Application of Meta-Heuristic Techniques for Optimal Load Shedding in
Islanded Distribution Network with High Penetration of Solar PV Generation

Authors:
Mohammad Dreidy, Hazlie Mokhlis, Saad Mekhilef

Date Submitted: 2019-12-10

Keywords: Binary Genetic Algorithm (BGA), Binary Particle Swarm Optimization (BPSO), Binary Evolutionary Programming (BEP), Under
Frequency Load Shedding (UFLS), Renewable Energy Resources (RESs), Distribution Generation (DG)

Abstract:

Recently, several environmental problems are beginning to affect all aspects of life. For this reason, many governments and
international agencies have expressed great interest in using more renewable energy sources (RESs). However, integrating more
RESs with distribution networks resulted in several critical problems vis-a-vis the frequency stability, which might lead to a complete
blackout if not properly treated. Therefore, this paper proposed a new Under Frequency Load Shedding (UFLS) scheme for islanding
distribution network. This scheme uses three meta-heuristics techniques, binary evolutionary programming (BEP), Binary genetic
algorithm (BGA), and Binary particle swarm optimization (BPSO), to determine the optimal combination of loads that needs to be shed
from the islanded distribution network. Compared with existing UFLS schemes using fixed priority loads, the proposed scheme has the
ability to restore the network frequency without any overshooting. Furthermore, in terms of execution time, the simulation results show
that the BEP technique is fast enough to shed the optimal combination of loads compared with BGA and BPSO techniques.

Record Type: Published Article

Submitted To: LAPSE (Living Archive for Process Systems Engineering)

Citation (overall record, always the latest version): LAPSE:2019.1372
Citation (this specific file, latest version): LAPSE:2019.1372-1
Citation (this specific file, this version): LAPSE:2019.1372-1v1

DOI of Published Version: https://doi.org/10.3390/en10020150

License: Creative Commons Attribution 4.0 International (CC BY 4.0)



energies ]

Article

Application of Meta-Heuristic Techniques for Optimal
Load Shedding in Islanded Distribution Network
with High Penetration of Solar PV Generation

Mohammad Dreidy !, Hazlie Mokhlis 1'* and Saad Mekhilef >

1 Department of Electrical Engineering, University of Malaya, Kuala Lumpur 50603, Malaysia;

mohamaddradi@gmail.com

Power Electronics and Renewable Energy Research Laboratory (PEARL), Department of Electrical Engineering,
University of Malaya, Kuala Lumpur 50603, Malaysia; saad@um.edu.my

*  Correspondence: hazli@um.edu.my; Tel.: +60-3-7967-5238

Academic Editor: Tapas Mallick
Received: 27 September 2016; Accepted: 17 January 2017; Published: 24 January 2017

Abstract: Recently, several environmental problems are beginning to affect all aspects of life. For this
reason, many governments and international agencies have expressed great interest in using more
renewable energy sources (RESs). However, integrating more RESs with distribution networks
resulted in several critical problems vis-a-vis the frequency stability, which might lead to a complete
blackout if not properly treated. Therefore, this paper proposed a new Under Frequency Load
Shedding (UFLS) scheme for islanding distribution network. This scheme uses three meta-heuristics
techniques, binary evolutionary programming (BEP), Binary genetic algorithm (BGA), and Binary
particle swarm optimization (BPSO), to determine the optimal combination of loads that needs
to be shed from the islanded distribution network. Compared with existing UFLS schemes using
fixed priority loads, the proposed scheme has the ability to restore the network frequency without
any overshooting. Furthermore, in terms of execution time, the simulation results show that the
BEP technique is fast enough to shed the optimal combination of loads compared with BGA and
BPSO techniques.

Keywords: Distribution Generation (DG); Renewable Energy Resources (RESs); Under Frequency
Load Shedding (UFLS); Binary Evolutionary Programming (BEP); Binary Genetic Algorithm (BGA);
Binary Particle Swarm Optimization (BPSO)

1. Introduction

The fast paced economic and industrial growth resulted in an increase in global energy demands.
This increase also goes hand in hand with air pollution from fossil fuel operated power plants.
This encouraged the use of clean energy resources. Germany and Sweden expects to draw 38.6% and
50% of their energy needs from renewable energy sources, respectively [1]. The necessity of providing
clean energy necessitates the use of distribution networks based on renewable energy sources (RESs).
Utilizing distribution generators based on RES (DG-RES) reduces the transmission cost and improves
the system’s reliability. Currently, based on the IEEE std. 1547-2003, when the distribution network is
islanded from the grid, all DGs must be disconnected from the network within 2 s [2]. This guarantees
the safety of the power system workers and avoids faults, which could occur due to re-closure activation.
Research on islanding operation of the distribution system with DG-RES is progressing to the level
that allows islanded network to operate autonomously when disconnected from grid [3-5].

