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A B S T R A C T   

In this paper, a new hybrid meta-heuristic optimization algorithm with the aid of the suggested objective 
function has been investigated. The main object of the proposed optimized controller was to tackle the bidi
rectional battery charger problem represented in the design of its controller's coefficients to achieve its best 
performance. The optimization handcuffs/objectives were to minimize the errors for DC-Link voltage and the 
battery current during the bidirectional battery charger in two modes of operation. The proposed optimization 
technique was a hybrid meta-heuristic optimization technique developed by hybridizing two famous algorithms; 
the Wild Horse Optimization technique, and the Particle Swarm Optimization technique. The proposed hybrid 
optimization algorithm is called Wild Horse-Particle Swarm Optimization. To demonstrate the efficiency 
improvement of the proposed algorithm, the classical twenty-three fitness benchmark functions were tested, and 
the results were compared with other algorithms. The proposed algorithm was used to optimize the parameters 
of the inner-loop voltage and current controllers of the interlinked converters and the battery current controller's 
parameters. The whole system was simulated using MATLAB / Simulink in which the simulation results were 
presented. Also, the system was tested experimentally using the hardware-in-the-loop real-time emulator, 
LAUNCHXL-F28377S DSP KIT, to validate the optimal Controller's feasibility and reliability. During the Grid-to- 
Vehicle (G2V) mode of operation, the batteries were charged from the utility power grid with alternating current 
and a mostly unity power factor. In addition to the Vehicle-to-Grid (V2G) mode of operation, stored energy in the 
batteries may need to be delivered back to the utility power grid to contribute the increase in the utility power 
system's stability and robustness. The response of the DC-link voltage for the experimentally emulated system 
with the optimized controller parameters has overshot approximately 3.75 %. Also, the battery current during 
charging and discharging modes for the experimental system with optimized controller parameters, and the 
current ripples were increased from the simulated results, approximately equal 3.33 %.   

1. Introduction 

Many research studies have been conducted on electrical vehicle 
charging systems, depending on two alternative sources, PV and single- 
phase grid power. An electrical vehicle (EV) charger that is capable of 
operating in G2V and V2G modes of operation is presented in [1]. Also, 
an overview of EV charging technologies in terms of power levels, 
converter topologies, the direction of power flow, and charging control 
methods to highlight the effectiveness and fastness of EV charging sys
tems are considered in [2,3]. The mathematical model for the whole 
charging system is introduced, which includes a mathematical model for 

both AC/DC and DC/DC converters and the mathematical model for the 
lithium battery [4]. These models are used to conduct in-depth research 
on the bidirectional converter while it is operating in vehicle-to-grid 
mode. A cascaded Buck-Boost converter with a bidirectional PWM 
DC/DC converter is used with a non-isolated battery charging system to 
achieve a more efficient and reliable charging system [5,6]. 

Electrical vehicle charging systems can also classified as single-phase 
and three-phase charging systems; In case of an emergency when the 
battery needs to be charged and there is no access to a charging station 
the present design and implementation of a single-phase multifunctional 
EV onboard charger with a Vehicle-to-Vehicle (V2V) where an EV can be 
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charged from another EV [7,8]. An advanced onboard charging system 
from vehicle to vehicle which provides a good solution when used for 
emergency roadside cases is presented in [9]. 

A universal electric vehicle charging system that can provide a 
constant charging voltage for different levels of electrical vehicles, from 
level one to level three is presented in [10]. The newly introduced 
universal charger uses a voltage-oriented control technique with the 
battery charger to reduce the Total Harmonic Distortion (THD) for the 
input current. The operation of the charging system is studied for both 
modes of operation, from the grid to the vehicle and from the vehicle to 
the grid. A real-time digital simulation is performed using OPAL-RT 
against the simulated results using MATLAB-Simulink to validate the 
system [11,12]. Another classification for electrical vehicle charging 
systems is on-board and off-board charging systems; a complete and 
wide comparison between different types of battery charging systems — 
unidirectional, bidirectional, on-board, or off-board — is presented to 
choose the most suitable charging system, considering several criteria, 
including efficiency, energy savings, and cost-effectiveness are pre
sented in [13–15]. A fuzzy controller used to ensure the advantages of 
both charging modes is introduced in [16]. The off-board electrical 
vehicle charging system presented uses SEPIC and bidirectional DC/DC 
converters. Also, a controller model for an off-board bidirectional elec
trical vehicle in terms of active and reactive power is presented in [17]. 

