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Abstract— This paper proposes a robust load frequency
control (LFC) strategy using fuzzy logic based PI controller for
an autonomous hybrid microgrid with high renewable
penetration. Such a high amount of renewable energy sources
(RES) penetration replaces the contribution of diesel engine
generators (DEGs), which intern reduces the system inertia as a
result; microgrid (MG) experiences a frequency instability
problem. Furthermore, the intermittent nature of the RES,
load shedding and load restoring causes large frequency
deviations which may weaken the MG and could lead to
complete blackout. To solve the aforementioned problem, this
work proposes an optimal coordinated control strategy between
DEGs and SMES system for MG frequency control. Where
this coordinated control strategy is based on the PI controller,
which is optimally tuned by using a fuzzy logic approach. This
proposed control strategy is tested on the BELLA-COOLA MG
(in Canada), which was modelled in MATLAB/ Simulink.
Finally, the simulation outcomes confirm the robustness and
effectiveness of the proposed approach against all possible
critical operational scenarios over various controllers in
literature.

Keywords—Microgrid, robust controller, frequency control,
SMES, fuzzy logic approach based PI controller.

. INTRODUCTION

The increasing energy demand from distant places like rural
areas and islands from the main grid is very costly,
environmentally hazardous and complicated in the present power
system scenario. For such conditions, an autonomous MG would
be an efficient and reliable solution. The MG comprises various
RES which are intermittent by nature and this intermittency of
RES brings new operational challenges for grid stability,
particularly in frequency deviation control [1].

Frequency deviation in the power system is a direct
consequence of the mismatch between the load demand and the
power generation. A long-term system frequency deviation from
the rated value (50Hz or 60 Hz) is harmful to the secure
operation of the power system/MG. LFC is of the utmost
importance in such a scenario. It operates constantly to maintain
a balance between the load demand and the power generation
and tries to restore the grid frequency to the rated value [2].

In a traditional power system, the LFC task is quite simple since
the disturbances arise from the load side only. Whereas in MG,
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the LFC task is complex due to the intermittent nature of RES, the
stochastic nature of the load and low system inertia. The above
factors create large frequency deviations in MG which may lead
to the system blackout. So, to ensure the frequency stability in an
autonomous MGs, energy storage systems (ESSs) have turned
into a vital part. Among all ESSs, SMES form the best option for
LFC studies due to its instantaneous reaction to frequency
changes. Moreover, unlike other ESSs, SMES does not have any
moving parts and less power wastage [3].

During the last decade, several authors proposed various LFC
strategies by incorporating ESSs in MG [4-13]. In [4] authors
proposed a fixed gain PI/ PID controller, in [5] an adaptive
droop control method, in [6] with the model predictive
controller, in [7] with the internal model-based controller, in [8]
with an H,, based controller, etc. In [9-13] the authors proposed
various meta-heuristic approaches for MG frequency control. In
[9] with genetic algorithm optimized PID controller, in [10] with
the PSO (particle swarm optimization) algorithm, in [11] with
the harmony search algorithm, in [12] with the social-spider
optimization algorithm, in [13] with the grasshopper
optimization algorithm, etc.

The above controllers proposed in the literature [6, 8, 9-13]
suffer from the drawback of being complex in nature, and may
not provide optimal performance by virtue of inappropriate
selection of their algorithm-specific parameters. The improper
selection of these parameters increases the computational
complexity of the algorithm. Moreover, these controllers can
perform optimally only when a definite mathematical model of
the system is available.

From the literature, the fuzzy logic approach (FLA) is proven
as an efficient solution where the precise mathematical model is
not available. Few studies are reported on the LFC design of
MG with FLA based gain scheduling of PI controller [14, 15].
The technical problem with this type of approach is the
structure of the PI controller would be changed when the
specifications of the system change, which affects the steady-
state response of the system. To conquer the above problem,
this work comes up with a new approach by maintaining the
structure of the PI controller as it is and by extending its
robustness through a fuzzy logic approach based corrective loop
in accordance with disturbances.
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II. MICROGRID MODELLING