One of the challenges of islanding operation is the insufficient DG capacity for load demand
when disconnected from the grid. Imbalance between generation and load subsequently decrease the
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frequency of the system. This can be mitigated by shedding some of the loads, which balances the
system. An example of a technique that can do this is the Under-Frequency Load Shedding (UFLS).
Several UFLS schemes have been proposed: conventional, adaptive, and intelligent. The conventional
UFLS is the most applicable in this case [6-8]. In this technique, the system’s frequency is compared to
certain threshold values, and, based on those values, a pre-determined load will be shed to prevent
a frequency drop. Although this technique is inexpensive and simple, it is unable to shed optimal
amounts of loads. The adaptive UFLS technique uses the swing equation to estimate the imbalance
of power. Anderson and Jung et al. [9,10] proved that the adaptive UFLS technique proposed for
islanding distribution network sheds lesser amounts of load compared to its conventional counterparts.
However, it still suffers from overshoot frequency, which means that the amount of load being shed
load is not optimal. This limitation prompted the use of intelligent and meta-heuristic techniques to
determine the optimal amount of load that needs to be shed. A new fuzzy UFLS scheme was proposed
for the islanded micro-grid [11,12]. This scheme is dynamic, robust, and is capable of regulating
frequencies. Mokhlis et al. [13] proposed a new fuzzy logic based UFLS technique for the islanded
distribution network to restore frequency as quickly as possible. The proposed technique utilizes
frequency, the rate of change of frequency, and prioritizing loads. Other intelligent UFLS schemes
in [14-16] also show that the number of loads being shed are not optimal in certain cases. Rad and
Al-Hasawi et al. [17,18] proposed a GA to solve the under-voltage load shedding (UVLS), taking
into account the load being shed at each bus. The fitness function minimizes the difference between
the connected load and supplied powers. Chen et al. [19] proposed the application of GA to shed
loads. It is applied on a real one-year load demand to determine the optimal setting of the UFLS.
From simulation and comparison to other conventional techniques, it is evident that GA is capable of
minimizing the loads being shed [20]. GA was tested on islanding distribution network that is made
up of wind and diesel generators to shed the minimum amount of load. Luan et al. [21] proposed the
GA technique to determine the value of the imbalance of power in emergencies. Other researchers
used the PSO application to shed loads. Amraee and Mozafari et al. [22,23] implemented a PSO
technique in the UVLS scheme to determine the maximum loading point and reduce interruption
costs. A particle swarm-based-simulated annealing hybrid algorithm has also been proposed to
deal with the under-voltage load shedding problem [24]. El-Zonokoly et al. [25] also proposed
another comprehensive learning particle swarm optimization (CLPSO) to optimally partition the
distribution system in cases of grid loss. Power balance is achieved by shedding the load from
each island. Researchers also applied the Artificial Neural Network (ANN) for the load shedding
problem. Hsu et al. [26] proposed an ANN-based load shedding technique, where it considers the
total generation, total load demand, and frequency drop rate as inputs, and the minimum amount of
load shedding as an output. A comparative study was conducted, and showed that the proposed load
shedding technique is faster compared to its conventional counterparts. Other applications of the ANN
technique to shed the optimal load in isolated power system are presented in [27-29]. This technique
proposed an ANN-based load shedding technique to protect the DG-based distribution network from
severe faults and disturbances.

From reviewing different load shedding techniques, there are two main issues associated with
the existing UFLS schemes that need to be addressed. The first issue is related to fixed load shedding
priority, which prevents these techniques from shedding optimal amounts of power. Fixed load
shedding priority is linked to the loads that are separated from the network sequentially up based on
look table made up of critical and non-critical loads. Accordingly, shedding unsuitable amounts of
power could result in a complete blackout. For this reason, Laghari et al. [30] proposed a UFLS scheme
to help shed the optimal amount of power. The loads are classified as critical and non-critical loads.
For the former, the shedding priority is fixed, while for the latter, the shedding priority is random.
In spite of the ability of the UFLS technique proposed in [30] to shed an optimal amount of power,
it takes quite a while, since it goes through all of the possible combination of loads. Another issue is that
the existing UFLS techniques are expected to be more suitable for the distribution network with low
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penetration level of DG-RESs. However, in the near future, the penetration level of RESs will rapidly
increase. Thus, the distribution network will be exposed to several frequency stability problems that
must be accounted for when designing new UFLS techniques. The increasing penetration of PV also
made stabilizing the system frequency difficult during load shedding. This is due to the PV generation
having a non-existent inertial response, which reduced the total network inertia constant [31,32]. In this
situation, in the event of some disturbance, the system frequency drops quite quickly. Therefore, the
UFLS scheme work in this environment must be fast enough to stop the frequency declination before
the system experiences a total blackout.

In this paper, a new UFLS scheme is proposed to address two issues; first, the optimal amount of
load being shed needs to be realized via meta-heuristic techniques and the combination of random
priority loads, and second, the issue of high penetration PV that causes frequency to drop quickly can
be mitigated by quick optimal load shedding scheme. This can be achieved by identifying a suitable
meta-heuristic technique that can determine the amount of optimal load in a short amount of time.
In this work, three techniques were used; BGA, BEP and BPSO. It can be seen from the results that the
UFLS scheme using BEP was able to determine the optimal load faster compared to BGA and BPSO.

2. Methodology of Proposed UFLS Technique

This UFLS scheme is proposed for islanded distribution networks that have high penetration of
solar PV generation. In this scheme, the application of meta-heuristic techniques is used to select the
optimal combination of loads that needs to be shed from ten-random priority loads and two-fixed
priority loads. Whereas the term “fixed priority” is related to the loads separated from the network
sequentially based on look up table, the term “random priority” is related to the loads that can be
shed randomly without any sequence. Figure 1 shows the main units of the proposed UFLS technique:
(1) Frequency Calculator Unit (FCU); (2) Imbalance Power Calculator Unit (IPCU); and (3) Load
Shedding Unit (LSU).
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Signal Data from Network Ex.
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Figure 1. The proposed load shedding scheme.
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The UFLS technique proposed in this research is simulated by PSCAD/EMTDC and MATLAB
software. The distribution network and load shedding scheme are running under PSCAD Software,
when the UFLS technique is initiated due to islanding or imbalance events, a meta-heuristic technique
is called from MATLAB software. The PSCAD send the required data for optimization operation to
MATLAB software. After MATLAB finish the optimization operation, it returns the optimal shedding
load to PSCAD to complete the shedding process.

2.1. Frequency Calculator Unit (FCU)

The operation of FCU is shown in Figure 2. For the grid connected mode, the FCU use the grid
frequency and send it to IPCU, while for the islanded mode, the FCU calculate the value of f-o; based
on Equation (1) [33] and send it to IPCU. Furthermore, at every moment of time, the FCU check the
connection state of each generator. If any disconnection occurs, a new equivalent value of f-or will
be calculated.