Another research project studies the electric system of the electric 
vehicle charging system during the charging and discharging modes of 
operation. A bidirectional electric vehicle charger that is capable of 
operating at both G2V and V2G power transfer for a single-phase power 
system is proposed in [18]. A bidirectional electric vehicle charger with 
power quality management is used in G2V, V2G, and Vehicle-to-Home 
(V2H) applications while compensating for the grid current harmonics 
and the reactive power [19]. A comparative study between two famous 
algorithms, the phase-shifting algorithm, and the resonant LLC algo
rithm for implementing DC/DC converters for vehicle charging appli
cations is presented in [20]. Implementation of a bidirectional vehicle 
charging system using an AC/DC converter cascaded with a bidirec
tional DC/DC converter sharing the DC link voltage introduced in [21]. 
Simulation results, using MATLAB- Simulink, and hardware emulation 
results, using dsPIC30F4011, are presented. Also, it presents a detailed 
analysis of the steady-state conditions for the whole operating range of 
the presented bidirectional charging system. On the other hand, the 
charging system can be used in other modes of operation: the G2V and a 
V2G for the level one bidirectional charger with a detailed explanation 
and system simulation are presented in [22–24]. 

In addition to the G2V and V2G modes of operation, the V2H mode is 
introduced in [25]. Also, some considerations for the AC filtering size 
are considered in three modes of operation to improve the use of the EV 
charging system. The main benefit of using an EV charging system is 
eliminating THD from the grid current, making the system more stable, 
operating with a unity power factor, and ensuring a seamless transition 
from one operating mode to the other. Finally, an EV charging system is 
introduced and integrated with distributed energy sources: the main 
grid uses a bidirectional AC/DC converter and a renewable energy 
source (PV) uses a SEPIC DC/DC converter [26,27]. The detrimental 
impacts of the V2G system can be mitigated using the intelligent control 
coordination of power electronic converters are indicated in [28]. Also, 
the V2G perspective is based on the 5Ds (decentralization, de- 
carbonization, digitalization, deregulation, and democratization) 
vision to overcome the overall shortcomings of the modern power grid. 
The grid energy consumption by EVs and many optimization approaches 
used for energy management, load shifting, peak shaving, and mini
mizing the high cost of electricity consumption of large-scale EVs 
charging on the grid are introduced in [29]. An energy management and 
optimization system to smooth the fluctuations of large-scale wind 
power using V2G systems is designed and modeled in [30]. 

The energy management model for EVs is developed by introducing a 
knapsack problem that can evaluate the needs of an EV fleet. Power 

management strategies for a grid-tied PV storage system in electric 
vehicle charging stations are discussed in [31]. The used control pro
ceeds depending on the integration of renewable energy sources by 
adopting an optimization algorithm, to minimize stress on existing 
power and to reduce the cost of consumed energy based on the electrical 
grid in standalone mode. Also, an optimal control scheme to manage the 
energy flow of home-tied EV that adapts to the various dynamic 
behavior of the system is proposed [32]. The proposed optimization 
technique is a hybrid meta-heuristic optimization technique that results 
from merging two famous algorithms, the Wild Horse Optimization 
technique, and the Particle Swarm Optimization technique [33,34]. The 
proposed hybrid optimization algorithm is called WHO-PSO or simply 
Wild Horse-Particle Swarm Optimization (WHPSO). 

This paper presented many contributions which can be summarized 
as follows;  

▪ A novel hybrid evolutionary algorithm, namely WHPSO, is 
proposed and developed by synthesizing WHO with PSO. The 
exploration phase of WHO is fast and accurate, but the 
exploitation phase takes more evaluation time. To improve the 
exploitation phase ability in the WHO algorithm it merged with 
the exploration phase of PSO to combine both strength and 
fastness algorithms.  

▪ A comparative study is carried out to validate and confirm the 
efficacy of the proposed WHPSO algorithm with other types of 
existing optimization algorithms. The presented results 
consistently clear that the WHPSO algorithm is extremely 
competitive and can be employed to tackle various types of 
engineering problems.  

