
Journal of Harbin Engineering University  Vol 44 No. 11 
ISSN: 1006-7043 November 2023  
 

1248 
 

Optimal Location and Sizing of Wind Turbine Generators and Superconducting 
Magnetic Energy Storage Units in a Distribution System using Grasshopper 

Optimization Algorithm 

 
Steven Foday Sesay,1 Cyrus Wabuge Wekesa,1,2 Livingstone M. H. Ngoo,1,3 

1 Department of Electrical Engineering, Pan African University Institute for Basic Science, Technology and 

Innovation, P.O. Box 62000-00200, Nairobi, Kenya. 
2 School of Engineering, University of Eldoret, Eldoret 1125-30100, Kenya 

3 Department of Electrical Engineering, Multimedia University, P.O. Box 30305, Nairobi, Kenya 

Correspondence should be addressed to Steven F. Sesay; foday.steven@students.jkuat.ac.ke 

 
Abstract  
Distributed Energy Resources (DERs) are now a common feature in many utilities in the world. In fact, the 
penetration of power from Wind Turbine Generator (WTGs) into the power distribution system is currently on the 
rise. However, its variability – combined with variations in load demand- means that there is significant impact on 
the technical performance of the grid in terms of voltage stability, voltage deviations, and power losses. 
Superconducting Magnetic Energy Storage (SMES) unit has been shown to be very efficient in addressing these 
problems because of their fast response, but their high investment cost is a significant barrier. This Paper 
investigates the performance of a distribution system with embedded WTGs and SMES units through a multi-
objective optimization platform to improve technical performance while considering the total cost. Using Voltage 
Sensitivity Factor (VSF) and the Grasshopper Optimization (GO) algorithm, a weighted sum Multi-objective 
Function (MOF) is formulated to improve the performance of the distribution system by determining the optimal 
location and size of WTGs and SMES units, with the weight factors subject to the preference of the decision maker. 
Simulation tests performed using the proposed algorithm on the IEEE 33-bus distribution system show significant 
improvement. For example, relative to the base case (no WTGs and SMES units), the following results are found 
when a WTGs and SMES units are installed: voltage stability shows an improvement of 28.56%; voltage deviation 
improved by 50.67%; and energy losses were reduced by 29.34%. Results obtained using the GO algorithm were 
compared with those obtained by equilibrium optimizer (EO) and particle swarm optimization (PSO) algorithms. 
The numerical results and simulations imply that the employment of WTGs and SMES units can successfully 
achieve minimization of energy-loss and voltage-deviation as well as enhancement of voltage-stability, and 
thereby significantly improve the performance of distribution system while considering the total cost.  
 
Keywords: Superconducting Magnetic Energy Storage, Wind Turbine Generator, Distribution System, Voltage 

Sensitivity Factor and Grasshopper Optimization Algorithm. 
 
1. Introduction 

 
The increasing use of wind energy can be attributed 
to its significant power generation capacity, reaching 
up to 10 MW per wind turbine, its cost-effectiveness 
in terms of kilowatt-hour (kWh) production, and its 
positive environmental impacts [1]. The annual 
growth rate of the wind turbine power generation 
system has experienced a substantial increase in 
recent years [2]. There are multiple factors that 
contribute to the global inclination towards the 
growing utilization of wind turbines for electric 
power generation. These factors include the 
escalation of fuel prices, the endorsement of 
environmentally friendly energy sources, and a 
significant emphasis on harnessing wind energy. 
Notwithstanding the advantages associated with 
wind turbine power generation systems, it is 
imperative to acknowledge the inherent variability 
and intermittency of wind energy sources. The 
proliferation of wind turbine generators in 
distribution networks presents a range of 
challenges, such as low voltage stability, voltage 
deviation, and power loss [3][4]. The incorporation 

of energy storage systems (ESS) within the 
distribution system presents a viable approach for 
addressing these challenges. There are different 
types of Energy Storage Systems (ESS) employed to 
address the challenges related to the utilization of 
WTGs for electric power generation. The 
aforementioned technologies include battery energy 
storage system (BESS) [5], flywheel storage [6], fuel 
cell storage (FC) [7], compressed air energy storage 
(CAES) [8], compressed carbon dioxide energy 
storage (CCES) [9], and superconducting magnetic 
energy storage (SMES) [10]. 
 
The BESS exhibits notable limitations, encompassing 
a short lifespan, limitations in voltage and current, 
significant environmental implications, and a slow 
response time, despite its widespread adoption 
within the industry. In contrast, the SMES unit 
exhibits several notable advantages. These include a 
storage efficiency ranging from 95% to 98%, a high 
power density spanning from 0.1 MW to 10 MW, 
absence of any mechanical components, swift 
response time, long lifespan, and unlimited charging 
and discharging cycles [11].  The installation of 
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WTGs and SMES  units in distribution systems 
involves significant financial investment. 
Consequently, it becomes imperative to investigate 
the performance of a distribution system with 
embedded WTGs and SMES units through a multi-
objective optimization platform to improve 
technical performance while considering the total 
cost. The SMES unit has superconducting coil 
designed to store electrical energy within the 
magnetic field produced by a direct current (dc) 
flowing through it [12]. The SMES coil has the 
capability to either absorb or release real and 
reactive power, depending on the power 
requirements of the distribution system. The 
generation of a magnetic field is facilitated by the dc 
that passes through the superconducting coil. The 
energy stored in a SMES unit can be rapidly 
discharged within a duration of time, spanning from 
a fraction of a second to several hours [13]–[15]. The 
main drawback associated with SMES unit is its 
inflated cost. The aforementioned drawback can be 
alleviated through the utilization of High 
Temperature Superconductors (HTS). In contrast to 
Low-Temperature Superconductors (LTS), High-
Temperature Superconductors (HTS) are cooled 
using liquid Nitrogen to a temperature of 77oK, as 
opposed to 4.2oK for LTS [14]. The reliability of the 
HTS system is superior to that of the LTS system, and 
the associated refrigeration expenses are 
comparatively lower. A recent review has examined 
the design and development of high temperature 
SMES units for power applications [16]. Numerous 
investigations have been undertaken to explore 
cooling technologies and thermal management 
strategies for SMES units, focusing on the utilization 
of thermal energy storage materials. These efforts 
aim to alleviate the deterioration in superconductor 
performance that occurs at elevated temperatures 
[17]–[22].  
 
