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1. Introduction

The rapid development of electric vehicles (EV) has resulted in fluctuating load infrastructure,
creating pressure on the power grid, especially during load fluctuation scenarios, peak loads, power losses,
and voltage instability [1]. Recently, many studies have proposed solutions to address these issues;
however, a comprehensive and strategic evaluation is needed to ensure stability and sustainability. In this
study, we proposed an optimal charging scheduling model for EVCS integrated with V2G [2], [3]
operating in real-time under the current electricity pricing regulations in Vietnam, including peak hours,
normal hours, and off-peak hours over a 24-hour period. The model incorporates different charging
intensity factors and combines optimal power generation mobilization with renewable energy penetration
to minimize operational costs under two conditions: with and without emission fees [4], [5]. The GBO
algorithm was proposed to solve this problem [6], using MATLAB for simulation and the standard IEEE
30-bus distribution network for testing. The effectiveness of the model was demonstrated through three
test cases and two EVCS integration scenarios, highlighting the superior advantages of applying the GBO
algorithm to the EVCS problem [7]-[10].

Recent publications have highlighted power generation cost optimization in distribution networks by
integrating thermal generators, solar, and wind energy. These methods include the Guided Artificial Bee
Colony (GABC) for OPF [11], the Modified Bacteria Foraging Algorithm (MBFA) with the DFIG model
[12], and the Bacteria Foraging Algorithm (BFA) [13], as well as power optimization using the Moth
Swarm Algorithm (MSA) [14]. Some studies have also focused on wind energy cost models [15], power
optimization considering emissions using non-smooth cost functions with the Backtracking Search
Optimization Algorithm (BSOA) [16], and enhanced constraints. Additionally, proposals for integrating
solar energy, hydropower, and hybrid multi-source systems into the grid emphasize challenges in
economic efficiency [17], system limitations, and the variability of renewable energy sources, which have
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been explored through various case studies. However, the emergence of integrated EVCS has introduced
multiple constraints [18] and negative impacts that must be addressed from various perspectives.
Technical strategies for application [19], including added values in terms of intensity, scale, timing,
applied technology, and efficiency, require attention, as outlined in the proposed model.

The main contributions can be summarized as follows:

- Development of a scheduling model for EVCS integrating effective power mobilization with
renewable energy integration.

- Demonstration of the effectiveness of the GBO algorithm for the problem.
- A dynamic multi-level power mobilization model for EVCS scheduling with V2G application.
- Proposal of practical solutions for the development of EVCS infrastructure.

2. Problem model

The problem of scheduling and optimizing power generation dispatch for the EVCS system involves
determining the values of control variables to find the optimal solution for the desired objective function.
Additionally, it must satisfy the physical constraints of the system, which are formulated through
mathematical equations [4], The list of terms is presented in Table 1.

Min F(x,u) @)
Constraints:

y(x,u)=0 (2)

z(x,u) <0 3

Where F(x,u) is the objective function; y(x,u) representing equality constraints and z(x,u)
representing inequality constraints, x are state variables, and u are the corresponding control variables.

State variables:
T
U =[Prg2rProng Rz Ris s 1 Pos 1+ Pos Ngg +Fos 1+ Pes Ngyes VotV ne | “4)

Control variables:
X' = [Sr621--516 Nrg W 1+ SWS Ny +552++++1955 Ngg 19C5 11158 N ] ()

2.1. Optimization objective function and system constraints

The objective of the problem is formulated as the sum of the cost functions of the power generation
sources [4].

Objective function:
OR =C;o(Pg )+TW +TS (6)
Cost minimization with emissions:
OF, =OF, +C,,E (7)

The CS objectives must comply with the constraints.
Power balance:

Fei —Poi —Fesi —Rossi =0 (8)

Qi —Qpi —Qesi —Qossi =0 9)

Power limits:
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PSI'ST"I’I&'I S PSS,k S Psrsnix ,k =1, ...... y NSG (12)
PR < Prge PR e =10, Neg (13)
VAN <V VI i =1,.....,NG (14)
Table 1. List of nomenclature.
Symbol Description
Prc > Rys > Pss » Pes Active power of thermal power plants, wind, solar and CS
Poi+ Qpi and Fossi » Quossi Active, reactive power of at bus i and Active, reactive power loss at i
Psi» Qi Active, reactive power of the generation at bus i
Pesi » Qcsi Active, reactive power of CS at bus i
N:g,Nwe :Nsg N The number of thermal power plants, wind, solar and CS
Vei NB, N Voltage generator iy at bus i, number of buses, load buses
Cro(Prg) _TWand TS Fuel cost of thermal, total costs of wind and solar power
E, Crax Emission cost, applicable carbon tax

2.2. Stochastic model for wind and solar energy

Thermal power generation at bus 5 and bus 11 is replaced by wind energy sources, while bus 13
generates solar energy to determine the penetration ratio of renewable energy. Weibull parameters with
scale factor (c) and shape factor (k) are presented in [4]. Additionally, two wind speed distribution
scenarios are described for 8,000 Monte Carlo simulations, with average wind speeds of 7.976 m/s and
8.862 m/s, consistent with the wind turbine design standards [14]. Solar energy depends on solar radiation
(G), following a Lognormal distribution with a mean deviation and standard deviation ¢ and the
distribution of solar radiation after running Monte Carlo simulations with 8000 scenarios in [5].