▪ The new WHPSO algorithm with the aid of the suggested 
objective function has been proposed to tackle the bidirectional 
battery charger problem represented in the optimum selection 
of its controller's coefficients to achieve its best performance. 
The optimization handcuffs/objectives were to minimize the 
errors for DC-Link voltage and the battery current during its 
two modes of operation.  

▪ The proposed algorithm is used in two phases; first, to optimize 
the parameters of the inner-loop voltage and current controllers 
of the interlinked converters, and second, to optimize the bat
tery current controller's parameters.  

▪ MATLAB/SIMULINK simulations were conducted to manifest 
the effectiveness and ability of the proposed WHPSO algorithm. 

▪ Also, a Real-time hardware-in-the-loop emulation was intro
duced to indicate the effectiveness of the proposed WHPSO 
algorithm. 

2. Proposed algorithm 

The proposed hybrid algorithm, WHPSO, consists of five main steps, 
indicated as follows:  

1. Creating an initial population, constructing horse groups, and 
choosing the leaders;  

2. Grazing and mating phases of horses;  
3. Leadership behavior and group leadership;  
4. exchange and selection behavior for leaders;  
5. Evaluate the best solution. 

The first three steps are considered the exploration phase and the 
next two steps as the exploration phase of the WHO algorithm. The 
standard PSO algorithm contains two steps: the velocity update Eq. (1) 
and the position update Eqs. (2) and (3), as follows: 

vi(k+ 1) = ω(iter).vi(k)+ c1r1(pbest(k) − xi(k) )+ c2r2

(
pgbest(k) − xi(k)

)

(1) 
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xi(k+1) = xi(k)+ vi(k+ 1) (2)  

ω(iter) = ωMax − iteration×
(ωMax − ωMin)

Max Iter
(3)  

where; vi(k) is the velocity of PSO particles, vi(k + 1) is the updated 
velocity of particles, xi(k) is the current position of the particles, xi(k +
1) is the updated position of the particles, pbest is the local best particle 
position, pgbest is the global best particles position, C1 is the cognitive 
parameter, C2 is the social parameter, r1, r2 are random coefficients 
which are often in the range [0–1], ωMax, ωMin are the maximum and 
minimum inertia weights of PSO algorithm, which equal 0.9 and 0.4 
respectively and ω(iter) is the inertia weight for the PSO algorithm. 

2.1. Creating an initial population 

The algorithm starts with (→x) = {→x1, →x2, …, →xn} an initial 
random population, and a target function repeatedly evaluates this 
random population, and the target fitness value is computed as (→f) =
{f1, f2, …, fn}. For N number of population elements, the number of 
leader groups (Stallion) is G = (N × PS). The PS is the percentage of 
stallions which consider a control parameter for the algorithm. The 
remaining members (N–G) are divided equally among these groups 
which construct the foal groups. 

Start

Input WHHHO parameters, NPop, Max_iter, PC=0.1, PS=.2, Nstallion=PS*Npop, 

Nfoal=NPop-Nstallion

Create Foal groups and select Stallions

Fitness Evaluation

Calculate TDR using (7)

Initialize Loop Iteration Counters; (i, j)

Calculate Z using (6)

Rand>PC

Update the position of Foal by (8), 

(10)

Update the position of Foal by Eq. 

1

Fitness Evaluation

J< Nfoal

i< Nstallion

are termination criteria 

met?

Update position of Stallion by 

(12), (13)

Fitness Evaluation

Select the Stallion using (15)

Output the Best Solution

Stop

j=j+1

i=i+1, j=1

Y

Y

Y

Y

N

N
N

N

Fig. 1. Flowchart for WHPSO algorithm.  
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2.2. Grazing behavior 

To simulate grazing behavior, Eqs. (4) and (5) were used, which 
causes group members to move and search around the leader with a 
randomly determined radius. 

Xj
i,G(k+1) = 2ω(iter).Zcos(2πRZ)×

(
Stallionj

(k) − xj
i,G(k)

)
+ Stallion(k)

(4)  

P = R1
̅→

< TDR; IDX = (P == 0) (5) 
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Fig. 2. Comparison of convergence performance between the proposed WHOPSO algorithm and the other eight algorithms (a) F1, F2, F3, and F4. (b) F5, F6, F7, and 
F10. (c) F12, F13, and F15. 
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Z = R2*IDX+ R3
̅→*( ∼ IDX) (6)  

where, X ji,G (k + 1) is the updated position of the group member (foal or 
mare) at the grazing stage, X ji,G (k) is the current position of the group 
member, Stallionj(k) is the position of the stallion (leader of that group), 
Z is calculated using Eq. (6), R is a uniform random number in the range 
[− 2, 2], P is a vector of 0's and 1's equal to the dimensions of the 
problem, R1 through R3 are random uniform vectors in the range (0, 1), 
indexes of the random vector, IDX, returned from R1 that satisfy the 
condition (P = 0) and finally, TDR is an adaptive parameter given by Eq. 
(7). 

