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Abstract:  

In the early stage of microgrid construction, reasonable allocation of power equipment 

capacity based on regional resource characteristics can not only effectively solve the power 

supply reliability problem caused by wind and solar uncertainty, but also improve the 

system's economy and environmental protection. This design constructs a off-grid wind-

solar-diesel-storage microgrid, establishes a multiobjective optimization model 

comprehensively considering costs of energy, carbon emissions, and the loss probability of 

power supply. The energy control strategy of the battery priority tracking load was adopted 

and the operating conditions of each part were analyzed under 8 working conditions based 

on net load and battery SOC status. After testing a series of intelligent optimization 

algorithms, the whale optimization algorithm was improved through adaptive t-distribution, 

dynamic selection strategy, and differential change strategy. By verifying and analyzing the 

data from a hospital complex in Montagu, California, USA, it is evident that the established 

model and control strategy can effectively meet the load demand and achieve the optimal 

equipment capacity ratio. The Improved Whale Optimization Algorithm (IWOA) 

demonstrates higher solution accuracy and faster convergence speed in optimization 

calculations. 

 

Keywords: Capacity configuration, Metaheuristic optimization, Off-grid Microgrid, Wind-

solar hybrid power system 

 

1  Introduction 

Energy serves as the fundamental material basis for human society. However, the 

conventional emission of significant amounts of greenhouse gases and pollutants from 

traditional energy sources is 1 increasingly contributing to global climate change. 
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Environmental pollution, in turn, presents a grave threat to both the natural ecological 

environment and human health. (Abdalla, et al., 2021; Bakeer, et al., 2023; Lian, et al., 

2019; Shezan, et al., 2023). In the past 20 years, clean power generation technologies such 

as wind energy, ocean energy, solar energy, biomass energy, geothermal energy and nuclear 

energy have become the focus of widespread attention of governments, the scientific and 

technological communityand the public (Chen, et al., 2021; Kotb, et al., 2022). Wind and 

solar account for a record 12 % of the global electricity mix by 2022, up from 10% in 2021. 

Solar power generation grew 24%, making it the fastest-growing source of electricity for 

18 years in a row. Wind power generation increased by 17% (Małgorzata Wiatros-Motyka, 

2023).  

Akikur, et al. (2013) found that single solar power systems are cost-effective, 

environmentally friendly, and easy to maintain for off-grid locations in rural areas, and the 

hybrid system can meet the load requirements better because the other source covers the 

weaknesses of one source. Akbas, et al. (2022)  introduced optimal solution approaches for 

rural electrification, outlining four core issues: optimal system configuration and unit size, 

optimal power dispatch strategy, optimal technology selection, and optimal network design. 

Additionally, they presented potential avenues for further studies in rural electrification 

from an optimization standpoint. During the past two decades, microgrid planners have 

focused on optimization problems that are affected by significant overloads in 

computational methods. Finding practical techniques to correctly calculate microgrid 

capacity has been a key issue (Bukar, et al., 2020). In recent years, Zhao and Yuan (2016) 

proposed an improved fruit fly optimization algorithm to solve the problem of optimizing 

the power supply capacity of independent microgrids, the optimization objectives being the 

minimum annual total cost and pollutant emission of the system. The simulation results 

showed the excellent performance of the proposed optimization method. However, higher 

power supply reliability is not considered. Emad, et al. (2021) developed a mathematical 

model for a hybrid PV/wind/battery system, discussed different effects of the LPSP value 

on system COE, and finally found the best optimal system configuration using PSO, GWO, 

WHO,  GA, and HOMER. Compared to the genetic algorithm (GA), the particle swarm 

algorithm (PSO), the whale optimizaiton algorithm (WOA), the wild horse optimizer 

(WHO), and the enhanced whale optimization algorithm (EWOA),  (Liu, et al., 2022) 

proposed an improved whale optimization algorithm (IWOA) with lower integrated costs 

and higher operational efficiency. The result showed that the IWOA is better at solving the 

MG operations planning problem. Amupolo, et al. (2022) used HOMER software to study 

the deployment of solar home systems and microgrids in informal settlements in Namibia 

and found the optimal energy system by minimizing net current cost (NPC) and average 

cost of energy (LCOE). It also assesses the impact of changes in diesel prices, load demands, 

and solar PV module costs on the optimal energy system. Bakeer ,et al. (2023) proposed 

African Vulture Optimization method (AVOA) which considers the realization of the 

minimum energy cost and the probability of power loss. The results show that AVOA 

performs better in convergence and execution time. Dong, et al. (2021) developed a multi-
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objective optimization model, considering investment cost, environmental impact, and 

power supply quality. They enhanced the multi-objective sparrow search algorithm using 

niche optimization technology and incorporated the Levy flight strategy for improved 

optimization. Simulation results validate the efficacy of this enhanced algorithm in 

reducing redundancy and improving optimization outcomes. 