Numerous research have been conducted to 
examine the effectiveness of SMES units in 
enhancing transient stability [2], [23]–[26], as well 
as mitigating variations in the output power and 
voltage of WTGs [27]–[29]. However, there is a 
scarcity of research regarding the optimal placement 
and sizing of WTGs and SMES units. The authors in 
[30] optimally locate an SMES unit in an IEEE14-bus 
transmission system using a genetic algorithm in 
order to improve the voltage stability in the test 
system. In [31], a simplex method was employed to 
determine the optimal size of the SMES unit to 
improve the stability of a distribution power system 
with photovoltaic (PV) generation. The performance 
of SMES unit with its optimal size is evaluated by a 
simple case study with the field measurement data 
of the irradiation and PV module temperature in the 
Power System Computer Aided Design Software 

(PSCAD). In [32], the author proposed a method to 
find the optimal location of the superconducting 
device for minimizing the system loss using loss 
sensitivity analysis in an typical power system 
considering a daily load profile. In [33], the authors 
proposed a method to minimize the operating cost of 
thermal units in an IEEE 10-unit thermal 
transmission system through the use of optimal 
sized SMES unit using the Lagrange Relaxation PSO 
algorithm for a daily varying load. Authors in [34] 
proposed a multi-objective optimization technique 
for positioning and sizing wind turbine generators 
and SMES units in a distribution system using the EO 
algorithm and loss sensitivity factor in an IEEE 33-
bus distribution system with time-varying voltage-
dependent load models as well as variable wind 
speed. The weighted sum Multiobjective index was 
formulated for the simultaneous minimization of 
energy loss, voltage deviation, and enhancement of 
voltage stability. It can be deduced that more recent 
optimization techniques need to be investigated in 
the location and sizing of WTGs and SMES units. 
 
This work proposes a hybrid VSF and GO algorithm 
technique for determining the optimal location and 
sizing of WTGs and SMES units in the IEEE 33-bus 
distribution system. The efficiency of the GO 
algorithm is validated by comparing it with the 
results obtained by the EO and PSO algorithms. 
Currently, there is no documentation on the 
utilization of the hybrid VSF-GO algorithm technique 
for locating and sizing WTGs and SMES units. The 
location and sizing of WTGs and SMES units have 
utilized four objective indices: voltage stability 
index, voltage deviation index, power loss index , and 
annual total cost. 
 
2. Methodology 

 
This section describes the materials and methods 
used in this research. 
 
2.1.  Network Component Modeling.  
The model under study consists of the  IEEE 33-bus 
distribution system and load demand  profile,  WTGs 
and  SMES units. 
 
2.1.1. IEEE 33-Bus Distribution System and Load 

Demand Profile 
The test bus system is a modified IEEE 33-bus radial 
distribution system as shown in Figure 2. It consists 
of thirty-three buses and thirty-two lines 
(branches). All buses have a voltage level of 12.66 
kV. The maximum and minimum voltage limits for all 
buses are considered at ±5%. The network can be fed 
either by a synchronous generator or from the main 
grid. The basic data of the IEEE 33-bus distribution 
system is shown in Table 1 [35]. 
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FIGURE 2: Single line diagram for the IEEE 33-bus distribution system [35] 

 
The normalized hourly load demand profile of 1 p.u 
peak [34] is considered in the study as  shown in 
Figure 3. The loads are of time-varying voltage-
dependent type with active load-voltage 

exponent (np) of 4.04 and reactive load-voltage 

exponent (nq) of 0.92 [36].   

 
TABLE 1: Basic data of IEEE 33-bus distribution 

system [35] 
Parameters Values 

Base Voltage (kV) 12.66 
Nominal Active Load (kW) 3715 

Nominal Reactive Load (Kvar) 2300 

Base MVA 100 
The time-varying voltage-dependent load model at 
bus k of the distribution network is expressed in 
equations (1) and (2): 

Pk(t) = Pok(t)x Vk
np(t)                                                            

(1) 

Qk(t) = Qok(t)x Vk
nq(t)                                                          

(2) 
where Pk and Qk are, respectively, the real and 
reactive powers injected at the kth bus, Pok and Qok 
are, respectively, the real and reactive loads at the 
same bus but at nominal bus voltage, Vk is the 
voltage at the bus  for np and  nq respectively. 