TDR = 1 − iteration×
(

1
Max Iter

)

(7)  

where; iteration is the current iteration number and Max_Iter is the 

maximum number of iterations. 

2.3. Horse mating behavior 

Equine departure and mating behavior is simulated using Eqs. (8) 
and (9). 

XP
G,K = Crossover

(
Xq

G,i,X
Z
G,j

)
i ∕= j ∕= k, p = q = end (8)  

Crossover = Mean (9)  

where, Xp
G,k is the current position of horse p from group k which leaves 

the group, and so for all positions at Eq. (8). then, the position from the 
exploring phase was updated using the PSO speed and position shown in 
Eqs. (10) and (11). 

The position obtained from both Eqs. (8) and (11) are tested and the 

Table 1 
Results for the unimodal and multimodal benchmark functions with 30 dimensions and 15,000 NFE.  

Fun./ 
Algo.'s 

WHPSO WHO PSO GWO WOA MVO SOA MFO SCA 

Unimodal functions 
F1 Ave  0  2.3284e-65  1.1486e-19  1.0730e-56  3.1585e-76  0.0134  9.4554e-26  2.2720e-13  1.1121e-11 

Std  0  1.0233e-64  3.1310e-19  4.5188e-56  1.1292e-75  0.0061  4.9842e-25  3.8128e-13  3.7265e-11 
F2 Ave  2.1524e-169  1.2771e-37  7.8827e-12  3.1477e-33  2.3605e-52  0.0404  1.5450e-16  1.3333  1.1291e-09 

Std  0  3.5664e-37  1.3570e-11  6.2024e-33  1.0073e-51  0.0134  2.5121e-16  3.4575  1.9521e-09 
F3 Ave  0  1.1612e− 46  8.6631e-05  1.3546e-24  97.2469  0.0977  9.2491e-16  500.0839  0.0705 

Std  0  4.1946e-46  1.0663e-04  5.7810e-24  160.1088  0.0621  4.8660e-15  1.5256e+03  0.3403 
F4 Ave  9.8006e-166  3.7509e-28  1.4190e-04  2.8007e-18  2.4737  0.0846  6.8715e-10  3.9058  0.0014 

Std  0  9.1714e-28  2.2822e-04  4.2539e-18  4.4187  0.0342  2.6970e-09  5.9226  0.0029 
F5 Ave  0.0043  1.0803  1.2605e+1  6.5551  6.9402  273.5501  7.4144  3.1443e+03  7.4118 

Std  0.0081  5.5041  2.2984e+1  0.6403  0.5546  579.6133  0.5207  1.6414e+04  0.3514 
F6 Ave  1.2211e-17  1.1971e-18  2.6835e-16  0.0083  0.0016  0.0153  0.2538  5.2471e-13  0.4555 

Std  1.9680e-17  2.4963e-18  1.3916e-16  0.0456  0.0020  0.0068  0.2194  8.4641e-13  0.1522 
F7 Ave  1.3779e-04  8.3693e-04  0.0035  6.1733e-04  0.0019  0.0035  0.0011  0.0061  0.0032 

Std  1.4457e-04  7.0242e-04  0.0017  4.4508e-04  0.0022  0.0029  0.0010  0.0037  0.0051  

Multimodal functions 
F8 Ave  -4.0956eþ3  − 3.4613e+3  − 3.4372e+3  − 2.6072e+3  − 3.2615e+3  − 2.8951e+3  − 2.5287e+3  − 3.3015e+3  − 2.1514e+3 

Std  219.3965  220.2940  266.6464  322.5694  566.3941  357.0501  258.1147  347.7614  148.7554 
F9 Ave  0  0  5.1741  0.4952  1.0992  14.2356  0.5839  24.5209  0.7141 