Ly Hifi
Y Hi
where fc(y is center of inertia frequency (Hz); H; is inertia constant of each generator (seconds); f; is the

frequency of each generator (Hz); and N is the number of DGs.

Besides the frequency calculation operation, the FCU provides a kind of frequency protection
for connected generators. It will check the value of fco;, whether or not it lies within the frequency
protection range. If the value of fcor lies beyond the range, the protection relays will directly disconnect
the generators from the network. Generally, the frequency protection range for each generator is based
on the distribution network and generator types. According to the Malaysian distribution code, the
protection frequency range is (47.5 Hz-52.5 Hz).
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Figure 2. Flow chart of frequency calculator unit.
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2.2. Imbalance Power Calculator Unit (IPCU)

Depending on the value of rate of change of frequency (df /dt) received from FCU and breaker
state of grid and DGs, the IPCU has two different strategies in determining the imbalance power.

2.2.1. Event Based

In this paper, the IPCU algorithm is designed to follow the event base in three cases: (1) intentional
islanding; (2) DG tripping; and (3) irradiance change. For the islanding event, the imbalance power
will be equal the grid power, which is supplied to the distribution network. For DG tripping event,
the power imbalance will be equal the value of tripped DG power. While for irradiance variation, the
imbalance power will be calculated based on Equation (2).

AP = Pyg — Py (2)

where Py is the total PV power at the radiation change event; and Py, is the total PV power at 0.01 ms
after radiation changing event.

2.2.2. Response Based

Response based occurs due to the sudden increment of load demand in the islanded distribution
network. In this case, the load shedding amount is based on disturbance value that can be estimated

by the swing equation [34,35].
o Hi | dfcor
AP=[(2x) | x 3
((57) % ¥

where AP is pu imbalance power relative to system base power of 1 MW; H; is the inertia constant of
each generator (s); dfco;/dt is rate of change of center of inertia frequency (Hz/s); N is the number of
rotating based DG; and f;, is the nominal frequency (Hz).

In order to determine the amount of load to be shed for event or response based strategies, the

same equation will be followed, which is expressed as:
Load shed amount = AP — TR 4)

where TR is the total reserve power, and can be calculated by Equation (5).

N N
TR:ZPGi.mux_ZPGi (@)
i=1 i=1
where Pg; 0y is the maximum generator power of ith DG; Pg; is the generator power of ith DG; and N
is the number of DGs.
Finally, the IPCU send the load-shed amount to the LSU via communication link to shed the
optimal combination of loads

2.3. Load Shedding Unit (LSU)

The LSU is the most important part of the proposed UFLS scheme. This part reports the preference
of the proposed scheme over existing schemes. As shown in Figure 3, when the load shedding value is
larger than the total random priority loads, the LSU directly shed all random priority loads and start
shedding from fixed priority loads. Otherwise, one meta-heuristic technique is initialized to shed the
optimal combination of loads. Since the PSCAD//EMTDC software does not provide a toolbox for
meta-heuristic techniques, the proposed UFLS is modeled in MATLAB and integrated with PSCAD.
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Figure 3. Flow chart of the load shedding unit.

3. Problem Formulation

As discussed in the introduction, due to fixed load shedding priority, the existing UFLS unable
to shed the optimum loads from islanding distribution networks. Therefore, this problem can be
formulated as an optimization problem with suitable objective function and constraints. The objective
function of the load shedding problem is to minimize the load shedding amount during islanding or
imbalance conditions. It can be expressed mathematically as:

fi = Min(E;) = |Load shed amount — ZPi_Combmtian (6)

where Y_Pi combination 15 the summation of loads power for all buses.
e  Constraints

The equality constraints of optimization technique proposed for existing load shedding scheme
is normally expressed by flow equations for each bus, while, in this research, the imbalance power
is calculated as one value expressed by swing equation. Therefore, this will reduce the complexity
of optimization problem, and the objective function of the optimization problem is reached in less
convergence time. For inequality constraints, real and reactive power of generators and loads are
considered. The real power generation inequality constraint is considered for base case condition as
well as the change of generator value for loading condition. Similarly, the reactive power generation
inequality constraint is considered under base case condition as well as the change of reactive power
of generator value for loading condition.

0.8 X Pg; < Pgi < 1.2 X Pg; (7)

0.8 x Qgi < Qai <1.2x Qg 8)
0 < APp; < Pp; )
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where APp; is change of power load demand; Pg; is active generation power for each bus; Qg; is
reactive generation power for each bus; Pp; is the maximum demand load at each bus. To prevent the
voltage instability of the system, the bus voltage at each bus i must be maintained around its normal
value expressed in terms of the inequality function as

Viemin < Vi < Viomax (10)
Practically, this deviation can reach up to 10% of the nominal voltage value [36,37].

3.1. Application of Meta-Heuristics Techniques for UFLS Technique

The problem in UFLS is involving selection of loads at specific buses to be shed. Therefore,
it is involving optimization of discrete number. Due to this condition, the selected optimization
techniques for UFLS should be able to deal with discrete number. Therefore, in this work, three
discrete optimization techniques are selected: Binary Evolutionary Programming (BEP), Binary Genetic
Algorithm (BGA); and Binary Particle Swarm Optimization (BPOS). These techniques have been
applied in other works [38—41], but not to determine optimal load to be shed.