 

 
FIGURE 3: Normalized hourly load demand profile [36] 

 
2.1.2. WTG Modeling 
The WTG generated outpower PWTG at wind speed 
vw is determined as shown in equation (3). 

0                                if  Vw〈Vci and Vw〉Vco 

PWTG = {pw,r (
Vw−Vci

Vw,r−Vci
)}   if (Vci ≤ Vw ≤ Vw,r)                     

       Pw,r                                      if (Vw,r < Vw ≤ Vco)    (3) 

 
where Pw,r is the rated output power and Vci,Vco, and 

Vw,r are the cut-in speed, cut-out speed, and rated 

speed of the WTG, respectively. Equation (3), which 
represents the WTG characteristic power curve, 
demonstrates that there is no WTG output power 
when the wind speed is lower or higher than the cut-
in and cut-out wind speeds, respectively. It also 
demonstrates a constant rated output power for 
wind speed between the rated and cut-out wind 

speeds, as well as a linear relationship when the 
wind speed varies between the cut-in and the rated 
wind speed [37]. The wind speed vw(h) at WTG hub-
height (h) determines the amount of power PWTG 
that the wind turbine generates, and this wind speed 
is stated as shown in equation (4): 

vw(h) = vw(hg)x (
h

hg
)
α

                                               (4) 

 
where vwhg is the anemometer-measured wind 

speed at height hg and is a roughness factor that 

varies from site to site and depends on the local 
humidity, but several studies suggest a value of 1/7 
[38]. 
 
The ratio of the total energy supplied by the WTG to 
the total energy required by the system is known as 
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the WTG penetration level. The technical 
specifications of the three (3) WTGs used in the 
study are shown in Table 2. The 3.3 MW rated output 
power is used when one WTG is considered and the 
1.7 MW rated output power is considered when two 

(2) WTGs are considered. The hourly wind speed 
curve is shown in Figure 4 [35]. 

WTG penetration (%) = 
∑ PWT(t)24

t=1

∑ PL(t)24
t=1

                                                 

(5)

 
TABLE 2: Technical specifications of wind turbine generators [39] 

Parameters WTG-1 WTG-2 WTG-3 
Cut-in speed (m/s) 4 4 4 
Rated speed (m/s) 14 14 14 

Cut-out speed (m/s) 24 24 24 
Rated output power (MW) 3.3 1.7 1.1 

 

 
FIGURE 4: Hourly wind speed curve [35] 

 
2.1.3. SMES Unit Modeling 
The SMES unit can store the surplus or excess energy 
generated by the WTG rather than curtailing it when 
the load demand is low and release energy to supply 
the peak load demand during the day. Expressly, the 
SMES unit can operate as loads to store energy 
during charging mode and generators to release load 
or deliver energy during discharge mode. The SMES 
unit is allowed to discharge when wind turbine 
generator outpower is low and the load is larger than 
75% of the peak load demand. It can deliver or 
absorb reactive power as well. To charge the SMES 
unit from WTG, they are installed on the same bus as 
the WTG. 
 
Charging mode: 
This mode occurs when WTG power PWTG is higher 
than the load demand PL (i.e., PL − PWTG <
0 or Ps(t) < 0). 

Ps(t) = max {−|∆p(t)|,
(Es(t−1)−Es,max)

∆tηc
} , −Ps,rated                                      

(6) 

Es(t) = min{(Es(t − 1) − Ps,c(t)Δtηc), Es,max}                                         

(7) 
 
Discharge mode: 

This mode occurs when the load demand PL is higher 
than the WTG power PWTG (i. e. , PL − PWTG >
0 or PS(t) > 0). 

PS(t) = max {|∆p(t)|,
(ES(t−1)−ES,max)

∆tηc
  }                                                

(8) 

ES(t) = max {(ES(t − 1) − PS,D(t)
Δt

ηD
) , ES,min}                                       

(9) 
 
Where PS(t) is the exchanged power of the SMES unit 
at period t, which has negative, positive, and equal to 
zero during charging mode, discharging mode, and 
idle mode of the SMES unit respectively and where 
ηC and ηD are the charging and discharging 
efficiencies, respectively; The difference between 
load demand and WTG output is known as ∆P(t); 
PS,rated denotes the power rating of the SMES unit ; 

Es(t) denotes its energy storage capacity at period t; 
ES,min and Es,max denote the minimum and maximum 
energy storage capacity limits of the SMES unit 
respectively; and Δt represents the time interval 
(one hour)  [5], [33], [40], [41]. 
 
2.2. Location and Sizing   
The problem is to optimally locate and size WTGs 
and SMES units in the test distribution system using 
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VSF and the GO algorithm. The study considers three 
cases: Case I (one WTG and one SMES unit), Case II 
(two WTGs and two SMES units), and Case III (three 
WTGs and three SMES units).  
 
2.2.1. Voltage Sensitivity Factor 
Voltage sensitivity studies are conducted to 
determine the connection between bus voltage and 
active or reactive power. In the distribution system, 
the relationship between voltage magnitude and 
active or reactive power is not  as in the transmission 
system because low and medium-voltage 
conductors have a large resistance component. 
Therefore, the system needs both active and reactive 
power supply. Therefore, the voltage sensitivity 
factor plays a crucial role in the location and size of 
WTGs and SMES units due to the combined effect of 
active and reactive power on bus voltage. In this 
study, four indices derived from Newton-Raphson 
power flow calculation are used for evaluating the 
sensitivity of active and reactive (PQ) nodes in the 
distribution system [42] as shown in equations (10)- 
(13). 

Index1i
=

∑
∂δi
∂Pi

n
k=1

n
                                                          (10) 

Index2i
=

∑
∂|Vi|

∂Pi

n
k=1

n
                                                        (11) 

Index3i
=

∑
∂δi
∂Qi

n
k=1

n
                                                         (12) 

Index4i
=

∑
∂|Vi|

∂Qi

n
k=1

n
                                                        (13) 

 
The flow chart of the methodology is depicted in 
Figure 5.  The steady state planning methodology 
calculates the indices once the Newton-Raphson 
method converges to meet the requirements of the 
power flow. A change in the loading condition is 
applied at a selected node in the distribution system 
and the indices are recalculated. After following this 
procedure for various loading conditions, the 
voltage sensitivity indices for each node are 
obtained. The buses with low VSF are selected as the 
candidate bus for installing WTGs and SMES units. 
 