Std  0  0  2.5659  1.3667  6.0208  6.2182  1.9420  13.1840  2.9225 
F10 Ave  8.8818e-16  1.4803e-15  8.6211e-11  7.5199e-15  4.6777e-15  0.2702  5.3131  0.0671  0.0050 

Std  0  1.3467e-15  1.3495e-10  2.0298e-15  2.2726e-15  0.5911  8.9615  0.3676  0.0274 
F11 Ave  0  0  0.0918  0.0269  0.0694  0.3806  0.0485  0.1426  0.0643 

Std  0  0  0.0389  0.0223  0.1296  0.1324  0.1005  0.0756  0.0977 
F12 Ave  9.4891e-18  0.0311  0.0033  0.0035  0.0086  0.0737  0.0746  0.2178  0.0970 

Std  2.3653e-17  0.0949  0.0076  0.0075  0.0107  0.2416  0.0650  0.5370  0.0405 
F13 Ave  0.0011  0.0029  0.0232  0.0164  0.0460  0.0051  0.2427  0.0029  0.3656 

Std  0.0034  0.0049  0.0499  0.0373  0.0499  0.0047  0.1156  0.0049  0.0837 
F14 Ave  1.6694  1.9188  2.3452  3.6457  2.3746  0.9980  3.0250  2.5420  2.3204 

Std  1.8570  1.8995  2.1674  3.7150  2.6658  4.5603e-11  3.4161  2.4218  2.4754 
F15 Ave  3.2167e-04  0.0026  0.0020  0.0045  7.1270e-04  0.0048  0.0012  0.0023  0.0011 

Std  2.4466e-05  0.0060  0.0050  0.0081  6.3983e-04  0.0079  2.5957e-04  0.0049  3.3729e-04 
F16 Ave  ¡1.0316  − 1.0316  − 1.0316  − 1.0316  − 1.0316  − 1.0316  − 1.0316  − 1.0316  − 1.0316 

Std  5.1312e-16  5.1334e-16  6.2532e-15  2.0409e-08  2.1946e-09  4.9108e-07  2.8182e-06  6.7752e-16  4.9727e-05  

Fixed-dimension multimodal functions 
F17 Ave  0.3979  0.3979  0.3979  0.3979  0.3979  0.3979  0.5529  0.3979  0.4005 

Std  0  0  0  6.8238e-06  2.5583e-05  8.6171e-07  0.8475  0  0.0043 
F18 Ave  3.0000  3.0000  3.0000  3.0001  3.0001  5.7000  3.0001  3.0000  3.0001 

Std  1.3323e-15  1.4788 e-014  6.5785e-014  5.7219e-05  1.2232e-04  14.7885  1.6041e-04  1.4775e-14  1.1278e-04 
F19 Ave  ¡3.8628  − 3.8628  − 3.8628  − 3.8612  − 3.8535  − 3.8628  − 3.8550  − 3.8625  − 3.8545 

Std  2.4338e-15  2.6223e-15  2.6702e-15  0.0023  0.0183  2.5086e-06  0.0015  0.0014  0.0022 
F20 Ave  ¡3.2993  − 3.2624  − 3.2612  − 3.2451  − 3.1988  − 3.2518  − 2.8538  − 3.2258  − 2.9717 

Std  0.0511  0.0606  0.0734  0.0838  0.1049  0.0627  0.5773  0.0629  0.2334 
F21 Ave  ¡8.1848  − 7.4513  − 7.3911  − 8.1636  − 7.4213  − 8.3819  − 4.4885  − 6.3110  − 2.1292 

Std  2.0741  2.8852  3.3142  2.6986  3.0513  2.5838  4.1245  3.3276  2.0575 
F22 Ave  ¡8.8594  − 8.3122  − 7.4246  − 9.4689  − 7.2673  − 7.4229  − 6.4230  − 7.9969  − 3.3273 

Std  1.5485  3.0693  3.7340  1.6727  3.2733  3.5729  4.1822  3.2612  2.2006 
F23 Ave  ¡9.4091  − 9.0485  − 9.2909  − 9.2638  − 7.2418  − 8.9470  − 6.8790  − 6.9854  − 3.4579 

Std  1.3948  3.0366  2.8672  1.4811  2.9726  2.7333  4.2781  3.6676  1.8493 

The bold numbers in a table are the best result. 
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position with the best fitness was selected and the best position in the 
group is updated. 