Fig.1 illustrates a linearized model of BELLA-COOLA MG.
This model consists of SMES, DEG, RES like wind turbine
generator (WTG) and PV, load model along with a battery
energy system. In detail explanation regards to each MG
component is explained in the subsections. The simulation
parameters of MG are listed in Table 1.
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Fig.1 Block diagram of BELLA-COOLA MG

From Fig.1, the MG output power balance equation can be written as:

APyoap = APyrg+ APpy £ APggs +APpgg+ APsyis (D

Where AP, ,4p indicates a change in load; APy indicates a change
in the WTG power output; APpy indicates a change in the PV power
output; APpg. indicates a change in the DEG power output; APy s
indicates a change in the SMES power output; APgggs indicated
change in a battery power output. ‘+’ sign indicates opposite action
from the battery storage system with respect to Af of MG since it
resides in primary frequency control. The residual power in MG
(AP,) load-generation imbalance can be expressed as:

AP, = APy —APpoaa 2

Where APy indicates change in the MG power constituted by all
sources in response to load changes (AP;p4p). Due to the volatile
nature of RES, these RES are not considered in LFC. Only DEG and
SMES are responsible for generation-load balance (i.e. AP, = 0) with
the assistance of FLA based PI controller.

A. DEG Modeling

In remote villages and islands, demand is increasing, but due to
financial and technical constraints, high voltage grid line extension is
prohibiting. Therefore constant speed diesel generators are used

which consists of a diesel engine generator and governor. Fig.2
illustrates the mathematical modelling of DEG [15]. Where AX
indicates a change in valve position according to the control
signal (U,).
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Fig.2 Mathematical model of DEG
B. PV model

In PV array, the combination of modules in series and parallel and
this combination relies on the desired voltage and current ratings of
the MG. The output power of the PV array (Ppy,) can be expressed as:

Ppy = (pLS[l-O.OOS(Ta + 25)] 3)

stc
Where @ indicates the irradiation at standard reference
temperature; ¢ indicates the irradiation at actual condition; S

indicates the measured area of PV array. The first-order model of the
PV system can be expressed as:

AP G
TFp, = 2PV, _ _Gev )
A 1+sTpy

Where Ag indicates a change in the irradiation; Gpy indicates the
gain of the PV array; Tpy indicates the time constant of PV array
including converter time delay also.

Table I Simulation parameters of MG

Parameter | Value Parameter Value
M(s) 0.1667 Ta(s) 2
D(puMW) | 0.015 Ts(s) 3
Gagss 1.5 Taess(s) 0.1
Gwrs 1 Tsmes(s) 0.01
Gpy 1 Tev(s)[Including converter time constant] 1.5
Ti(s) 0.025 | Twrc(s) [Including converter time constant] 2
C. WTG model

Fig.3 depicts a mathematical model for a random wind power
generation. In this model, the random speed (which obtains from
white noise block) is multiplied with constant wind speed (Pwp inigial)
and then with some arithmetic operations, the required WTG output
power fluctuation (Pywp_oupu) response curve is obtained.The transfer
function model of the WTG system can be expressed as:

APwrG GWFG
= (5)
Pwp_output 1+sTwre

TFpy =
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Where Gy, r¢ indicates the gain of the WTG system; Ty, indicates
the time constant of WTG array with including converter time delay
also.
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Fig.3 Mathematic model for a random wind power generation
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D. SMES model

Fig.4 illustrates the mathematical modeling of SMES. The output
power of SMES for discharging or charging is chosen based on the
reference signal (U.) from the controller. In the present work, the U,
is determined by using the FLA based PI controller.
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Fig.4 The Mathematical model of SMES for LFC

Where Ism denotes the initial value of DC current flowing
through SMES coil; AVsm indicates the change in SMES voltage;
Alsm indicates the change in SMES current.