This paper analyzes the output characteristics of individual micro-power sources and 

establishes an optimal microgrid configuration model that takes into account factors such 

as minimizing energy costs, carbon emissions, and the probability of power supply loss. An 

improved whale optimization algorithm (IWOA) is proposed using three improvement 

strategies, namely adaptive T-distribution, dynamic selection strategy, and differential 

variation strategy. Effectively improve the search accuracy and convergence speed of the 

optimizaiton.  

 

2 Wind-solar-diesel-battery power generation system model  

The typical structure of a hybrid wind-solar power generation system is shown in Figure 1. 

It mainly includes photovoltaic cells, wind turbines and other power generation equipment, 

batteries and diesel generators for the regulation and supplement of electric energy (Yoshida 

& Farzaneh, 2020) 

PV Wind

Diesel 
Generator

Loads

Converter

Battery 
Storage

Fig.1.  Configuration of Wind-solar Hybrid System

DC Bus AC Bus

 

Figure 1 Configuration of wind-solar-diesel-battery  system 

2.1 Wind power output model 

Wind power generation is the main form of wind energy utilization, and the main 

component is the wind turbine. The output power is determined according to the wind speed, 

as indicated in the guidance manual, referring to the wind speed at the fan hub. This speed 

can be derived through conversion using Equation (1)  (Zhao & Yuan, 2016): 

( )
ref ref

v H

v H

=                                                                                              （1） 

Where, H is the height of the hub of the fan, it is 36m. refH is the standard height, it 

is 50m. refv is the standard wind speed, and the unit is m/s.α is the roughness of the surface, 

usually 0.3. 

 The output power can be obtained according to the wind-power curve (Chen ,et al., 

2021): 
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Where PWT(t) is the real-time output power of the wind turbine, νi is the start-up wind 

speed. νr is the rated wind speed. νp is the survival wind speed. ηW is the ratio of output 

power and the rated power. PWTr indicates the rated power. 

Wind output power can be obtained as following formula (4) (Chunhui Liang, 2023): 

24

1

( )WT i WT

t

P N P t t
=

 
=   

 
                                                                                 （4） 

2.2 Photovoltaic power output model 

Photovoltaic power generation is a method of converting solar energy directly into 

electricity through the use of solar panels. Solar panel output power Ppv, solar irradiation 

intensity Eac, and ambient temperature are shown in Equation (5) (Aeidapu MAHESH, 

2020): 

( ) ( ) 30 1ac ac
STCPV PVr

STC STC

E E
P t P k T t T

E E

  
= − +  +  

   
                                 (5) 

Where PPVr is the rated output power of solar panels under standard test conditions 

(25.0 ℃, 1.0 MPa). 
STCE is the light intensity under standard test conditions, and the value 

is 1 kW/m2. 
acE is real light intensity. k  is the power temperature coefficient, which is -

0.47%/℃. STCT  is the test reference temperature, generally 25 ℃. ( )T t  is the Celsius 

temperature on the surface of the solar panel. 

2.3 Energy storage battery equipment model 

Storage batteries are adopted as the storage equipment that can balance supply and demand 

in the new energy generation in this paper. The relationship between SOC and charging and 

discharging is shown in (6-8) (Zhao, et al., 2023): 

( )

( )

charge charge WT PV Load

discharge Load WT PV discharge

P P P P

P P P P







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                                                    （6） 
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                                     （7） 

( ) ( )1Bat STC b c stcE t E T T = + − 
                                                                  （8） 

Where SOC(t+Ts) is the remaining power of the electric storage device at  t+TS  time; 

TS is time interval, taking 1 h; Pcharge(t) is charge power at t time; Pdischarge(t)  is discharge 

power at t time; δ is self-discharge rate, TS is the time interval, taking 1 h; t  is any certain 
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time in one year. 

2.4 Diesel generator model 

The mathematical relationship between the operating power of diesel generators and the oil 

consumption is concerned with the capacity optimization configuration of microgrids. 

Referring to relevant literature, the output power of diesel generators with fuel consumption 

shows a linear relationship in Equation (9) (Das, et al., 2017; Zhao, et al., 2013): 

1 2( ) ( )DG f DGr f DGF t c P c P t= +                                                                        （9） 

Where, ( )DGF t is the fuel consumption at t time, PDGr is the rated power of the diesel 

generator. ( )DGP t   is the output power of the diesel generator. 1fc   is the intercept 

coefficient of the diesel generator fuel curve, and 2fc is the slope of the diesel generator 

fuel curve. Unit is L/kW. 