2.3. Application of GBO to the problem

An optimization problem includes decision variables, constraints, and an objective function. The GBO
control parameters involve the transition between exploration and exploitation phases and the probability
ratio. The iteration count and population size depend on problem complexity. In the algorithm, each
population member is termed a "vector,” with GBO comprising N vectors in a D-dimensional search
space. A vector is represented as follows:

Xoa=[Xn1, Xp20eeo, Xupf, n=12,..,N, d=12,..,D (15)

The initial population vectors in GBO are created randomly, ensuring they are distributed within the
boundaries of the D-dimensional search space, defined as follows:

Xn = Xumin+ rand(0, 1) . (Xmax - Xmin) (16)
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Here, The bounds of the decision variableare X are defined by Xmin and Xmax, While rand(0, 1) represents
a randomly generated value within the interval [0, 1].

The GBO algorithm takes inspiration from the Newton method, leveraging gradients and employing
two core mechanisms: the Gradient Search Rule (GSR) and the Local Escaping Operator (LEO),
alongside a vector set to navigate the search space. GSR uses gradient-based techniques to improve
exploration and speed up convergence toward optimal points in the search space. Meanwhile, LEO allows
the GBO to overcome local optima and continue searching for better solutions.

The effectiveness of the proposed algorithm is assessed through a two-phase process. Initially, 28
mathematical benchmark functions are utilized to analyze and measure various aspects of GBO’s
performance. Subsequently, GBO is applied to optimize 6 engineering problems, further demonstrating
its capabilities [6], The program is presented in Table 2.

Table 2. Pseudo code of the GBO algorithm.

Step 1. Initialization
Assign values for parameters pr, sand M.
Generate an initial population Xo = [Xo1, Xo.2, ..., Xop]-
Evaluate the objective function value f(Xo), n = 1, ..., N.
Specify the best and worst solutions x{a.; and X\t -
Step 2. Main loop
While (m < M)
forn=1:N
fori=1:D
Select randomly rlsr2#r3+r4=nin the range of /1, NJ
Calculate the position Xm |+ 1

end for

Local escaping operator
if rand <pr

Calculate the position x‘tq

m+1l —

Xnh XI'Y'EO

end

update the position X[} and X(j e
end for

m=m-+ 1

end

Step 3: Results

return xglo

3. Simulation results

Table 3. Wind and solar power generation capacity over 24-hour period.

Time 1 2 3 4 5 6 7 8 9 10 11 12
Bus5 |6.25 |5.875 |5.75 |5.875 | 55 |5.625 |4.75 | 4.25 | 6.25 |9.25 |11.75|15.5
Bus1l| 5 47 |46 | 47 | 44 45 |38 | 34 5 74 | 94 |124
Solar power (MW)|Bus 13| 0 0 0 0 0 2.5 5 |135 | 25 | 35 | 45 |475
Time 13 14 15 16 17 18 19 20 21 22 23 24

Bus5 [17.7520.125|22.75| 24 |21.5 |20.25 (17.5 [14.625[10.3758.125| 7.25 |6.625
Bus11|14.2| 16.1 |18.2 | 19.2 |17.2 | 16.2 | 14 |117 | 83 |65 | 58 |53
Solar power (MW)|Bus 13| 50 | 475 [415| 36 [275| 15 |65 | 25 0 0 0 0

Wind power (MW)

Wind power (MW)
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The problem model is implemented and simulated to find the solution on the IEEE 30-bus standard
power grid model. Thermal power generation is replaced at bus 1, 2, and 8; wind power at bus 5 and bus
11; and solar power at bus 13. The total load power is 283.4 MW and 126.2 Mvar, with 25 control
variables, including power dispatch, coordination, and voltage at different generator bus.

The wind power parameters follow a Weibull distribution, and the Lognormal distribution represents
the factors for renewable energy sources [5], the power generation capacity is presented in Table 3.