Based on the control signal received from the controller
(Uc(s)), the input signal of the SMES control loop controls the
AVsm(s) continuously. With respect to this, immediate action to
the next load change needs to the fast restoration of I, to its
nominal value. To perform this task, Alsm is assigned with
negative feedback in the control loop. Correspondingly, the
voltage across the inductor from the converter (AVsm) and
inductor current deviations (Alsm) can bewritten as follows:

Kr
1+5Teony

1
AV (5) =

1
1+5Teony Uc(s) - Alsm(s) & Alsm(s) = SL AVsm(S)

Finally, APsys based on the reference signal is expressed as:
APsyps = AVsm * (Ism + Alsm) (6)

III. FLA BASED PI CONTROLLER

The typical PI controllers like Zieger-Nicholas tuned PI
controller associated with fixed gains which are determined
based on predetermined operating conditions of the system.

Due to rapid changes in the operating conditions of MG, Z-N tuned
PI controller doesn't guarantee optimal performance in a situation of
rapid change in operating conditions. Assuming that, the rapid
changes in MG can be traced by PI controller, the optimal
performance will be achieved. To perform this task FLA is employed
in this work.
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Fig.5 (a) Structure of the FLA-PI controller, (b) MFs of inputs and output of
FLA-PI

Fig.5(a) depicts the structure of the proposed FLA based PI
controller. FLA is employed due to its effectiveness in handling the
uncertainties of the various systems in literature [15]. In Fig.5,
frequency deviation(Af) and change in frequency deviations (Af*) are
inputs of FLA and updating factor (Uy) is the output of FLA. The
change in the gains of the PI controller (4Kp & AK;) based on FLA
output can be expressed as:

AKp=Us*Kg,

AKFUf*Ksz (N
Where, Ks; & Ks, are the scaling factors of the FLA output. Finally,
the FLA tuned PI controller can be expressed as:

(K1+Uf*Ks2)

Ue= (Kp + Us*Ksq) + (3

Where U, is the command signal generated by the FLA-PI controller
to DEG and SMES.

The FLC is formulated using MFs for the input parameters such as
Af & Af* which are defined as:

Af = fref = f
Af* =Afk-1)-Af(k) 9
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The MFs for the inputs and output of FLC are shown in Fig.5 (b).
Two inputs with seven fuzzy sets (7% ), FLA consists of 49 rules to
resemble different operating conditions as mentioned in Table II. In
the proposed approach, to create the maximum degree of freedom in
the tuning process of PI controller, 49 rules are employed. As per
human information processing capability limit, the number of fuzzy
sets per variable should not be higher than 7.

The output of FLA (Uy) from fuzzy reasoning is calculated by using
Eq. (10):

49
Uf — izg HiWi (10)

2w
Where ;i is the degree of membership of i™ input combination and
wi is the weight of the i™ rule.

Table II Fuzzy rule base
‘ Af
Af
NB NM NS ZE PS M PB
NB PB PB PB PB PM PS ZE
NM PB PB PB PM PS ZE NS

NS PB PB PM PS ZE NS NM
7E PB PM PS ZE NS NM NB

PS | PM | PS | ZE | NS | NM | NB NB
PM | PS | ZE | NS [ NM | NB | NB NB

PB ZE NS NB NB NB NB NB

IV. RESULTS AND DISCUSSIONS

In this section, the frequency response of MG has been analyzed
with various disturbances like APy ,q4, APyr and AP, in addition to
the parametric uncertainties. How better the improvement in the
dynamic response of proposed controller over other controllers in
literature like the PSO-PI controller and the Zieger-Nicholas tuned PI
controller is demonstrated with different operating scenarios.
Moreover, the effect of SMES on the MG frequency response is
analyzed in the special scenario.

A. Scenario 1

Test condition: A step —change on load demand (AP,,,4) of 0.025
p.u and 0.1 p.u. in RES (APy7¢ + APpy) power at an instant of 20
seconds and 120 seconds respectively. Fig.6 depicts the frequency
deviation response of MG for scenario 1 with various controllers. The
quantitative analysis of Fig.6 is given in the Table III.

B. Scenario 2

Test condition: A random wind power fluctuation (APyr) alone is
considered as a disturbance in MG.