vi(k+1) = ω(iter).vi(k)+ c1r1

(
Stallionj

(k) − xj
i,G(k)

)

+ c2r2

(
WH(k) − xj

i,G(k)
) (10)  

Xj
i,G(k+1) = Xj

i,G(k)+ vi(k+1) (11)  

2.4. Group leadership 

The group's leadership suggests simulating using Eq. (12). 

where StallionGi(k + 1) is the updated position of the leader of the group 
(i), WH is the global best position of the water hole until iteration (k), 
StallionGi(k) is the current position of the leader of the group (i), R3 is a 
random value in the range [0,1]. Here, again the position from the 
Exploitation phase was updated using the PSO speed and position as 
shown in Eqs. (13) and (14) respectively. 

The position obtained from both Eqs. (12) and (13) is tested and the 
position with the best fitness was selected, and the best position in the 
group is updated. 

vi(k+1) = ω(iter).vi(k)+ c1r1

(
Stallionj

(k) − Stallionj
pre(k)

)

+ c2r2

(
WH(k) − Stallionj

(k)
) (13)  

Stallionj
(k+1) = Stallionj

(k)+ vi(k+1) (14)  

2.5. Exchange and selection of leaders 

If one of the group members is less fit than the group leader, the 
leaders, and its member's positions will be changed according to Eq. 
(15). The flowchart of the proposed hybrid WHPSO algorithm is shown 
in Fig. 1. 

StallionGi =

{
XG,i if fitness

(
XG,i

)
< fitness (StallionGi)

StallionGi if fitness
(
XG,i

)
> fitness (StallionGi)

(15) 

In the following sections, several sets of test functions are used to 
evaluate and validate the performance of the proposed Hybrid Wild 
Horse-Particle Swarm Optimizer (WHPSO) algorithm in solving opti
mization problems. 

3. Verification and discussions for the proposed algorithm 

In this section, the benchmark functions are twenty-three well- 
known test problems that are considered minimization functions and are 
mainly classified into three categories; unimodal, multimodal, and 
fixed-dimension multimodal functions. The unimodal functions are 
defined from F1 to F7, multimodal functions are from F8 up to F16, and 
fixed-dimension multimodal functions are defined from F17 up to F23. 
These benchmark functions are considered to evaluate the performance 
of the proposed algorithm in comparison to many other excited 
algorithms. 

3.1. Classical benchmark function validation 

Thirty search agents and 500 iterations, which lead to a maximum of 
15,000 Number Function Evaluations (NFE), are the parameters used to 
solve the classical test functions. Fig. 2 shows the results for evaluating 
the convergence of the proposed algorithm with the others for different 
functions. As shown in Fig. 2, the proposed hybrid algorithm in the 
unimodal functions test gives more importance to the exploitation 
phase, which lets the object functions arrive at the smallest fitness values 
as indicated with functions from F1 to F5 and F7. In multimodal func
tions almost, the proposed Hybrid algorithm has an excellent conver
gence pattern with a comparable minimum fitness value for all functions 
from F7 to F16 except F14. Also, Fig. 2 indicates that the proposed 
WHPSO algorithm has better convergence than the other algorithms for 
all the fixed-dimension multimodal functions; F17 to F23. According to 
the data in Table 1, the proposed hybrid algorithm outperformed the 
other compared algorithms in unimodal functions except for F6. In 
multimodal functions, the proposed algorithm's performance is better 
than other algorithms for the most objective functions except F14. Also; 
the proposed algorithms have the best fitness for all the fixed-dimension 
multimodal functions; F17 to F23. 

Each of the test functions was solved 30 times to generate suitable 
data for statistical analysis. The tested algorithms are shown with their 
test results in Table 1. 

4. Grid connected bidirectional battery charger 

The Bidirectional Battery Charging system was composed of two 
power converters sharing the same DC link voltage, a front-end 

Fig. 3. Grid connected bidirectional battery charger [35].  

StallionGi(k + 1) =

{
2Zcos(2πRZ) × (WH(k) − StallionGi(k) ) + WH(k) if R3 > 0.5 (a)

2Zcos(2πRZ) × (WH(k) − StallionGi(k) ) + WH(k) if R3 ≤ 0.5 (b) (12)   
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interlinked converter coupled through an LCL filter to the grid and a 
three-level interleaved bidirectional DC/DC converter. The complete 
diagram for the grid-connected bidirectional battery charger is pre
sented in Fig. 3. 