 

3. Control strategy and optimization objectives  

3.1 Energy control strategy 

A strategy based on diesel turn-on/off conditions is proposed, when wind power, 

photovoltaic power, and energy storage cannot meet the load requirements, or wind power, 

photovoltaic cannot meet the load requirements and energy storage reserves reach the lower 

limit at the same time, the diesel generators start up. When wind power, photovoltaic output, 

and energy storage can meet the load requirements and energy storage has a certain energy 

reserve, or the wind power and photovoltaic resources are sufficient, even if the diesel 

generators work at the minimum power, still leads to the maximum power of the energy 

storage charge, the diesel generator is shut down. The net load of the grid (PNL), its value is 

the active power difference between the load electricity demand and the new energy power 

output.According to the value of SOC and PNL, the operating conditions can be divided into 

the following eight states: 

The flow of the energy control strategy is shown in Figure 2: 
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Figure 2.  Energy control strategy flow 

 According to the above 8 states, the working conditions of each equipment are shown in 

Table 1. 

 

Table 1.  Distributional generator working conditions in different states 

 Wind turbine Solar panel 
Diesel 

generator 
Battery storage Load 

1 Full load Full load Full load 
Maximum power 

discharge 

Cutting off 

some load 

2 Full load Full load Full load 
No charge or 

discharge 

(SOC<SOCmin) 

Cutting off 

some load 

3 Full load Full load 
Tracking 

load 

No charge or 

discharge 

(SOC<SOCmin) 

Being 

tracked 

4 Full load Full load 
Tracking 

load 

Maximum power 

Discharging 

Being 

tracked 

5 Full load Full load 
Tracking 

load 
Tracking load 

Being 

tracked shutdown 

6 Full load Full load Shutdown Tracking load 
Being 

tracked 

7 
Limited power 

output 

Limited power 

output 
Shutdown 

Maximum power 

Charging 

All be 

working 
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8 
Limited power 

output 

Limited power 

output 
shutdown 

No charge or 

discharge 

(SOC>SOCmax) 

All be 

working 

3.2 Optimization objective 

The optimization objective is to achieve the minimum cost, the highest reliability of the 

power supply, the highest utilization rate, and the minimum carbon emission of the 

integrated system under the condition that each power source of the wind-solar hybrid 

system meets the constraints (Liang, et al., 2023). The final result of optimization is to 

obtain the optimal combination of the number of fans NW, solar panels NPV, battery NBat, 

and the diesel engine NDG under the premise of meeting the objective function(Zhao ,et al., 

2013). 

3.2.1 Economic evaluation index 

Various cost factors were considered comprehensively, including equal cost, operating and 

maintenance cost, replacement cost, fuel cost of the diesel generator, etc. The calculation 

formula is shown in Equation (10): 

1 Init OMC C C= +                                                                                       （10） 

C1 is the equivalent cost, CInit is the initial installation cost, and COM is the operation 

and maintenance cost.  

（1） initial installation cost  

The initial equipment investment refers to the initial installation cost required by the 

project, which is determined by the installed quantity of distributed power supply, the 

capacity of a single unit and the cost of the unit capacity. This is the largest and most direct 

part of all economic investment. Considering that some equipment has the value of 

recycling, the equipment depreciation factor is included in the initial investment, and the 

specific calculation formula is shown in Equation (11-13) (Rajanna & Saini, 2016) : 

4

1

(1 )

365(1 ) 1

i

i

l

i i

Init l
i i

N Cr r
C

lr=

 +
=  

+ − 
                                                                （11） 

( , , , )i WT PV Bat DGN N N N N=                                                               （12） 

( , , , )i WT PV Bat DGC C C C C=                                                                   （13） 

Where, i is the type of power supply equipment, including wind turbine, photovoltaic, 

battery, and diesel generator. Ni is the number of each power supply. Ci is the unit cost of 

each distributed power supply, the unit is yuan/set. r is the depreciation rate of the 

equipment, 8% in this paper. . li is the lifespan of the i-th device. 

（2） Operation and maintenance costs  

Operation and maintenance costs consider fixed operating and maintenance costs, fuel 

costs, and energy storage replacement costs as in Equation (14): 

OM OMFlx F ReplaceC C C C= + +                                                                         （14） 

Where, COM is total operating and maintenance costs, COMFix is fixed operating and 

maintenance costs, CF is fuel costs, and  CReplace is replacement costs.  
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( , , , )ir WTr PVr Batr DGrP P P P P=                                                                       （16） 

( , , , )OMi OMWT OMPV OMBat OMDGc c c c c=                                                              （17） 

Equations (15-17) are fixed operating and maintenance costs, which are determined 

by the number of distributed power units installed and the maintenance costs of the unit. 