Simulation parameters applied: Max_age = 200, pr = 0.5, nP = 100. The power value of Pra at bus 2
is 20 + 80 MW, Prg3 at bus 8 is 10 + 35 MW, and the voltage limits at the bus are 0.95 + 1.1 pu. The
simulation integrates the testing of 7 EVCS locations on the IEEE 30-bus network, with EVCS capacities
at two levels [20], a total rated power of 3.124 MW, 53 charging connection ports, tested through 2 test
cases and 2 scenarios, with charging power intensity enhancement factors of (1.6), (1.0), and (0.5) [21],
evaluated through a 24-hour electricity buy-sell cost framework. The objective function considers emission
costs to enhance evaluation with more complex constraints. The total operating cost, including emissions,
is minimized using a multi-objective cost function with an emission tax of 20 $/ton [4]. This tax encourages
greater use of renewable energy sources.

3.1. Case 1: Simulation test

To demonstrate that GBO is an effective and reliable proposed solution, the model is simulated and
tested for comparison with 8 algorithms such as: An augmentation of Grey Wolf Optimizer - Cuckoo
Search (AGWOCS) [22], Wild horse optimizer (WHO) [23], Runge Kutta optimizer (RUN) [24],
Mountain Gazelle Optimizer (MGO) [25], Grasshopper Optimisation Algorithm (GOA) [6], Slime
Mould Algorithm (SMA) [26], Atomic Orbital Search (AOS) [27], Coronavirus herd immunity
optimizer (CHIO) [28] through 50 runs, with the independent results presented in Figure 1.

800 I | I I I T
————— CHIO  --¢--RUN —A—GBO
750 - wowes AGWOCS MGO — & -SMA 7
O WHO ——GOA —%—AO0S
700 - f -

Independent trials

Figure 1. Comparison results of the search capabilities of the algorithms.

The results in Figure 1 demonstrate the superiority of GBO over other algorithms, including WHO,
GOA, and MGO. While GBO also shows very strong performance, its stability is not as high. This
confirms that the proposed GBO is suitable for the problem model.

3.2. Case 2: Power generation cost optimization test

The superiority of the GBO algorithm over GWO in the optimization of operational costs for power
generation sources, with the determination of renewable energy penetration rates, has been compared. The
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results in Table 4 demonstrate the superior solution of GBO with a cost of 628.98 $/h, 429 (s) for CPU time
and 629.04 $/h, 535 (s) compared to 781.4 $/h and 809.93 $/h for GWO in the two cases of excluding and
including emission costs, respectively. Additionally, the voltage values at the generator buses still ensure
stability within the permissible constraint limits 0.95 + 1.10 pu.

Table 4. Comparison results of the power generation dispatch cost optimization problem.

Without considering emissions Considering emissions costs
Parameter
GWO [4] GBO GWO [4] GBO
Optimal costs ($/h) 781.4 628.98 809.9 629.04
CPU time (s) 429 390 535 416

3.3. Scenario 1: Integration of EVCS with V2G application under constraints

In this case, the model survey of the integrated problem into the power grid in section (3.2) was
further investigated by adding 7 EVCS with 3 level-1 stations and 4 level-2 stations, with a total power
of 3.124 MW. The EVCS locations are randomly placed at buses 19, 21, 23, 2, 19, 20, and 23 [29]. The
charging intensity factors are (1.6), (1.0), and (0.5) [21]. All EVCSs apply V2G technology, and the
renewable energy power generation sources provided over 24 hour period. Constraints are set to improve
operational efficiency as well as optimize the economics due to the buy-sell electricity cost differences
according to the specified hourly frameworks for both the operator and the EV owner, as detailed in
Table 5 and according to the unit cost [30].

Table 5. Scenario of optimal EVCS charging and discharging power distribution over a 24-hour period.

Establishing EVCS coordination constraints applying V2G technology (MW)

] Low |Normal| High |Normal| High |Normal| Low
Time frame

1+3 | 49 | 10+11 | 12+16 | 17+19 | 2022 | 23:24

EVCS 1+ EVCS 3 0.308 | 0308 | 0308 | 0.308 | 0.308 | 0.308 | 0.308

EVCS 4 + EVCS 7 0550 | 0550 | 0550 | 0550 | 0.550 | 0.550 | 0.550

V2G intensity with charging/discharging | ¢/ | 100/100 | 50/160 | 100/200 | 50/160 | 100/100 | 160/0
constraints (%)

_ V2G intensity without 160/160 | 100/100 | 50/50 |100/100 | 50/50 | 100/100 | 160/160

charging/discharging constraints (%)

1.15

1.10
1.05
1.00
0.95

Voltage magnitude, pu

0.90
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time

BVTG1 BVTG2 VWG1 BVTG3 HVWG2 VSG1

Figure 2. Voltage curve of Scenario 1 surveyed over 24 hours.