3.1.1. Implementation of Binary Evolutionary Programming (BEP)

In this paper, BEP technique is proposed to determine the optimal combination of loads that
needs to be shed. The flow chart of binary evolutionary programming is shown in Figure 4. Like
other evolutionary techniques, the BEP has five phases; initialization, fitness, mutation, recombination,

and selection.
Initial Population
(N=20)

Mutation
[ifio0101010 1
1100101010 1 2
Parents | 1101111001 2 {loriio0n
1100010001 3 1lobotooor 3
Jd totot0r011 4
> . ) ™ ofdiotor 4

1000010111 20

100001011[] 20

New ombine(N=40 { Fitness
Population Offsprings
Sort and select best 20 (N=20)

Optimum solution

Figure 4. Flow chart of binary evolutionary programming technique.

Initialization and Fitness

In this phase, an initial population of (X;) chromosomes will be generated randomly, where each
chromosome represents the connection status of random priority loads. Then, the fitness values for
each chromosome is calculated using the fitness function shown in Equation (6). To illustrate the fitness
function, an example of 1 MW imbalance power is considered in Table 1.
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Table 1. The fitness values for each chromosome.

X; LP;_Combination (MW) Fitness (fl) MW)
X; 1101010101 Py +P3 + Ps + Py + P + Py = 2.091 1.091
Xz 0101010111 P1+P2+P3+P5+P7+P9=2.041 1.041
X3 0000100111 Py + Py + P53+ Pg = 0.783 0217
Xao 0000011111 Py + P, + Py + Py + Ps = 1.012 0.012

Mutation

The mutation is an operator used to avoid the local optima by preventing the generations from
becoming similar to one another. In this phase, one bit in each chromosome is checked for possible
mutation [41]. This is done by generating a random number in range of (0-1), and if this number is
less than or equal to the mutation probability L, then the bit state will be changed. The probability of
a mutation for each bit is 1/L, where L is the number of bit in each chromosome.

Combined and Selection

In this phase, the offspring produced from the mutation phase and parents are combined in the
same competition pool. After that, the survivals are ranked in an ascending order based on fitness
value. Then, the first half is selected to be the parents of the next generation. This operation continues
until the convergence condition is achieved, as shown in the following equation:

fitnessyax — fitness,; < 0.005 11

Finally, the BEP technique selects the optimal load combination that has a minimum fitness value.
After that, the LSU sends the signal to the breakers to shed the optimal combination of loads. The delay
time that includes the EP calculation, communication, and CB operation time is assumed to be 190 ms,
based on practical considerations [42].

3.1.2. Implementation of Binary Genetic Algorithm (BGA)

The binary genetic algorithm is one of the heuristic search technique based on the evolutionary
ideas of natural selection and genetics [43]. Different from the evolutionary programming, the genetic
algorithm is mainly based on crossover operator in finding the optimal solution. The genetic algorithm
is very similar to the evolutionary programming. However, in genetic algorithm, an initial population
of 20 chromosomes is randomly generated, and then these chromosomes will be ranked depending on
the fitness value. Afterwards, a crossover is performed between each consecutive pair of the parent’s
chromosomes. Generally, the crossover is made up of many types, such as single-point crossover,
two-point crossover, and uniform crossover [44]. In this work, a single point crossover is used.

3.1.3. Implementation of Binary Particle Swarm Optimization (BPSO)

The particle swarm optimization (PSO) is a parallel intelligent technique that imitates the behavior
of flying birds or bees while searching for food. These birds are represented by particles, which fly
in a multidimensional space to find the optimal solution. The flying position and velocity of each
particle are adjusted according to its own experience and other particles experience, where this process
is expressed by Equations (12) and (13) [45].

VMl = w x V4 op x 1 (P — X") + ca X 1o (Pg" — Xi) (12)

XinJrl —_ Xin + ‘/il’lJrl (13)

where i is the number of particles; n and w are the generation number and the inertia weight,
respectively; X;", V", and P;" are the position, velocity and particle best position; P;" represents
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the global best position; ¢; and c; are the cognitive and social components, respectively; and r1 and r,
are uniform random numbers between 0 and 1.

In the BPSO, the global and previous best positions are mutated in a manner similar to the PSO
technique. The main difference between BPSO and PSO is the component of each particle is represented
by a binary value of 0 or 1, where this value is updated according to Equation (14).

X;"*1 = 1if rand < S(Vid"“)

(14)
X"t = Oifrand > S(Vid”“)
where the sigmoid limiting transformation is expressed by:
S (V‘ "“) -t (15)
id 1 + e_v‘]_dn+1

where X;;"*! and V;;"*! represent the dth component of X;"*! and V;"*!, respectively; and rand
represent random numbers uniformly distributed between 0 and 1.

3.2. Using UFLS Technique Based on Fixed and Random Proiority of Loads (UFLS-FRPL)

In the UFLS-FRPL proposed in [30], when the imbalance power is received by LCU, all possible
combinations of random priority loads are generated. In this paper, ten loads are selected as random
priority loads and two loads are considered as a fixed priority loads as shown in Figure 5.

7

Load-1

fif %

3
:

3
:
%ﬁ

Load-4

=

Load-5

HI
5
’?#

The Microgrid

Random _
priority loads ]
R7
Load-7 KN
RS
Load-8 KN
R9
1 R10
\ Load-10 N
L 8
4
e R11
: Load-11 S
Fixed priority |
loads I RI12
L Load-12
|

/
/

Figure 5. Fixed and random priority loads with LSU.

According to random priority loads number, the load combinations will be 1023, based on
Equation (16). After that, the fitness value for each combination will be calculated. A combination of
loads having lesser fitness values will be selected to be shed from the microgrid. Table 2 shows the
possible combinations of 10 loads and the fitness values for each combination when the load shedding
amount is 0.15 MW.

Number of combination = 2" — 1 (16)

where 7 is the number of loads.
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Table 2. The initial population and fitness values of optimal UFLS technique based on fixed and
random priority of Loads.