Where, Ni is the number of each power supply. Pir is the rated output of  the ith power. cOMi 

is the maintenance cost coefficient of each power supply, and the unit is yuan /kWh. 

24

1 2

1

( )uel f DGr f DG

t

F c P C P t
=

 = +                                                                   （18） 

F uel fuelC F U=                                                                                     （19） 

In equations (18-19), Fuel is the total fuel consumption of the diesel generator within a 

typical day. CF is the fuel cost. Ufuel is the unit price of diesel oil. 

The present value of a system's replacement cost is the net present value of all 

replacement costs incurred over the lifetime of the system.  

4 24

1 1

( )Replace i ir Ri

i t

C N P t c
= =

 
=   

 
                                                                   （20） 

In equation (20), ReplaceC is the cost of replacing the equipment within a typical day. 

Ric  is the replacement cost of type ith equipment. 

3.2.2 Power distribution reliability 

Reliability is a very important factor to estimate the effect of power outages on consumers, 

it can be calculated by equaition (21): 

24

2

1

( )loss loss

t

C c P t
=

=                                                                                 （21） 

Where, C2 is the penalty cost for cutting off part of the load in the microgrid. Closs is the penalty unit price of load removal. 

Ploss(t) is the power of the cutting load at time t. 

Power supply reliability is reflected by the loss of power supply probability (LPSP), 

which is defined as the proportion of the system shortage load to the total power load of 

the system. In general, the LPSP value is between 0 and 1. Formula (22) is used to calculate 

the value: 

24

1

( )

( )

loss

t load

P t
LPSP

P t=

=                                                                              （22） 

Ploss(t) is calculated by following formula (Belboul, et al., 2022): 
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Ni = (NWT, NPV, NBat, NDG)                                                                      （28） 

Where, PWT-i(t) is the power generated by the i-th wind turbine at time t; PPV-i(t) 

represents the power generated by the i-th photovoltaic power generation at time t; PBat-i(t) 

represents the power of the i-th battery at time t; PDG-i(t) represents the power generation of 

the i-th diesel generator at time t; Ni is the total number of the i-th device. 

3.2.3 Environmental pollution index  

The indicators of environmental pollution are expressed by the emissions and the difficulty 

of governance of CO2, SO2, and NOx shown in Table 2. Equation (29) can be used to 

calculate the pollution index(Dong ,et al., 2021): 

 
24 3

3

1 1

( )k k DG

t k

C P t 
= =

 
=  

 
                                                                             （29） 

  Where, C3 is the environmental pollution index, k is the pollutant type, αk is the 

pollution control standard coefficient, βk is the pollutant emission coefficient, g/kW·h.  

 

Table 2. Diesel generator pollution factors 

Pollutant 

type 

(k) 

βk: Pollutant emission 

coefficient 

(g/kWh) 

αk: Pollution control standard 

coefficient 

CO2 649 0.21 

SO2 0.206 14.842 

NOx 9.89 62.964 

3.2.4 Normalization coefficient of multi-objective function 

When an independent micr-grid power supply configuration is faced with a complicated 

optimization decision problem among the economic objective, the power supply reliability 

objective, and the pollutant emission objective, it should be pursued to obtain the best 

power supply reliability level and lower environmental pollution index at a reasonable 

investment cost as the optimal trade-off decision result.  

To improve the calculation speed of microgrid energy optimization, this paper 

simplifies the multi-objective function into a single objective function (comprehensive 

objective function C) through a series of proportional coefficients, which is solved by an 
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intelligent optimization algorithm, as shown in Equation(30) (Liu ,et al., 2022): 

1 1 2 2 3 3C w C w C w C=  +  +                                                                             （30） 

Where, C is the comprehensive objective function. C1 is the objective function of 

economic evaluation. C2 is the objective function of reliability of the power supply. C3 is 

the environmental pollution function. w1, w2 and w3 are the proportions of C1, C2 and C3 

objective functions respectively. 

3.3 Constraints 

3.3.1 Real-time power balance  

The installed capacities of PV, wind turbine, battery, and diesel generator should satisfy the demand-supply equality, as the 

following equations (31-33): 

( ) ( ) ( ) ( ) ( ) ( )load loss WT PV DG BatP t P t P t P t P t P t− = + + +                                                    
（31） 

( )

( )

arg

arg

         0

1
          0

disch e Bat

Bat

ch e

P t

P t







 


= 




                                                                           （32） 

arg

arg

( ) ( ) 0
( )            

( ) 0( )

disch e Bat

Bat

Batch e

P t P t
P t

P tP t

 
= 



                                                              （33） 

Where, Pload(t)is load power demand at time t, Ploss(t) is deficit power at time t. PWT, PPV, PDG, PBatare outpower at time t. η 

is the charging or discharging efficiency of the battery storage. 