The voltage intensity curve at the generator buses in Figure 2 shows stability and good compliance with
the set constraints. The slight fluctuations at VTG1 and VTG3 are not concerning, especially since the voltage
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at VWG2 and VSG1 remains almost unchanged, reflecting high stability, always within the high threshold
limit of 0.95 to 1.1 pu, ensuring power quality.
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Figure 3. Charging and discharging diagram of EVCS in the 24-hour survey frame of Scenario 1.

Figure 3 illustrates the charging and discharging power of EVCS when applying V2G technology
with constraints over 24 hour period. Based on the results of the power flow in the surveyed time frames,
it can be concluded that the power constraint settings of V2G technology meet the requirements well.
During the off-peak hours 23, 24, 1, 2, and 3, no discharging occurs to the grid, and charging is
prioritized during this time. For the peak hours, discharging to the grid is prioritized during hours 10,
11, 17, 18, and 19, where the discharging power exceeds the charging power, reaching a maximum
discharging peak of 0.88 MW. Meanwhile, during the remaining regular hours, the charging and
discharging capacity fluctuates based on the power supply difference and the demand from the load.
Overall, the time frames meet the set constraints well. This affirms that V2G technology can proactively
establish constraints and coordinate power according to the requirements of each time point, mobilizing
renewable energy sources effectively for both users and investors. This trend demonstrates the potential
for optimization and the efficiency of the entire system.

3.4. Scenario 2: Integration of EVCS with V2G technology without constraints

In this scenario, the location and parameters of the EVCS are the same as in Scenario 1, and the V2G
technology is still applied over the 24 hour period. However, the objective of the problem is to apply V2G
intensity without charging constraints Table 5 and discharging, in order to assess the ability and transmission
speed of the generation sources when the integrated EVCS power changes.
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Figure 4. Charging and discharging power of EVCS in the 24-hour survey period of Scenario 2.

The results presented in Figure 4 show stable performance across many EVCS when no constraints
are applied. Specifically, EVCS2 maintains a stable voltage around 0.493 MW and 0.308 MW,
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indicating stable charging. EVCS5 and EVCS6 fluctuate slightly between 0.88 MW and 0.55 MW,
reflecting the V2G coordination process that closely follows changes in the power supply from
renewable energy sources. Although EVCS1 and EVCS3 experience significant fluctuations from 0.461
MW to -0.295 MW and from -0.493 MW to 0.493 MW, this signals the need for further improvement
in the charging/discharging process and the impact of installation locations. The EVCS system
effectively meets the power balance constraints of the problem, ensuring efficient and stable energy

supply.
2000

1500

Cost ($/h)

1000

500

—e—Scenaiol & -Scenario2
O T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time
Figure 5. Comparison of optimal cost between two scenarios.

The results of the optimal operation cost for sourcing power in both scenarios, presented in Figure 5, show
that both cases have a stable trend with cost changes over time, and the differences are minimal,
demonstrating the effective mobilization and coordination of EVCS and generation sources in meeting the
power balance constraints of the problem. Specifically, Scenario 1 has a cost range from 717.396 $/h to
1,751.802 $/h, with the lowest cost at 05:00 being 717.396 $/h, and the highest at 13:00 being 1,751.802 $/h.
Afterward, the cost gradually decreases, especially toward the end of the survey cycle. Scenario 2 has a cost
range from 709.179 $/h to 1,751.791 $/h, lower than Scenario 1, with the lowest cost at 03:00 being 709.179
$/h, but the highest cost still occurs at 13:00, at 1,751.791 $/h, similar to Scenario 1. This indicates that
Scenario 2 may provide a more optimal long-term cost efficiency, with lower costs and more stability during
the survey period. The cost increases between the 8:00 and 19:00 time slots, reflecting the objective of
mobilizing power from renewable energy sources according to the given penetration rate.

Clearly, the survey results of the 2 scenarios that the cost of mobilizing power sources was equivalent.
However, the scenario with constraint 1, the difference in charging and discharging costs was higher,
bringing better efficiency to investors and EV owners when applying the difference in electricity
purchase and sale prices applying V2G and this was also the solution we propose to support effective
investment decisions.

4. Conclusion

Based on the simulation results, comparisons, and evaluation of different scenarios, it can be
concluded that GBO is a powerful algorithm that outperforms several other algorithms in finding the
optimal solution for the operational cost of coordinating power generation sources with renewable
energy penetration in systems integrated with EVCS using V2G technology. The problem model,
through various case studies, demonstrates the proactive nature of VV2G technology in establishing
priority constraints regarding mobilized power sources and charging/discharging power throughout the
operational process. Additionally, the EVCS coordination technique brings significant benefits to both
investors and EV owners. Furthermore, the problem model showcases the robustness and multi-level
capacity dispatch, and coordination of charging based on practical electricity buying and selling cost
frameworks in Vietnam, considering peak, off-peak, and normal hours. This is of great significance in
proposing effective calculation models for developing EVCS infrastructure in practice.
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