No. Load Combinations YP;_combination (MW) Fitness f;
1 0000000001 P1 =0.044 0.106
2 0000000010 P> =0.069 0.081
3 0000000100 P; =0.15 0
4 0000001000 Py =0.314 0.164
5 0000010000 P5 =0.435 0.285
1023 1111111111 P] +P2+P3 +P4+P5 +P6+P7+P3+P9+P10:3.639 3.489

4. Distribution Network Modeling

To validate the operation of UFLS control proposed in this paper, part of the Malaysian distribution
network was modeled using PSCAD/EMTDC software, as shown in Figure 6. The network under test
consists of two mini-hydro units based on synchronous generators, each rated 2 MVA, with a maximum
dispatch of 1.8 MW. Two units of 2 MVA step up transformer were connected to the DGs to increase
the voltage level from 3.3 KV to 11 KV. The distribution network is connected with transmission grid
via two feeders, with each feeder using 30 MVA step down transformer (132 KV /11 KV). In this paper,
standard models of PSCAD were used for governor, exciter, and hydraulic turbines. The turbine
chosen for mini-hydro units is the hydraulic turbine with a non-elastic water column without a surge
tank model. For excitation and governor systems, the IEEE type AC1A model and PID governor with
pilot and servo dynamics were selected [30]. The total load demand of the distribution network is
6 MW, 2 VAr. This load demand is covered by 5.4 MW generated from mini-hydro and PV generation,
and 0.6 MW is covered by the main grid. To study the effect of integrating large-scale grid connected
solar PV on the frequency stability of islanded distribution network, four solar PV units are used, and
each unit is rated 0.55 MW. The penetration level is 35%, which is expressed from Equation (17) [46].

Provet (%) = Total Peak PV Power ) o, _ 2.2 MW % 100% =~ 35% (17)
Total Peak load apperent power \/(6 MW)? + (2 VAr)?

Load12

1056

04kV 11kV

Load6  Loadl

Load10 Load5 Loadll

1020

- PV-4

GBusl A

11kV__04KkV

!

Mini Hydro DG 1

Mini Hydro DG 2 33kV 11kV
ini Hydro DG
y GBus 4

Gus2 A& N

Figure 6. The distribution network under test.



Energies 2017, 10, 150 11 of 24

4.1. Modeling of Distribution Network Loads

The distribution network being tested consists of 29 buses and 21 lumped loads. In real power
systems, the load characteristics always depend on the voltage and frequency, thus the static model is
used to represent the distribution network loads, as [41].

P =D, x (“//ny (1+(Kpf><df)> (18)
o () ()

where P and Q are active and reactive power for corresponding voltage and frequency; Py and Qp are
active and reactive power at base voltage and frequency; K;r and K, are the coefficient of active and
reactive load dependency on frequency; a and b are the load model parameters determining if this
model represents constant power, constant current, or constant impedance characteristics; and df is the
frequency deviation.

In this work, the values for Kyf, Ky, a, and b are set to 1.0, —1.0, 1.0, and 2.0, respectively [41].
To apply the proposed load shedding technique, 11 loads from the distribution network have
been determined. Generally, loads are divided into commercial, industrial, and residential types.
Since industrial and commercial loads are more important than residential loads, commercial loads
(Load 11 and Load 12) take the fixed priority, while residential loads (Load 1-Load 10) take the random
priority as shown in in Table 3.

Table 3. Load data and their priority.

Load Ranked Bus No. P (MW) Proposed Priority
Load 1 1050 0.044 Random
Load 2 1013 0.069 Random
Load 3 1047, 1026 0.15 Random
Load 4 1012 0.314 Random
Load 5 1151 0.5 Random
Load 6 1029 0.55 Random
Load 7 1010, 1039 0.583 Random
Load 8 1075 0.645 Random
Load 9 1018, 1019, 1020, 1046 0.76 Random

Load 10 1144 0.119 Random
Load 11 1044 0.42 Fixed
Load 12 1056 0.223 Fixed

4.2. Model of Solar Photovoltaic Generation

The PSCAD model used in this research is shown in Figure 7; it mainly consists of PV array model,
DC-DC converter, DC link capacitor, three-phase inverter, AC filter, and transformer. The following
sections describe the details on these devices.

B

0.005 [H]
L

“ G % oS

. gis
Raa?anonm N N o6 .

TempSrature gT & t %\D’ o 182* ‘E
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Figure 7. PSCAD model of solar PV generation unit.
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4.2.1. Solar PV Array

Solar PV is used to convert the sunlight into electricity using the photoelectric effect. The dynamic
PV model from PSCAD/EMTDC software is used to develop four solar PV units integrated with
distribution network. By using the default values shown in Table 4, the final output power of the
single module is 380 watts and 548 KW for the total 1440 modules as shown in Figure 8.

Table 4. Parameters of solar PV module SM380 Poly at 1000 W/m?, 25 °C.

Parameter Symbol Value

Peak power Pmax 380 W

Open circuit voltage Voc 59.75V

Short circuit current Isc 8.56 A

Max. power voltage Vm 479V

Max. power current Im 793 A
Number of module connected in series NS 17
Number of module connected in parallel NP 82

NS§=17~,

Figure 8. PV module connected on series and parallel in array.

For describing the typical I-V and P-V characteristics of the PV unit at standard test condition
(E =1000 W/m?, T = 25 °C), it is important to define three main parameters points: (1) maximum
power point; (2) open circuit voltage; and (3) short circuit current (Figure 9a,b). The MPP is the
maximum power point at which the photovoltaic system delivers the maximum power for a particular
irradiance and temperature from which the voltage at MPP and VMPP and the current at the MPP and
IMPP. Short circuit measurement with zero voltage can give short circuit current, Isc, and the open

circuit voltage measurement with disconnected load can provide open circuit voltage, Voc.
600 800
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Figure 9. (a) Power-Voltage curve of solar PV generation unit; and (b) Current-Voltage curve of solar
PV generation unit.
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4.2.2. DC-DC Converter

DC-DC converter is an electronic circuit that is used either to step down the input voltage (buck
converter) or to step up the input voltage (boost converter). The buck converter consists of Insulated
Gate Bipolar Transistor (IGBT) switch, inductor, capacitor and free-wheel diode as shown in Figure 10.

