye and Ly are the real and imaginary parts of tie-line impedance, respectively.

Here, L;;. and R;;, represent the inductance and resistance of the tie-line. Based on this analysis, tie-line power
block diagram between IMGs is modeled as shown in Fig. 4. Finally, a completed FRM can be presented as shown
in Fig. 5.
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Fig. 4. Tie-line power block diagram between AC IMGs.

5. Simulation results

For validation of the proposed FRM, a single AC MG and two AC IMGs are simulated in MATLAB/Simulink
environment. Each MG consists of five DGs. Here, each DG is introduced as a first order transfer function and
an overall time constant is presented for each DG to keep its relevant nature frequency dynamic behavior. Fig. 6
shows the test system used here. According to the given analysis in Section 4, the proposed model is simulated in
MATLAB/Simulink for a single MG and its behavior is compared with a real AC MG. Fig. 7(a) shows frequency
deviation of the test system and Fig. 7(b) shows frequency deviation of the proposed FRM. It is clear that the
dynamic behaviors of both models are similar.

Considering tie-line power, the proposed model is applied to two AC IMGs and the results show that
dynamic behavior of both AC interconnected models are similar. Fig. 8(a) shows frequency deviation of two AC
interconnected test MGs and Fig. 8(b) shows frequency deviation of the proposed FRM.

The tie-line power deviation for two AC IMGs using the proposed FRM, is shown in Fig. 9.

6. Conclusion

In near future, IMGs will be added to smart grids as new autonomous interconnected power grids. However,
integrating more renewable energy sources into power grids reduces the number of conventional generation units
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Fig. 6. Test system.

that provide primary frequency control and inertia response. In this paper, a simple FRM for AC IMGs based on
inertia concept, is introduced to provide a suitable model for studding on frequency and tie-line power control.
This paper addressed several inertia concepts, MG and simplified frequency modeling for single and IMGs. Finally,
following a new classification for DGs based on inertia concept, a simple FRM for AC IMGs is presented. The

proposed model is validated in MATLAB/Simulink environment and results are compared with two real AC IMGs.
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