3.3.2 Battery characteristic Constraints 

To extend the service life of the storage battery and reduce the replacement cost, some constraints are restricted as 

equations (34-35) (Liu, et al., 2017; Zhao ,et al., 2013):  

min maxSOC SOC SOC                                                                                     （34） 

Where, SOCmin is the limit under the battery capacity constraint, and SOCmax is the 

upper limit of the storage battery capacity. Meanwhile, to ensure the charging and 

discharging ability at the beginning, the initial value SOC(0) of the remaining electricity is 

set to 0.5. 

min max

arg arg arg

min max

arg arg arg

( )

( )

ch e ch e ch e

disch e disch e disch e

P P t P

P P t P

  


 

                                                                      （35） 

Where, Pcharge
min 、Pcharge

max 、Pdischarge
min 、Pdischarge

max  are respectively the upper and lower 

limits of the battery charging and discharging power. 

3.3.3 Maximum energy ratio between the diesel generator and load demand 

The use of new energy generation should be given priority and the use of diesel engines 

should be minimized as much as possible. The maximum power supply ratio of diesel 

engine power generation is restricted as following equation (36) (Liu, 2021):  
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 
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                                                                         （36）

 

Where, 
maxDGR is the maximum energy ratio, take it as 40%. 

3.3.4 Loss of power supply probability (LPSP) 

Due to the restriction in system output power and the growing load power demand, some demand is cut off to maintain the 

power balance. This cut-off power supply is limited as formula (37):  

maxLPSP LPSP                                                                                                （37） 

where, LPSPmax is the maximum value of LPSP, take it as 4%. 

4. Optimization methods  

Multi-objective optimizaition is a complex problem. Using meta-heuristic algorithms to 

solve this kind of problem can significantly improve the quality of solution results. This 

section gives a detailed introduction to the original WOA algorithm and the IWOA 

improvement process. 

4.1 Whale optimization algorithm(WOA) 

The whale optimization algorithm is a meta-heuristic optimization algorithm inspired by 

the hunting behavior of humpback whales (Mirjalili & Lewis, 2016). The WOA algorithm 

is inspired by this behavior and uses a spiral strategy to simulate the search method and 

rounding mechanism, which mainly includes the following three important stages (Watkins 

& Schevill, 1979).  

Firstly, there is the stage of encircling prey whicn is expressed by the following 

formula (38-41): 

( 1) ( )X t X t A D


+ = −                                                                                           （38） 

( ) ( )D C X t X t


=  −                                                                                              （39） 

12A r a a=  −                                                                                                         （40） 

22C r=                                                                                                              （41） 

Where, 
*

X   is the position vector of the best current whale individual, X   is the 

position vector of the initialized whale individual,  t represents the number of current 

iterations. A  and C  are coefficient vectors. D  represents the distance vector between the 

current whale individual and the optimal whale individual. a   represents a linearly 

decreasing vector from 2 to 0 throughout the iteration. 1r  and 2r   is a random vector 

distributed in between [0, 1]. 

Second, we have the stage of bubble net hunting: The position update between 

humpback whales and prey is expressed by a logarithmic spiral equation, as the following 

formula (42-43): 

*

( 1) ' cos(2 ) ( )blX t D e l X t+ =   +                                                              （42） 



168 Capacity Optimization of Off-Grid Wind-Solar-Diesel-Battery System Based on Improved 

Whale Optimization Algorithm 
 

*

' ( ) ( )D X t X t= −                                                                                （43） 

Where, b is the constant of the helix shape of the whale individual when it spirals 

forward, and when the value is 1, it is the ordinary logarithmic helix. l is the random number 

between [-1, 1]. 'D  is the distance vector between the search individual and the current 

optimal.  

The WOA algorithm makes random selection according to probability p, and the 

position update formula is the following formula (44)： 

*

*

( ) 0.5
( 1)

' cos(2 ) ( ) 0.5bl

X t A D p
X t

D e l X t p

 −  
+ = 

   + 

                                               （44） 

Where , p is the probability of the predation mechanism and is the random number 

between [0, 1]. As the number of iterations increases, the parameters A and convergence 

factor  a    gradually decrease. If 1A   , then all whales gradually surround the optimal 

current solution, which belongs to the local optimization stage in WOA. 

Third, is the stage of searching prey: The mathematical model is as following formula 

(45-46): 

''

( 1) ( 1)randX t X t A D+ = + −                                                                    （45） 

''

( ) ( )randD C X t X t=  −                                                                          （46） 

Where, D  is the distance vector between the current search individual and the random 

individual. ( )randX t   is the position vector of the random individual selected from the 

current population at the t-th iteration (random whale). 