 

 
FIGURE 5: Diagram of the process used to calculate the indices. 

 
2.3. Problem Formulation 
The optimization problem for the optimal location 
and sizing of WTGs and SMES units is formulated as 
a weighted sum multi-objective function for 
enhancement of voltage stability, minimization of 
voltage deviations, power loss and annual total cost. 
Mathematically, this multiobjective function can be 
stated as shown in equation (14). 

Minimize F(X⃗⃗ ) = (
1

F1(x⃗ )
, F2(x⃗ ), F3(x⃗ ), F4(x⃗ ))                                              

(14) 
w.r.t (x⃗ ) 

(x⃗ ) = [L⃗ WTG, S⃗ WTG, L⃗⃗  ⃗SMES, S⃗ SMES] 

 

Subject to  [
Hn = 0, n = 1,2……q
Yn ≥ 0, n = 1,2, … . . p 

] 

 
Where (x⃗ ) is a vector of control variables that will be 
optimized in the process. LWTG, and LSMES are the 
vectors denoting the location of the WTGs and  
SMESs, respectively. SWTG and SSMES are the vectors 
denoting the capacities (sizes) of the WTGs and  
SMES units, respectively. The terms Hn and Yn 
denote the equality and inequality constraints to 

Active and reactive rating values are forced for all PQ buses. 
(At a PQ bus the variables are voltage magnitude and phase)

Power Flow is solved using Newton-Raphson Method. Jacobian 

Matrix and Inverse Jacobian matrix are obtained

Indices are calculated at the steady state solution, when the 

power flow iteration converges

Stability analysis is obtained from the steady state solution

Small Changes of active and reactive power is forced as a 

precondition for the power flow solution at the desired PQ bus. 

And then go back to step 2
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account for the technical restrictions and operating 
strategies, respectively. Note that the control 
variables include both integer and positive real 
values. The impact indices and the equality and 
inequality constraints are presented in the following 
subsections. 
 
2.3.1. Impact Indices 
The distribution system before the insertion of 
WTGs and SMES units is referred to as "base case" 
throughout this work. 
 
2.3.1.1.  Voltage Stability Index 
The first objective function F1 is defined as the 
Voltage Stability Index (VSI) for the base case value  
and after insertion of WTGs and SMES units as 
shown in equation (15) [43]. 

F1 =
∑ |VSI(k)|(base case )

nb
i=1

∑ |VSI(k)|(WTG,SMES)
nb
i=1

                                                        

(15) 
 
The VSI is determined as follows: 
                               VSI(k) = |Vi|

4 − 4(PkXik −

QkRik)
2 − 4(PkXik + QkRik)|Vi|

2                 (16) 
 
Where VSI(k) is the voltage stability index at bus k 

and Xik is the line reactance between i and k buses. 
 
2.3.1.2.  Voltage Deviation Index 
The second objective function F2 is defined as the 
voltage deviation from the rated value after 
insertion of WTGs and SMES units referring to as its 
value for the base case as shown in equation (17). 

F2 =
∑ |Vi−Vref|(WTG,SMES)

nb
i=1

∑ |Vi−Vref|(base case )
nb
i=1

                                                            

(17) 
Where nb is number of buses, Vi is the voltage at bus 
i, and Vref is the reference voltage being equal to 1 
p.u. 
 
2.3.1.3.  Active Power Loss Index 
The third objective function F3 is defined as the 
active power loss after insertion of WTGs and SMES 
units refers to as its value for the base case as shown 
in equation (18). 

F3 =
∑ PLoss(WTG,SMES)

nℓ
ℓ=1

∑ PLoss(base case)
nℓ
ℓ=1

                                                                 

(18) 
Where nℓ is number of transmission lines in the 
investigated distribution system.  

 
2.3.1.4.  Annual Total Cost 
The annual total cost comprises of the annual 
investment, operation, and maintenance costs. The 
costs of the WTGs and SMES units are influenced by 
the market economy and the site location of the 
installation. While the cost of SMES units is 
influenced by both its power and energy ratings, the 
cost of WTG is determined by its power rating. 
Therefore, it is preferable to express the cost of 
WTGs and SMES units separately [44], [45]. Its 
objective function is expressed in equations (19) 
through (23). The annual total cost in Million US 
Dollars (MUSD) is obtained when considering the 
minimum sizes of WTGs and SMES units and is 
represented as Cost (WTGs, SMESs), and the 
maximum annual total cost of (WTGs and SMESs) in 
MUSD is obtained when considering the maximum 
capacities and is represented 
as Cost (WTG, SMES)max  as shown in equation (19). 