AN

@ )
T - 0.0005 [H] +

+ Vplvm

s

=y

00S1L
-

(=

0051
-

Figure 10. DC-DC Buck converter of solar PV unit.

The parameters of buck converter are shown in Table 5. The input voltage comes from the
renewable source of the hybrid system and the output voltage of the boost controller is fixed 700 V DC.

Table 5. Parameters of buck DC-DC converter.

Parameter Symbol Target Parameter Symbol Parameter Value
Input Voltage Vin 830V
Output Voltage Vout 700 V
Switching Frequency fsw 1KHz
Inductor Current Ripple Ratio LIR 0.3
Capacitor Voltage Ripple Ratio CVR 0.04
Maximum Output Current IouT, MAX 700 A
The Minimum Inductance Value Lmin 500 uH
The Minimum Capacitance Value Chin 1000 uF

4.2.3. MPPT Controller of Solar PV

In this PSCAD model, control of buck converter has two operational functions. First, it is used
to reduce the terminal voltage of PV array in order to match the inverter input voltage. Second, it
is used for Maximum Power Point Tracking (MPPT) by controlling the voltage across the PV array.
The difference between the solar panel output voltage (Vpy) and the reference maximum power (Vyipp)
is used as an input to the Proportional-Integral (PI) controller, as shown in Figure 11.

MPPT Controller Solar PV Array Terminal Voltage Controller
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Radiation : ;
Temperature | i
:

1

1

i

1

i

1

i

!

i

! B\ Compar-
; F ator
i

i

i

1

i

Figure 11. MPPT controller of Solar PV.
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In general, when PV module is directly connected with load demand, the impedance value of
that load determines the operating condition of the PV module. In other words, the output power
delivered from solar PV module depends on load value which normally less than the maximum power.
For this reason, the PV array is usually oversized to compensate for a low power yield during winter
months. This mismatching between a PV module and a load requires further over-sizing of the PV
array and thus increases the overall system cost. To mitigate this problem, a maximum power point
tracker (MPPT) can be used to maintain the PV module’s operating point at the MPP. The PSCAD
model of buck converter control uses Perturb and Observe (P&O) method to find the maximum power
voltage Vypp.

4.2.4. Three Phase Inverter

Inverter is an electronic circuit that converts the DC output power from solar PV generation into
three phase AC power (0.4 KV /50 Hz) suitable for utility connection. The control system used for
the PV generation is based on active and reactive power controller (P-Q), where these controllers
are working during grid connected and islanding modes, because the mini-hydro generators are
responsible on voltage and frequency regulations after islanding.

Active power controller is used to establish a constant DC bus voltage (dcvag) at 0.7 kV between
the DC-DC converter and the inverter. The output of the controller will be used as an input to the
current controller. The reactive controller sets the reactive power (Q) of the grid to zero which forces
the inverter to operate at unity power factor. The PSCAD control system of solar PV inverter is shown
in Figure 12.

5. Simulation Results

The simulation results included in this paper are divided into four case studies:

o  The first case study represents the effect of increasing of PV penetration in distribution network.

e The second case represents the comparative study between UFLS scheme and adaptive UFLS
controller to show the importance of assuming some flexibility in load shedding priority.

e  The third case represents a comparative simulation study between, BGA, BPSO, method proposed
in [30], and BEP in terms of execution time and convergence curves.

o  The fourth case study represents the simulation study of UFLS scheme using BEP, BGA, and BPSO
techniques, and method proposed in [30].
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5.1. First Case Study

To show the effect of increasing PV penetration on frequency response of the distribution network,
two scenarios are conducted. In the first scenario, the total network load (6 MW) is covered by three
mini hydro-generators. After 10 s from starting the network is islanded, the system frequency start to
decline due to excess load (0.45 MW) until it is recovered at 48.5 Hz. In the second scenario, the PV
generation covered around 35% of load. After 10 s from starting the network is islanded, the system
frequency start to decline due to excess load (0.45 MW) until it is recovered at 48 Hz. Figure 13 shows
the simulation study for these two scenarios. From this result, it is clear that for high penetration of
solar PV, the rate of change of frequency will be high and the system frequency will deviate more as
shown in Table 6.

50.5

50 p—————  _ee-===--===zz

o~
©
5]

——— 2.2 MW load covered by PV

— = =2.2 MW load covered by mini-hydro

o
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5]

Frequency (Hz)
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~
~
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Figure 13. Frequency response of intentional islanding at 0.45 MW imbalance power for 35% and 0%
solar PV penetration.

Table 6. Distribution network parameters of intentional islanding at 0.45 MW imbalance power.

Parameter Without PV Generation With 35% PV Penetration
Imbalance power (MW) 0.45 0.45
Af/ At (Hz/s) 0.6 0.86
Nadir Frequency (Hz) 48.5 48

5.2. Second Case Study

Comparing the Operation of Proposed UFLS Scheme with Adaptive UFLS

This comparative study is required to show the preference of proposed UFLS scheme over the
adaptive UFLS scheme, where this preference is due to the flexibility in load shedding priority. In this
comparative analysis, BEP technique is chosen as the optimization technique in selecting optimal loads
to be shed. Other optimization technique can also be applied. This comparative study is performed
for load increment of 1 MW occurring at 40 s after islanding. Immediately after islanding, the system
frequency begins to decline in response to excess loads (0.32 MW). Accordingly, the mini-hydro
generators use their spinning reserves (0.48 MW) to cover the unbalance power. The UFLS controller
will only be activated when the total load power exceeds 5.8 MW. At 40 s after islanding, the total
power demand will be 6.68 MW. For this reason, the UFLS automatically activate its event based to
stop the frequency declination by shedding the (Loads 2, 3 and 8) for BEP UFLS or (Loads 1-5) for
adaptive UFLS, as per Table 7. The frequency responses of proposed UFLS controller and adaptive
UFLS controller are shown in Figure 14.
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Table 7. UFLS parameters for load increment of 1.0 MW after islanding.