4.2 Improvement strategy 

Adaptive t-distribution and differential mutation strategy are adopted to improve the WOA 

algorithm. Firstly, the adaptive t-distribution strategy is adopted to improve the whale 

bubble net predation method in the WOA algorithm when p>0.5; Secondly, the differential 

mutation strategy is used to perturb the algorithm when it falls into the optimal solution. 

4.2.1 Adaptive t-distribution and dynamic selection strategy 

This paper uses the t-distribution mutation operator with a degree-of-freedom parameter to 

perturb the whale position, The specific position update formula is as following equation 

(47): 

( 1) ( ) ( ) ( )X t X t X t T t+ = +                                                                           （47） 

Where, ( 1)X t + is the position of the whale after a disturbance during the (t+1)-th 

iteration. ( )X t   is the position of the whale at the t-th iteration. The updated position 

( 1)X t +  is based on ( )X t  and adds a random interference term ( ) ( )X t T t , which not 

only fully utilizes the current position information but also adds random interference 

information. 

Add the dynamic selection probability pp to adjust the use of the adaptive t-
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distribution mutation operator, and its formula is as following equation (48): 

max

max

1
t t

pp
t

−
= −                                                                                        （48） 

Where, tmax is the maximum number of iterations, and t is the current number of 

iterations.  

4.2.2 Differential variation perturbation strategy 

Gaussian differencing can generate larger perturbations near the current mutated individual, 

making it easier to break out of the local extremum. The mathematical expression is as 

following equation (49)： 

*

1 2( 1) ( ) ( ) ( ) ( )randX t p X t X t p X t X t   + =  − +  −
   

                                     （49） 

Where, ( 1)X t +  is the position information of the disturbed whale. p1 and p2 are 

weight coefficients, both of which are random numbers with values of [0,1]. 
*

( )X t  is the 

optimal location for the current whale. ( )X t  is the whale position information before 

disturbance. ( )randX t  provides location information for a random whale in the population. 

4.3 IWOA flow chart 

The IWOA algorithm flow chart of is shown in Figure 3. 
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Figure 3.  IWOA algorithm flowchart 

4.4 Algorithm test 

Some kinds of standard test functions used to test algorithms are listed in Table 3, and the 

test results are shown in Figure 4. 

Table 3.  Standard test functions 
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(d) Funciton 7 

 
(e) Function 9 

 

 
(f) Function 11 

 

Figure 4. Three dimension diagraph and algorithm convergence curve of several function 

tests 

 

5. Example analysis 

To verify and study the supply capability of off-grid microgrid energy supply strategy and 

the solving ability of the IWOA algorithm, this study conducted a day-ahead scheduling 
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analysis of off-grid microgrid operation through the typical daily load data of a hospital 

complex in Montague, California, USA. The region experiences chilly winters 

characterized by relatively frequent snowfall, coupled with hot summers marked by 

significant diurnal temperature fluctuations and near-constant sunshine. The annual 

weather data and load power data are shown in Figures 5-8: 

 

Figure 5.  Annual wind speed of the hospital 

 

Figure 6.  Annual solar radiation of the hospital 

  

Figure 7.  Annual temperature of the hospital 
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Figure 8.  Annual load power of the hospital 

The load profile studied is presented within the four seasons of the year—winter, spring, 

summer, and autumn. The optimization results of typical days in summer and  winter were 

shown in Figure 9. Day-ahead economic scheduling is divided into 24 decision stages (24 

hours), each decision interval 1h. Load forecasting is carried out according to the pre-day 

load data, and the new energy generation of wind power generation and photovoltaic power 

generation is predicted through the weather data. 

 
(a) summer 

 

(b) winter 

Figure 9.  Comparison of new energy output and load demand  

 

On a typical summer day, as shown in Figure 9(a), the load demand fluctuates from 789-

1281 kW, showing the overall characteristics of "high load during the day and low load at 

night"; The volatility of wind power generation is strong, its output power is no more than 

600 kW from 1 to 10 o 'clock, and increases from 394 kW to 1109 kW rapidly from 8 to 12 

o 'clock, then shows a fluctuation decline before 24 o 'clock, and the output power is about 

800 kW at 24 o 'clock; Photovoltaic power generation works from 6 to 21 o’clock only, the 
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output power increases to 189 kW at 11 o 'clock,  the highest value is 217 kW at 14:00, then 

continues to be about 200 kW before 15 o 'clock, and then decrease to 0 at 21 o’clock. In 

Figure 9(b), the wind turbine output power is below 800  kW whole day, the photovoltaic 

power is upper 200 kW during 10-15 o’clock. 