F4 =
∑ Cost(WTG,SMES)nb

i=1

∑ Cost (WTG,SMES)max
nb
i=1

                                                             

(19) 
Annual total cost = CWTG + CSMES−E + CSMES−P                                                       

(20) 
Where, 

CWTG = ∑ (IC̅WTGx CλWTG
+ 0&M̅̅ ̅̅ ̅̅

WTG) x SWTG
NWTG
n=1                                       

(21) 

CSMES−E = ∑ (IC̅SMES−Ex CλSMES−E
+

NSMES
n=1

0&M̅̅ ̅̅ ̅̅
SV) x ESMES                                    (22) 

CSMES−P = ∑ (IC̅SMES−P x CλSMES−P
+

NSMES
n=1

0&M̅̅ ̅̅ ̅̅
Sf) x PSMES                                        (23) 

 
IC̅ denotes the unit investment cost of WTGs and 
SMES units in USD/kW or USD/kWh, whereas 
(O&M̅̅ ̅̅ ̅̅ ̅) denotes the annual operation and 
maintenance costs of the units in USD/kW-yr or 
USD/kWh-yr. It should be noted that λ is the 
estimated lifetime of the units in years, SWTG is the 
size of installed SMES unit; ESMES and 
PSMES represents the energy and power rating of the 
SMES units. The subscripts f and v in (O&M̅̅ ̅̅ ̅̅ ̅) denote 
the fixed and the variable operation and 
maintenance costs of SMES units respectively. The 
number of WTGs and SMES units are represented by 
NWTG  and NSMES , respectively. Finally, Cλ is the   
capacity recovery factor of a unit having a lifetime of 
Cλx

, with an interest rate of r. The WTGs and SMES 

units’ parameters are shown in Table 3. 

 
TABLE 3: WTGs and SMES units cost parameters [3], [46][44] 

Maximum NWTG = 1, 2 and 3 
Maximum NSMES =1, 2 and 3 

IC̅WTG(MUSD$/kW) = 
0.00025-0.0005 

IC̅SMES(MUSD$/kWh) = 0.0005 

λWTG(year)= 25 O&M̅̅ ̅̅ ̅̅ ̅
WTG (MUSD$/kW-yr): 

0.08 - 0.25 
O&M̅̅ ̅̅ ̅̅ ̅

SV (MUSD$/kW-yr): 
1x10−10 

PSMES (MUSD$/kW)= 0.0002 λSMES = 30 O&M̅̅ ̅̅ ̅̅ ̅
Sf (MUSD$/kW-yr): 

0.0000185 
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Maximum WTGs rated power 
limit: 0.4 - 4.0 MW 

ESMES (MUSD$/kWh)= 
0.0005 

IC̅SMES(MUSD$/kW) = 0.00025 

SMES units rated power limit : 
0.01- 4.0 MW 

SMES units rated capacity 
limit: 0.001- 10.0 MWh 

 

2.3.2. Weighted-Sum Multi-Objective Index 
A weighted sum multiobjective index (MOI) is 
formulated to accommodate the above indices with 
appropriate weights as shown in equation (24). 

MOI (t) = μ
1
F

1
 +μ

2
F

2
 +μ

3
F

3
 +μ

4
F

4    
(24)                                                          

 
Where μ1, μ2, μ3 and μ4 denote weight factors, each 
weight factor has the range from zero to one and 
whose summation is equal to one as shown in 
equation (25). 

|μ1| + |μ2| + |μ3| + |μ4| = 1                                              
(25) 

 
The determination of MOI(t) at each hour is 
performed using load flow analysis of the 
distribution system. The Average Multiobjective 
Function (AMOF) over the total day hours (T=24) is 
expressed as shown in equation (26) 

AMOF =  
1

T
∫ MOI(t) x Δt

T

0
                                                  

(26) 
 
The lowest AMOF value identifies the best sizes of 
WTGs and SMES units for enhancing voltage 
stability, minimizing voltage deviation and power 
loss while considering the total cost. 
 
2.3.2.1.  Weight Factors 
The weight factors are left to the discretion of the 
decision maker. In this work μ1,μ2, μ3 and μ4 are 

0.3,0.4,0.2 and 0.1 as it has a consistent impact on the 
voltage stability index and voltage deviation. 
 
2.3.3. Problem Constraints 
The AMOF expressed in (26) is subjected to the 
following constraints: 
 
2.3.3.1. System Operation Constraints  
i. Power balance constraint 
The algebraic sum of all input and output active and 
reactive power flow through the investigated 
distribution system should be equal as shown in 
equations (27) and (28) 

Psub(t) + ∑ PWTG,i(t)
nb
i=1 + ∑ PS,i(t)

nb
i=1 =

∑ Ploss,ℓ(t)
nℓ
ℓ=1 + ∑ PL,i(t)

nb
i=1               (27) 

Qsub(t) = ∑ Qloss,ℓ(t) + ∑ QL,i
nb
i=1

nℓ
ℓ=1 (t)                                                              

(28) 
where PSub(t) and  QSub(t) represents substation 
active and reactive power at time t, respectively, 
Plossℓ(t) and Plossℓ(t)  are active and reactive power 
losses of line ℓ at time t,  PL,i(t) and QL,i(t)  are active 

and reactive powers of load demand at bus i at time 
t [47]. 

 
ii. Bus Voltage Constraint 
The voltage magnitude at each bus must be kept 
within an acceptable range at all times as shown in 
equation (29). 

Vmin ≤ Vi(t) ≤ Vmax                                                                 
(29) 

 
Where Vmin and Vmax are the minimum and the 
maximum voltage limits with values of 0.95 p.u. and 
1.05 p.u., respectively. 
 
iii. Line current constraint 

The current magnitude of each line Iℓ at any time t 
must remain within acceptable operating limits in 
order to avoid any excessive thermal stress of the 
line is shown in equation (30). 
Iℓ(t) ≤ Imax,ℓ                                                                  (30) 

 
iv. Reverse Power Flow Constraint 

This constraint defines that the reverse power flow 
never exceeds 0.6 of the substation rating (R) is 
shown in equation (31) [47]. 
−0.6XR ≤ Psub(t) ≤ R                                                 (31) 
 
2.3.3.2. Wind Turbine Constraints 
The wind turbine constraint is shown in equation 
(32). 

PWTG,min ≤ ∑ PWTG,r,i ≤ PWTG,max
nb
i=1                                          

(32) 
 
Where PWTG,min is equal to 0 and PWTG,max is equal to   

maximum rated output power of the WTG. 
 