Table IIT Quantitative analysis of scenario 1

Methods Performance indices
Untizzll(loo " Settling Peak Settling
(Hz) time (sec) overshoot(Hz) | Time (Sec)
Z-NPI 49.97 20 50.107 23
PSO-PI 49.98 13 50.094 14
FLA-PI 49.99 7 50.042 7
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Fig.6 Frequency deviation response of MG for scenario 1
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Fig.7 (a) WTG output power fluctuations (b) Frequency deviation response of
MG for scenario 2
Fig.7(a) illustrates the random wind power fluctuations in MG and
Fig.7(b) depicts the frequency deviation response of MG for scenario
2 with various controllers.

C. Scenario 3

Test condition: A multiple step PV power fluctuations (APpy)
alone is considered as a disturbance in MG.
Fig.8(a) illustrates the multiple step PV power fluctuations in MG
and Fig.8(b) depicts the frequency deviation response of MG for
scenario 3 with various controllers.

D. Scenario 4

Test condition: AP,,qq , APyr¢ and APpy are simultaneously
applied as disturbances to MG.
Fig.9(a) illustrates the multiple disturbances applied concurrently to
MG and Fig.9(b) depicts the frequency deviation response of MG for
scenario 4 with various controllers.
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Fig.9 (a) Concurrent changes in PV power, WTG power, and Load (b)
Frequency deviation response of MG for scenario 4

From the results of the simulation of scenario 4, it is evident
that the conventional PI controller fails to provide acceptable
performance when concurrent changes in the microgrid.
However, PSO-PI and proposed Fuzzy-PI provides a stable
performance. In this duo, the proposed controller provides a
superior dynamic response over PSO-PI. The computational
complexity of various controllers with integral time absolute
error as criteria (this term is used to define total magnitude of
frequency deviation over total simulation time) is given in
Table I'V.

Table IV Computational complexity of various controllers

Methods Computation time based on ITAE tolerance of 0.005
(in seconds)
Scenario 1 Scenario 2 Scenario 3 Scenario 4
Z-N P1 53 44 39 Unstable
PSO-PI 31 27 23 72
FLA-PI 15 13 10 48

E. Scenario 5

The objective of this scenario is to demonstrate the impact of
SMES in minimizing the frequency deviations of the MG. For
this scenario, three control mechanisms are considered. These
are:

1. Without any LFC scheme

2.With fuzzy tuned PI LFC scheme, but without any SMES

3. With the proposed fuzzy tuned PI LFC scheme coordinated
with SMES

Test condition: test conditions are similar to Fig.9 (a). In
addition to that 50% reduction in system inertia(H) and load
damping coefficient (D), 20% increase in governor time
constant (Tg) are considered as parametric uncertainties.
Fig.10 depicts the frequency deviation response of MG for
scenario 5.
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Fig.10 Frequency deviation response of MG with and without SMES

The following observations are made from the extensive LFC
analysis on MG simulation with possible operating scenarios.

1. Scenario 1,2 & 3 reveals the superiority of the proposed
fuzzy tuned PI controller in improving the dynamic
frequency response of the system for step load, solar and
wind power disturbances over other controllers in the
literature.

2. Scenario 4 revealed the supremacy of the proposed fuzzy
tuned PI controller against concurrent disturbances from the
load side as well as from the renewable side along with
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severe parametric uncertainties. It is also noticed that MG
frequency deviation fails to stabilize with conventional
PID. Whereas, PSO-PID had experienced large overshoots
and more settling times in this scenario.

3. Scenario 5 depicts the superiority of the proposed
coordinated control strategy[ DEG+SMES+Fuzzy-PI] in
improving the frequency response of the MG over without
SMES coordination [DEG + Fuzzy -PI].

V. CONCLUSIONS

In this work, a robust fuzzy PI controller is proposed for the
comprehensive LFC analysis of an autonomous MG integrated
with SMES. The proposed controller simulation outcomes are
compared with the PSO-PI controller and Zieger-Nicholas
tuned PI controller under different operating scenarios. From
the simulation outcomes of all scenarios, the proposed
controller exhibits a better dynamic performance in terms of
overshoot reduction, fast settling time and less frequency
deviation error over other controllers in the literature.
Moreover, the effect on LFC of MG due to SMES is analyzed,
and it is noticed that the dynamic performance of the system is
significantly improved with interaction of SMES with DEGs
as compared to the case when SMES is not connected.
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