The wind-solar hybrid power system includes wind turbines, photovoltaic power 

generation, energy storage batteries, and diesel generators. The specific parameters of the 

equipment are shown in Table 4.  

 

Table 4.  Technical parameters of distributed generator and energy storage battery 

distribute generator parameters symbols value 

wind turbine 

Cut in wind speed vi(m/s) 2.5 

Rated wind speed vr(m/s) 12 

Cut out wind speed  vP(m/s) 18 

Rated power  PWTr(kW) 20 

Unit cost  CWT (¥/set) 90700 

Unit O&M cost  COMWT (¥/kW) 0.06 

photovoltaic 

Rated power  PPVr(kW) 20 

Unit cost  CPV(¥/set) 100000 

Unit O&M cost  COMPV(¥/kW) 0.04 

energy storage battery 

Capacity  EBat (kWh) 5 

Self-discharge rate  δ(%/h) 2 

Charging efficiency  ηcharge(%) 95 

Discharge efficiency  ηdischarge(%) 95 

Rated power  PBatr(kW) 2.5 

Minimum state of charge  SOCmin 0.1 

Maximum state of charge SOCmax 0.9 

Unit cost  CBat(¥/set) 7835 

Unit O&M cost  COMBat(¥/kWh) 0.16 

diesel generator 

Rated power  PDGr (kW) 10 

Intercept coefficient  cf1 0.0845 

Curve slope cf2 0.245 

Diesel unit price  Ufuel (¥/L) 6.11 

Unit cost  CDG(¥/set) 12830 

Unit O&M cost  COMDG(¥/kW) 0.04 

5.1 IWOA algorithm test results 

After multiple instance simulation tests, the IWOA has significant advantages in algorithm 

convergence speed and accuracy by comparing with PSO (Kennedy & Eberhart, 1995; 

Zhan, et al., 2009), WOA, and SOA(Dhiman & Kumar, 2019), it shows better 

computational performance in the examples presented in this paper, and the effect diagram 

is shown in Figure 10. 
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(a) summer 

 
(b) winter 

Figure 10.  Iterative convergence diagram 

 

Figure 10(a) is the iterative convergence diagram of summer typical day, the optimal 

solutions and the number of iterations that converge to the optimal solution earliest of the 

PSO algorithm, the WOA algorithm, the SOA algorithm, and the IWOA algorithm are 

shown in Table 5. The algorithm response to the number of wind turbines, photovoltaic 

panels, diesel generators, and batteries in the optimal solution is shown in Table 6. Figure 

10(b) is the iterative convergence diagram of winter typical day. The results for typical day 

in winter are basically the same as in summer, no additional analysis will be done in this 

paper. 

 

Table 5.  Algorithm Iteration Convergence Table 

algorithm Optimal solution Convergence times 

PSO 2743 86 

WOA 2801 38 

SOA 2745 82 

IWOA 2703 49 

 

Table 6.  Optimization Results of Microgrid Capacity  

             types 

algorithm 
WT PV DG Bat 

PSO 60 12 78 100 

WOA 60 11 80 76 

SOA 59 14 98 92 

IWOA 59 15 77 77 

5.2  Operating efficiency of new energy equipment 

The working state of the wind and photovoltaic power generation is simplified as a 
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proportional relationship 0-1 as shown in Figure 11, where 0 represents the stopping 

operation of the equipment and 1 represents the equipment running at full load. 

 
(a) summer 

 

(b) winter 

 

Figure 11.  Working condition diagram of new energy equipment 

 

Figure 11(a) is the working condition diagram of new energy equipment in summer, Figure 

11(b) is the working condition diagram of new energy equipment in winter. Analysis with 

the  typical summer day, It can be seen that both wind turbines and photovoltaics have 

achieved optimal utilization rates. The utilization rate of wind turbines exceeds 50% during 

10-24 o'clock, exceeds 90% in periods of 12-13 o'clock and 16-17 o'clock, and operates at 

maximum utilization rate at 13 o'clock. The utilization rate of photovoltaic power 

generation reaches 64.22% at 11 o'clock, reaches its highest point of 73.82% at 14:00 and 

exceeds 50% during 10- 17 o'clock. 