 
2.3.3.3.  SMES Unit Constraints 
The charging-discharging power limit constraint is 
shown in equation (33). 

−pS,rated ≤ Ps(t) + PS,rated                                           

(33) 
Where the negative and positive polarities of 
  pS,rated refers to charging and discharging of SMES 
units, respectively. 
 
2.3.3.4. Storage Capacity Constraint 
The storage capacity constraint is shown in equation 
(34). 

ES,min ≤ ES(t) ≤ ES,max                                                 

(34) 
 
where ES,min and ES,max are taken as 0.1 and 0.9 

times rated capacity ES,rated respectively [1], [33], 
[48]. 
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2.3.3.5. Capacity  Balance Constraint 
For continuous utilization in the next day, the final 
storage capacity Es(t) of SMES unit at the end of the 
day should be equal to the initial storage capacity 
Es(0) for the next day as shown in equation (35). 

Es(0) = Es(t)                    (35) 
 
2.4. Grasshopper Optimization Algorithms 
The metaheuristic algorithms have the capability to 
give various solutions, which can be evaluated for 
the best outcome depending on the system 
constraints. That is the reason it is preferred over 
mathematical algorithms that result in only one 
solution, while more than one solution may be 
available [49]. It is known from the No Free Lunch 
theory [50] that no optimization algorithm can solve 
all types of optimization problems. In this work, the 
GO algorithm is investigated for the optimal location 
and sizing of WTGs and SMES units in a distribution 
system. 
 
Saremi et al. introduced the GO algorithm in [51], 
which is a new and fascinating swarm intelligence 
system that mimics grasshopper foraging and 
swarming behaviors. Grasshoppers are insects that 
wreak havoc on agricultural products. Their life 
cycle includes two phases: nymph and adulthood. 
Small steps and gradual movements describe the 
nymph phase, but long-range and abrupt 
movements represent the adulthood phase. The 
intensification and diversification phases of GO 
algorithm are defined by nymph and adult 
movements. The mathematical model of 
grasshopper swarming behavior is shown in 
equation (36) 
 
Pi = Si + Gi + Ai                                                          (36) 

 
where Pi indicates the i-th grasshopper’s position, 
Si is the social interaction between grasshoppers, 
Gi denotes the gravity force on the i-th grasshopper, 
and  Ai is the wind advection. To produce a random 
behavior of grasshoppers, equation (37) can be 
rewritten as follows: 
Pi = r1Si + r2Gi + r3Ai                                              (37) 

 
Where r1, r2 and r3 are random numbers in the 
range [0,1] 
 
The social interaction Si is defined in equation (38) 

Si = ∑ s(dij)diĵ
N
j=1
j≠i

                                                      (38) 

Where N denotes the number of grasshoppers, dij =

|Pj − Pi|defines the Euclidean distance between the i-

th and the j-th grasshopper is a unit vector from the 

i-th to the j-th grasshopper, diĵ = 
Pj−Pi

dij
 and s 

represents the social forces represented by equation 
(39) 

S(r) = fexp
−r

l − exp−r                                                (39) 
 

Where f and l are the attraction intensity and 
attraction length scale, respectively. The social 
interaction between grasshoppers can be defined as 
attraction and repulsion. The distance is considered 
in the range [0,15]. The attraction increases in the 
interval of [2.079, 4] and then decreases gradually. 
The repulsion occurs in the range [0, 2.079]. When 
the distance between two grasshoppers is exactly 
2.079, there is neither repulsion nor attraction (no 
force). This area is called the comfort zone.  
The gravity force Gi is given by the equation (40) 
Gi = −geĝ                                                                     (40) 

 
Where g denotes the gravitational constant and eĝ 

represents a unit vector toward the center of earth. 
The wind advection  Ai   is given by the equation 
(41): 
Ai = ueŵ                                                                          (41) 
 
Where u represents the drift constant and eŵ  is a 
unit vector in the wind direction. 
After replacing the values of S, G, and A, equation 
(42) can be obtained: 

Pi = ∑ s(|Pj − Pi|)
Pj−Pi

dij

N
j=1
j≠i

− geĝ + ueŵ                                             

(42) 
 
An enhanced version of this equation is shown in 
equation (43) 

Pi
d = C(∑ c

ubd−lbd

2

N
J=1
J≠i

s(|pj
d − pi

d|)
pj−pi

dij
) + Td̂                                                      

(43) 
 
Where ubd and lbd represent the upper and lower 
bounds in the d-th dimension, respectively. 
Td̂ denotes the best solution found so far in the d-th 
dimension space. Note that S is similar to S 
component in equation (38), G is equal to zero, and 
A is always toward the best solution Td̂. Equation 
(44)  is used to calculate the value of C.  

C =  Cmax − t
Cmax−Cmin

tmax
                                              (44) 

 
The step procedure for the GO algorithm is listed as 
follows [52][53]: 
Step 1: Input system data including line data, bus 
data, and wind speed data. 
Step 2: Input design variables in the problem as well 
as the parameters of GO algorithm.  
Step 3: Initialize randomly the particle’s population.  
Step 4: Estimate the objective function of each initial 
solution.  
Step 5: Update C 
Step 6: Normalize the distance between 
Grasshoppers in the range [1-4] 
Step 7: Evaluate the objective function. 
Step 8: Check the convergence criteria. The 
algorithm terminates when the number of iterations 
exceeds the limits Tmax, or a satisfactory fitness level 
has been reached for the population with 
satisfaction of the problem constraint. 
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Step 9: Capture the optimal solution (best objective 
function) to the target problem.  
 