Parameter UFLS Based BEP Adaptive UFLS Technique

AP (MW) 1.0 1.0
Reserve (MW) 0.16 0.16
Total Load Shed Power (MW) 0.84 1.07
Shedding Loads Loads 2, 3, 8 Loads 1-5
Nadir Frequency (Hz) 49.3 49.5
Frequency Overshoot (Hz) - 50.25

50.4
50.2 S

BEP

Q .
= 494 = = = Adaptive
o

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 14. The Frequency response for 1-MW load increment scenario.

Figure 14 and Table 7 clearly show that due to fixed priority of loads, the adaptive UFLS techniques
will shed more load (1.07 MW), which leads to overshoot in the system frequency. However, the
proposed UFLS technique sheds less load (0.84 MW) and recovers the system frequency without
any overshooting.

5.3. Third Case Study

Generally, the success of load shedding technique is not only dependent on shedding the optimal
number of loads, but it also depends on the execution time needed to perform the shedding operation.
As discussed previously, the islanded microgrid with high penetration of solar PV generation suffers
from rapid frequency changes. Accordingly, the load shedding controller, which is used as a last line
of defense, will have only a short amount of time to make a decision. For this reason, a simulation
study is required to compare the execution time of different meta-heuristic techniques to show the
best one. Table 8 shows that the BEP technique has less execution time compared with the method
proposed in [39], BGA, BPSO techniques, which makes it an excellent choice for application with a load
shedding controller.

Table 8. The execution time for BGA, BPS, BEP and UFLS-FRPL.

Execution Time (s)
Trial Number

PSO GA BEP UFLS-FRPL
1 0.646 0.196 0.162 0.5
2 0.609 0.179 0.152 0.5
3 0.626 0.172 0.155 0.5
4 0.657 0.178 0.150 0.5
5 0.605 0.176 0.153 0.5
6 0.607 0.189 0.153 0.5
Average 0.625 0.182 0.154 0.5

To show the performance of BGA, BPSO, and BEP optimization techniques, different convergence
curves are performed, with 20 initial populations and 400 iterations. In this research, the initial
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populations selected based on several simulation trials with kind of balancing. In other words, when
the initial population is increase, the optimization technique may achieve the convergence faster.
However, this makes the optimization algorithm to lose its intrinsic characteristic to get the optimal
value and work randomly. Regarding the iteration number, the same procedure is followed to select
the appropriate number, where 400 iterations is selected to ensure the same condition applied for
comparison study, even though some technique can convert on 200 iteration like the BGA.

As shown in Figures 15-17, all techniques are reliable, as they achieve the lowest losses in all six
trials. To get these trials, the optimization technique is executed six times; the only difference between
these trials is the initial population, which explains the difference in the convergence value at the
beginning. In Figure 15, it is clear that the BEP can get the optimal shedding load at 200 iterations.
This result is coming from large number of trials. However, only six trials are included to make the
figure clearer.
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Figure 15. The convergence trend of BEP technique.
In Figure 16, it is clear that the BGA can get the optimal value of load shedding at 300 iterations.

This result is coming from large number of trials. However, only six trials are included to make the
figure clearer.
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Figure 16. The convergence trend of BGA technique.
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In Figure 17, it is clear that the BPSO can get the optimal value of load shedding at 400 iterations.
This result is coming from large number of trials. However, only six trials are included to make the
figure clearer.

T T T T T T
| | | | | |
| | | | I I
: : : : : Trial One
O ___ Lo _____ L______. o ___ L____ Trial Two
} } } } } Trial Three
| | | | | Trial Four
: : : : : Trial Five
T T T T Tr T T T T T [ [
| | | |
| | | |
| | | |
| | | |
******* +r-——— "1 -"—-"—-"—-"=—-"—-"~—~"+t-"—-—"—-—-—-—~7|-——- - - —- -
7] | | | I
3 | | | I
£ I I I I
== | | | |
7777777 e ) |
| | | |
| | | |
| | | |
| | | |
| | | |
e [ [
| | | |
| | | |
| | | |
| | | |
******* +r-—— =1 -"—-"-"—-"=—"=—-"~—"+t -~ —"=—-~—-"~-—~7|-———-—-— -
| | | |
| | | |
| | | |
. | I | |
200 250 300 350 400

Iteration

Figure 17. The convergence trend of BPSO technique.

5.4. Fourth Case Study

5.4.1. Simulation Study of UFLS Scheme Using BEP, BGA, BPSO Techniques, and UFLS-FRPL

This study is performed to show the preference of UFLS scheme based on the BEP technique over
the BGA, BPSO, and UFLS-FRPL.

Load Increment of 1 MW occurred at 40 s after Islanding

Immediately after islanding, the system frequency begins to decline in response to excess loads
(0.32 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.48 MW) to cover
the unbalance power. The UFLS controller will only be activated when the total load power exceeds
5.8 MW. At 40 s after islanding, the total power demand will be 6.68 MW. Table 9 shows that all load
shedding techniques will shed the same amount of power (0.84 MW). However, the nadir frequencies
are not equal, due to the execution time difference. The frequency responses of all UFLS controller are
shown in Figure 18.
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Figure 18. Frequency response for 1-MW load increment.
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Table 9. The UFLS parameters for load increment of 1.0 MW after islanding.