5.3 Output situation  

Based on the energy supply strategy and the IWOA algorithm, the output power of each 

type of equipment in each period is shown in Figure 12:  
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(a) summer 

 

(b) winter 

Figure 12.  Microgrid energy balance diagram  

 

Analysis with the  typical summer day, in Figure 12(a), during 1-11 o'clock the new energy 

output cannot meet the load demand at, and the auxiliary role of batteries and diesel is 

needed to meet the power balance of the microgrid, the output power of diesel generators 

accounts for almost half of the load sometime, its output power reaches its maximum value 

772 kW at 8 o'clock. Power balance is achieved through wind power generation, 

photovoltaic power generation, and the auxiliary role of batteries during 12:00 -24:00, with 

wind power generation accounting for more than 90% of load demand. The load demand 

is primarily met by wind turbines. The charging period of the battery is mainly concentrated 

in 12-13 o'clock, 16 o'clock, 18-22 o'clock, etc. In both (a) and (b), the power cut and the 

load cut in the system are both 0, indicating that there is no situation in the microgrid where 

the load demand cannot be met or the output of new energy cannot be consumed during the 

entire period of a typical day.  

5.4 Operation of energy storage battery 

Energy storage is charged when the output of new energy equipment exceeds the load 

demand and discharged when the output of new energy equipment is less than the load 

demand. Based on the output power of various devices in Figure 13, the charging and 

discharging power and SOC state of energy storage are analyzed.  
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(a) summer 

 

(b) winter 

Figure 13.  Working state of the energy storage battery  

 

Analysis with the  typical summer day, in Figure 13(a), considering that the new energy 

output at 1 o’clock is less than the load demand, the discharge power of the battery is 143 

kW. After discharge, the SOC state of the battery drops to the lower limit of safe operation 

0.1. From 1 to 11 o’clock, the SOC remains at 0.1. After charging from 11 to 12 o'clock, 

the SOC reached 0.635, and then it went through a discharge state, dropping to 0.316 at 17 

o'clock. At 18-22 o'clock, the battery is in a charging state, and the charging power reaches 

its upper limit at 20 o'clock, which is 143 kW. At 22 o'clock, the SOC reaches its highest 

state, which is 0.9. In Figure 12(b), battery charging and discharging is mainly concentrated 

in 0-8 o'clock. The optimal safe operating state of the battery has a SOC fluctuation range 

of 0.1-0.9. 

The working conditions of each distributed generator are listed according the above 

analysis in Table 7.  

 

Table 7  The distributed generators' working conditions at each sampling time 

Time(h) WT PV DE Bat Working State 

1 Full — Tracking load Pdischarge
max  4 

2 Full — Tracking load — 3 

3 full — Tracking load — 3 

4 Full — Tracking load — 3 

5 Full — Tracking load — 3 

6 Full — Tracking load — 3 

7 Full Full Tracking load — 3 

8 Full Full Full — 2 

9 Full Full Tracking load — 3 

10 Full Full Tracking load — 3 

11- Full Full Tracking load — 3 

12 Full Full — Tracking load(charge) 5 

13 Full Full — Tracking load(charge) 5 
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Time(h) WT PV DE Bat Working State 

14 Full Full — Tracking load(discharge) 6 

15 Full Full — Tracking load(discharge) 6 

16 Full Full — Tracking load(charge) 6 

17 Full Full — Tracking load(discharge) 6 

18 Full Full — Tracking load(charge) 6 

19 Full Full — Tracking load(charge) 6 

20 Full Full — Pcharge
max  7 

21 Full — — Tracking load(charge) 6 

22 Full — — Tracking load(charge) 8 

23 Full — — Tracking load(discharge) 6 

24 Full — — Tracking load(charge) 6 

The working state is mostly in normal 3, 4, 5, and 6 states, indicating that the final capacity 

obtained based on the constructed microgrid model and the IWOA algorithm can meet the 

load requirements of the design object while avoiding situations such as wind and solar 

power abandonment. 

 

6. Conclusion and contribution 

This paper constructs an energy scheduling strategy that prioritizes the use of new energy 

generation equipment output under an energy storage priority control strategy based on 

diesel generator turn-on/off conditions. Then the WOA algorithm is improved through 

adaptive t-distribution, dynamic selection strategy, and differential mutation strategy. 

Aiming at the operational characteristics of off-grid microgrids, a multi-objective 

optimization function was constructed with the number of power generation and energy 

storage equipment as optimization variables, which simultaneously considers economic, 

reliability, and environmental protection. Compared with the PSO algorithm, SOA 

algorithm, and WOA algorithm, the IWOA algorithm obtains the optimal result when 

solving, with a comprehensive objective function of 2702 yuan. The algorithm converges 

in the 49th iteration.  

 After verification, the energy scheduling strategy constructed in this study effectively 

solves the energy scheduling problem of off-grid microgrids. , which improves the original 

algorithm's poor solving accuracy and susceptibility to local convergence, and improves 

the solving speed and optimization accuracy. 

As part of future work, consider diversifying some other clean energy sources such as 

biomass and geothermal energy, tidal energy, etc. in line with the capabilities of each 

region.  Another perspective is considering the integration and transformation of multiple 

load demands, such as the cooling and heating load demand.  
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