3. Results and Discussions 
This section presents the results obtained for 
optimal location and sizing of WTGs and SMES units 
using VSF and GO algorithms for improving the 
technical performance of the IEEE 33-bus 
distribution system while considering the total cost. 
The simulation is carried out on an HP personal 
computer with an Intel Core (TM) i7, 16 GB of RAM, 
and a 64-bit operating system using the MATLAB 
R2020b software package. Forward/backward flow 
analysis is performed without WTGs and SMES units 
for the base case and with WTGs and SMES units for 
cases I, II, and III in the IEEE 33-bus distribution 
system. The optimal location and sizing of WTGs and 
SMES units is performed considering three different 

cases: firstly, the installation of one WTG and one 
SMES unit. Secondly, the installation of two WTGs 
and two SMES units, and thirdly, the installation of 
three WTGs and three SMES units. Finally, the 
effectiveness of the proposed algorithm is validated 
by comparing it with EO and PSO in terms of 
statistical metrics and convergence time. In this 
work, the simulation is performed, and the results 
are recorded and analysis to obtain the tables and 
figures. Table 5 shows the load flow results obtained 
for the IEEE 33-bus distribution system without 
considering the load demand profile. Ps is the active 
power supply (MW), PL is the active load demand,  
VSI(basecase )is the voltage stability index at the base 

case, VDI(base case) is the voltage deviation index at 

the base case, and Ploss (basecase)is the active power 

loss at the base case.

 
TABLE 5: Base case data 

Ps (kW) PL (kW) VSI(basecase ) VDI(base case) Ploss (basecase) (kW) 

3716 3715 0.7326 0.8925 0.2021 

3.1.  Optimal Location and Sizing Selection 
The WTGs and SMES units are optimally located and 
sized using hybrid VSF and GO algorithm techniques. 
The optimal location and sizing result for cases I, II, 
and III are shown in Table 6. It was deduced that as 
the number of installed WTGs and SMES units are 

increasing and optimal placed in the distribution 
system, the technical performance of the 
distribution system improves, which needs to be 
balanced with the cost f  of the WTGs and SMES units.  
 

 
TABLE 6: Optimal location and sizing results for cases I, II, and III 

Items Case I Case II Case III 
WTGs location and Size 

(kW/@ Bus) 
 

3831/@ 18 2132 /@ 28 
1699/@ 21 

 

930/@ 28 
1553/@ 17 
1448/@ 21 

SMES Sizes (kW/kWh) 2200/9094 1100/4738 
1100/4356 

610/3100 
860/2830 
753/2480 

AMOF value 0.2831 0.2609 0.2509 
VSI enhancement (%) 28.56 29.43 30.14 

VDI reduction (%) 50.67 52.59 54.68 
Energy Loss reduction (%) 29.34 37.76 41.56 

Furthermore, the value of the AMOF of the complete 
day for the time-varying load decreases as the 
number of WTGs and SMES units increases in the 
test distribution system which has a base case AMOF 
value of unity. 
 
3.1.1. Voltage Stability Analysis 
The Voltage Stability Index (VSI) is an indication of 
distribution system stability. It is driven based on 
the magnitudes of the voltage and current of the 
system in order to obtain the distance between the 
operating point of the current and the collapse point 

of the voltage. The smaller the value, the more 
sensitive the system is to voltage collapse. In the 
distribution system, the voltage stability is 
computed as the algebraic sum of all hourly voltage 
stability over the day. Table 7 shows a comparison of 
the daily voltage stability of the system for the base 
case and after installation of the WTGs and SMES 
units for cases I, II, and III. It is clearly observed that 
the voltage stability enhancement in the distribution 
system for cases I, II, and III are 28.56%, 29.43%, and 
30.14%, respectively. 

 
TABLE 7: Voltage stability index for cases I, II and III 
Case Daily voltage stability 

Index 
Voltage stability 

improvement (%) 
Base case After 
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One WTG and One SMES (I) 691.38 493.86 28.56 
Two WTGs and Two SMESs (II) 691.38 487.91 29.43 
Three WTGs and Three SMES 

(III) 
691.38 483.00 30.14 

The hourly values after installation of WTGs and 
SMES units are higher than those of the base case 
and for cases I, II, and III, as illustrated in Figure 7. 
This value approaches unity to express the best 

voltage stability of the distribution system. It was 
deduced that as the number of installed WTGs and 
SMES units increases, the VSI value approaches 
unity, which is the best voltage stability index value. 

 

FIGURE 7: Hourly minimum VSI for the cases 

3.1.2. Voltage Deviation Index 
The Voltage Deviation Index (VDI) of a node in the 
distribution system is the difference between the 
actual voltage of the node and the reference voltage 
(1 p.u). The lower the value, the more stable is the 
voltage of the system. The voltage is computed as the 
algebraic sum of all hourly voltage deviations over 
the day. Table 8 shows the comparison of the daily 
voltage deviation of the system for the base case and 
after installation of  WTGs and SMES units for cases 
I, II, and III. It was observed that the voltage 

deviation indices of the distribution system for cases 
I, II, and III were significantly reduced compared to 
their base cases. The voltage deviation reduction in 
the distribution system for cases I, II, and III are 
50.67%, 52.59%, and 54.68%, respectively.   As 
illustrated in Figure 8, the hourly minimum bus 
voltage (the weakest bus # 18) over the day hours 
after installation of WTGs and SMES units  for the 
study cases is significantly improved compared with 
that of the base case of the system and are within the 
permissible limit during the day hours. 
 