4.1. Front-end interlinked converter and LCL filter configuration 

The nominal battery operation lies between two regions, the expo
nential region and the cut-off region. The exponential region corre
sponds to a SOC between 20 % and 80 % in which a full charge at this 
region is considered for the higher power levels. Under the battery 
charging strategies; the constant current (CC) strategy is utilized for 
battery charging at high-power charging up to 80 % SOC, and switch to a 
constant voltage (CV) strategy when the SOC reaches 80 % to charge the 
battery up to 100 %. A three-level interleaved bidirectional DC/DC 
converter is used to interface the EV battery with the DC-Link voltage. 
EV-side DC/DC converter models are based on the half-bridge topology. 
Such DC/DC converters can operate in both directions. The converter is 
simple with fewer components, is more efficient, and has one input for 
pulse width modulation (PWM) of each link level. The design of each 
link consists of an inductor Lx and a capacitor C1 for the battery side. 
Two MOSFET switches GH and GL with anti-parallel diodes are operated 
by providing two complementary signals from the controller to provide 
the bi-directional converter the ability to work. The upper switch, GH, is 
conducted during charging, Grid-to-Vehicle operation mode, where it 
bucks the DC link voltage VDC to Vb. Also, the lower switch, GL, is con
ducted during discharging, Vehicle-to-Grid mode, which boosts the 
battery voltage to the DC link voltage value. The complete circuitry is 
shown in Fig. 5. 

A front-end interlinked converter is used first to interface the main 
power grid with the vehicle battery charger, which operates as a full- 
bridge AC–DC bidirectional converter. This full-bridge AC-DC bidirec
tional converter operates as an active full-bridge rectifier with alter
nating current and unity power factor when the optimized charger is 
used in Grid to Vehicle mode. During the vehicle-to-grid mode of 
operation, this converter operates as a controlled current source con
verter to deliver back the required power to the main utility grid. An LCL 
filter was interconnected to the output port of the interlinked converter 
to reduce its output harmonics and improve the waveform shaping to be 
sinusoidal for the voltage and current outputs. 

Fig. 3 displays the power circuit of a grid-connected three-phase 
PWM inverter and an LC filter plus grid impedance. Neglecting the grid 
impedance, the analysis, and modeling of VSI in synchronous d – q frame 
can be represented as: 

⎧
⎪⎪⎨

⎪⎪⎩

L
did
dt

= Vid − Vcd + ωLiq

L
diq
dt

= Viq − Vcq − ωLid
(16)  

⎧
⎪⎪⎨

⎪⎪⎩

Cf
dVcd

dt
= iLd − iod + ωCf Vcq

Cf
dVcq

dt
= iLq − ioq − ωCf Vcd

(17)  

where ω is the angular frequency of the grid, Cf is the filter capacitance 
Cfilter, L is the inverter impedance Linv, iLd, iLq, Vid and Viq are the currents 
through the inverter filter inductor and inverter side voltages in the d – q 
frame, respectively, and Vcd, Vcq, iod, and ioq are the filter capacitor 
voltages and output currents in d – q frame. 

Eqs. (16) and (17) indicate that the derivative of both d – q axis 
currents, iLd and iLq, are related to the d – q axis variables. Furthermore, 
the derivative of d – q axis voltages, Vcd and Vcq, are related to the d – q 
axis variables. So, the variables of the control system are cross-coupled, 
which causes problems in controller design. To solve this concern, 
decoupled terms are added which also improve the dynamic perfor
mance of the control system. The output of the decoupled controllers can 
be expressed as: 
⎧
⎪⎪⎨

⎪⎪⎩

idref = Gcv(S)
(
Vdref − Vcd

)
− ωCfVcq

iqref = Gcv(S)
(
Vqref − Vcq

)
+ ωCf Vcd

Vid = Vdpwm = Gci(S)
(
idref − id

)
+ Vd − ωLiq

Viq = Vqpwm = Gci(S)
(
iqref − iq

)
+ Vq + ωLid

(18)  

where, Vdref, Vqref, idref and iqref are the reference values of voltage and 
current control loops in d – q frame, while Gcv(S) and) Gci(S) are the PI 
controller transfer functions for the d – q axis voltages and currents, 
respectively. 