Parameter BEP BGA BPSO UFLS-FRPL
AP (MW) 1.0 1.0 1.0 1.0
Reserve (MW) 0.16 0.16 0.16 0.16
Total Load Shed Power (MW) 0.84 0.84 0.84 0.84
Shedding Loads Load 2,3,8 Load 2,3, 8 Load 2,3,8 Load 2,3,8
Nadir Frequency (Hz) 49.3 49.25 48.8 48.55

Intentional Islanding at 1.56 MW Imbalance Power

In this scenario, the intentional islanding occurred at t = 10 s, when the solar radiation value is
500 W/m?. Immediately after islanding, the system frequency begins to decline in response to excess
loads (1.56 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.48 MW), but
this value is insufficient to cover the unbalance power. For this reason, all load shedding techniques
will be initiated to restore the system frequency. Table 10 shows that all load shedding techniques will
shed the same amount of power (1.05 MW). However, Figure 19 shows that the BPSO technique fails
to prevent the system frequency from dropping below 47.5 Hz, which leads to total blackout. In fact,
the large execution time of BPSO technique is the main reason for protection failure.

Table 10. UFLS parameter of intentional islanding at 1.56 MW imbalance power.

Parameter BEP BGA BPSO UFLS-FRPL

AP (MW) 1.56 1.56 1.56 1.56

Reserve (MW) 0.48 0.48 0.48 0.48

Total Load Shed Power (MW) 1.08 1.08 1.08 1.08
Shedding Loads Load 7,5 Load 7,5 Load 7,5 Load 7,5

Nadir Frequency (Hz) 47.8 47.8 0 47.55
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Figure 19. Frequency response of intentional islanding at 1.56 MW imbalance power.

Mini-Hydro DG Tripping at 40 s after Islanding

Immediately after islanding, the system’s frequency begins to decline in response to excess loads
(0.32 MW). Accordingly, the mini-hydro generators use their spinning reserve (0.48 MW) to cover
the unbalance power. The UFLS controller will only be activated when the total load power exceeds
5.8 MW. At 40 s after islanding, a mini-hydro DG of (1.71 MW) is tripped from the islanded microgrid.
For this reason, all load shedding techniques are initiated to restore the system frequency. Table 11
shows that all load shedding techniques will shed the same amount of power (1.63 MW). However,
Figure 20 shows that the BPSO technique and UFLS-FRPL fail to prevent the system’s frequency from

dropping below 47.5 Hz, which leads to total blackout. In fact, the large execution time of BPSO
technique and UFLS-FRPL is the main reason of operation inability.



Energies 2017, 10, 150 21 of 24

Table 11. The UFLS parameters for mini hydro DG tripping event.

Parameter BEP BGA BPSO UFLS-FRPL
AP (MW) 1.71 1.71 1.71 1.71
Reserve (MW) 0.08 0.08 0.08 0.08
Total Load Shed power (MW) 1.63 1.63 1.63 1.63
Shedding loads Load 1,4,6,9 Load 1,4,6,9 Load 1,4,6,9 Load 1,4,6,9
Nadir Frequency (Hz) 49.2 49.1 0 0
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Figure 20. Frequency response for mini hydro DG tripping event.

6. Discussion

As discussed previously, it has become clear that the load shedding controller with fixed priority
loads cannot shed the optimal combination of loads. Counter wise, the load shedding controller that
uses random and fixed priority loads has the ability to shed the optimal combination of loads, as the
UFLS-FRPL proposed in [30]. However, this method still suffers from time delay, which effects the
operation of load shedding controller. For this reason, a comparative simulation study is conducted
between three meta-heuristic techniques, BEP, BGA, and BPSO, and the method proposed in [30]
to determine the best approach, as shown in Table 12. This comparative study shows that the BEP
technique requires less time to shed the optimal combination of loads compared with BGA and BPSO
techniques. Accordingly, the BEP technique is selected to be used with UFLS scheme to shed the
optimal combination of loads from the islanding distribution network.

Table 12. The comparison study between different load shed techniques.

Parameter BEP BGA UFLS-FRPL BPSO
Load priority Fixed and random  Fixed and random  Fixed and random  Fixed and random
Total load shed power Same value Same value Same value Same value
Time execution ** 1 2 3 4
Frequency overshoot Without overshoot ~ Without overshoot ~ Without overshoot =~ Without overshoot
Nadir frequency ** 4 3 2 1

** 1 represents the lowest value and 4 is the highest value.

7. Conclusions and Future Research

In the near future, renewable energy sources such as solar PV will be significantly used. However,
integrating more solar PV generation into the distribution network will result in several frequency
stability issues and reduce the number of conventional generation units that provide the inertial
response. This will cause the islanded distribution network to experience a fast frequency declination
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during disturbances. Therefore, this work presented a new UFLS scheme that is suitable for islanding
distribution networks. This scheme utilizes the application of meta-heuristics techniques to determine
the optimal combination of loads that needs to be shed from the network. In the first simulation
case study, it is clear that at high solar PV penetration, the islanded network will experience a fast
frequency declination. For this reason, a quick UFLS scheme must be available to stop frequency
declination, which is a supposition that is supported in the third simulation case study, where different
meta-heuristics techniques are applied with UFLS scheme to choose the fastest technique. The ability
to shed optimal loads from islanded distribution network is another feature that is available in the
proposed UFLS scheme, as shown in the 2nd and 4th simulation case studies. As concluded from
the simulation results, the proposed UFLS scheme combines the advantage of high speed response
with the ability to separate the optimal loads, rendering it suitable for application in a real islanded
distribution network. The UFLS scheme proposed in this paper is more suitable for a small distribution
network. However, for future research, it can be applied for a large distribution network by combining
lumped group of loads with each other which possible in distribution network. Furthermore, the
operation of the UFLS scheme can be coordinated with other inertia and frequency control schemes to
obtain a stable island distribution network.
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