 
TABLE 8: Voltage deviation for cases I, II and III 

Case Daily voltage deviation Voltage deviation 
reduction (%) Base Case After 

One WTG and One SMES (I) 19.49 9.61 50.67 
Two WTGs and Two SMESs (II) 19.49 9.24 52.59 

Three WTGs and Three SMES (III) 19.49 8.82 54.68 
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FIGURE 8: Hourly minimum bus voltage at Bus # 18 for  the cases 

 
 
3.1.3. Energy Loss Analysis 
The daily energy loss is computed as the algebraic sum of all hourly real power losses over the day. Table 9 shows 
the comparison of the daily energy loss of the base case of the distribution system and after the installation of 
WTGs and SMES units as in cases I, II, and III. 
 

TABLE 9: Energy loss reduction for cases I, II and III 
Case Daily energy loss Energy loss 

reduction (%) Base case After 
One WTG and One SMES (I) 1423.0 1005.49 29.34 

Two WTGs and Two SMESs (II) 1423.0 885.68 37.76 
Three WTGs and Three SMES (III) 1423.0 831.6 41.56 

It is clearly observed that the energy loss reductions 
in the distribution system for cases I, II, and III are 
29.34%, 37.76%, and 41.56%, respectively. The 
system’s hourly power loss decreased after the 
installation of the WTGs and SMES units. It was also 
observed that after the installation of two (2) WTGs 
and two (2) SMES units, the energy loss decreased 

further by 8.4% when compared to case I, and on 
installing the three WTGs and three SMES units, the 
loss decreased by 3.8% when compared to case II. 
Figure 9 shows the hourly power loss of the system 
for the base case and cases I, II, and III. 
 

 

 
FIGURE 9: Hourly power loss for load profile 

 
3.2. Validation of the Proposed Grasshopper 

Optimization Algorithm 
Table 10 shows the validation of the results for the 
optimal location and sizing of WTGs and SMES units 
in the distribution system using statistical metrics 

and the convergence curves for each case. Figures 
10, 11, and 12 show the convergence curves for each 
case. 
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TABLE 10: Statistical Metric for Case I, II and III 
CASE I CASE II CASE III 

Metric GO EO PSO GO EO PSO GO EO PSO 
Best 0.2679 0.4685 0.4982 0.3454 0.6437 0.8674 0.3783 0.9452 0.878 

Worst 0.2568 0.4429 0.5982 0.2745 0.5277 0.7685 0.2564 0.6745 0.786 
Average 0.4055 0.6334 0.6787 0.5491 0.7659 0.9459 0.6734 0.8694 0.9674 

STD 0.3291 0.0173 0.1664 0.4765 0.0365 0.3245 0.5673 0.8794 0.9967 
Elapse 

Time(s) 
1648 1794 1867 2145 2254 2335 2547 27845 2985 

By comparing the results of the GO algorithm with 
those produced using EO and PSO optimization 
techniques, statistical and convergence analyses are 
performed to assess the efficacy of the proposed EO 
algorithm. The statistical analysis employs various 
metrics to assess the effectiveness of the GO 
algorithm. These metrics include the best, worst, 
average, standard deviation (STD), and elapsed time 

of the multiobjective function (MOF) for all three 
cases. Given that the suggested GO algorithm method 
yields the lowest values for best, worst, average, 
standard deviation, and elapsed time when 
compared to the EO and PSO algorithms, it is evident 
that this approach produces the finest statistical 
metrics.

 

 
FIGURE 10: Convergence curve for case I 

 

 
FIGURE 11: Convergence curve for case II 
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FIGURE 12: Convergence curve for case III 

 
In convergence analysis, the comparison between 
convergence curves of the GO, EO, and PSO algorithms 
is presented for the best AMOF, as shown in Figures 10, 
11, and 12 for each case study in order to demonstrate 
the fast convergence capability of the GO algorithm. As 
shown in the figures, it is clear that the proposed GO 
algorithm, compared with the EO and PSO algorithms, 
converges fast to the best AMOF after 26 seconds, 33 
seconds, and 42 iterations for the respective cases. 
 
 
4. Conclusion 
This study presents a novel algorithm for the optimal 
location and sizing of WTGs and SMES units in a 
distribution system. The objective is to optimize the 
technical performance of the system while also 
considering the total cost. The study aimed to assess 
the effectiveness of the hybrid VSF and GO algorithm 
in determining the optimal location and size of WTGs 
and SMES units. This investigation considered a 
voltage dependent load model and the variable wind 
speeds. The main objectives were to improve voltage 
stability, minimize voltage deviation, and reduce 
energy loss. The findings demonstrate that the GO 
algorithm is a viable algorithm for improving voltage 
stability, reducing voltage deviation, and minimizing 
power loss in the IEEE 33-bus distribution system, 
while also considering the total cost. Additionally, it 
was deduced that the enhancement in voltage stability 
was observed, along with a reduction in voltage 
deviation and power loss, when the number of WTGs 
and SMES units were increased from one to three in 
each case. The effectiveness of the proposed GO 
algorithm was validated by comparative analysis of its 
statistical metrics and convergence times obtained by 
employing EO and PSO algorithms. The findings 
indicate that the GO algorithm, as described, achieves 
an equilibrium between exploration and exploitation, 
leading to a decrease in convergence time. The 
proposed method can be further applied to find the 
optimal location and size of the WTG and SMES units 
to improve the technical performance  while 
considering the total cost of a larger  power system in 
the future. 
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