The inner current loop has two controllers for the direct and quad
rature current components. The outer voltage loop also mainly has two 
controllers for the synchronous reference frame voltage components. 
Instead of using the direct voltage component with its reference value, 
the reference DC-Link voltage is compared to the DC-Link voltage and 
used to generate the reference direct axis component of the current 
through a PI controller. By using this generated reference direct axis 
current component the inner loop controls the active current and power. 
There is no need for the quadrature component voltage controller due to 
the reference quadrature current is set to zero, which controls the 
reactive current and power. Also, there is no need for the decoupling 
components at the outer voltage control loops. As a result, the system 

Fig. 4. Front-end inverter controller [35].  
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modeling Eq. (18) can be rewritten as indicated in Eq. (19). The front- 
end inverter controller is presented as a cascaded controller in the 
synchronous reference frame as shown in Fig. 4 [35]. 
⎧
⎪⎪⎨

⎪⎪⎩

idref = Gcv(S)
(
VDCref − VDC

)

iqref = 0
Vdpwm = Gci(S)

(
idref − id

)
+ Vd − ωLiq

Vqpwm = Gci(S)
(
iqref − iq

)
+ Vq + ωLid

(19)  

4.2. Bidirectional battery charger configurations 

The nominal battery operation lies between two regions, the expo
nential region and the cut-off region. The exponential region corre
sponds to a SOC between 20 % and 80 % in which a full charge at this 
region is considered for the higher power levels. In accordance to the 
battery charging strategies; the constant current (CC) strategy is utilized 
for battery charging at high-power charging up to 80 % SOC, and switch 
to a constant voltage (CV) strategy when the SOC reaches 80 % to charge 
the battery up to 100 %. A three-level interleaved bidirectional DC/DC 
converter is used to interface the EV battery with the DC-Link voltage. 
EV-side DC/DC converter models are based on the half-bridge topology. 
Such DC/DC converters can operate in both directions. The converter is 
simple with fewer components, is more efficient, and has one input for 
pulse width modulation (PWM) of each link level. The design of each 
link consists of an inductor Lx and a capacitor C1 for the battery side. 
Two MOSFET switches GH and GL with anti-parallel diodes are operated 
by providing two complementary signals from the controller to provide 
the bi-directional converter the ability to work. The upper switch, GH, is 
conducted during charging, Grid-to-Vehicle operation mode, where it 
bucks the DC link voltage VDC to Vb. Also, the lower switch, GL, is con
ducted during discharging, Vehicle-to-Grid mode, which boosts the 
battery voltage to the DC link voltage value. The power circuit for the 
three-level interleaved bidirectional converter is shown in Fig. 5. 

During charging mode, G2V mode: 
Values for L1 and C1 for the converter are calculated as follows, Eq. 

(20): 

L1 =
VDC − Vb

2ΔiLfs
DBuck;C1 =

ΔiL
8ΔvC fs

(20) 

During this mode, the control transfer function for one-link of the 
converter can be expressed as in Eq. (21); 

GConv.(S) =
2VDC

(

S C1 +

(
1

RLoad

))

L1C1S2 +

(
L1

RLoad

)

S + 1
(21) 

During discharging mode, V2G mode: 
Values for L1 and C1 for the converter are calculated as given in Eq. 

(22): 

L1 =
Vb

2ΔiLfs
DBoost ;C1 =

ΔiL
8ΔvC fs

(22) 

During this mode, the control transfer function for one-link of the 
converter can be expressed as given in Eq. (23); 

GConv.(S) =
VDC

(

S C1 +

(
2

RLoad

))

L1C1S2 +

(
L1

RLoad

)

S + 2D2
(23)  

where; VDC is the DC-link voltage, Vb is the nominal battery voltage, ΔiL 
is the current ripple in L1, ΔvC is the voltage ripple in C1, fs is the 
switching frequency, 

DBuck =
Vb

VDC
, and DBoost = 1 −

Vb

VDC 

Fig. 5. Power circuit for the three-level interleaved bidirectional converter.  

Fig. 6. DC-DC converter control strategy block diagram.  
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The DC-DC converter controller controls the battery as a current 
source in the CC strategy. The battery current loop is cascaded with a PI 
control block, which control the duty cycle ratio to the PWM, as in Eq. 
(24), which operates the two power switches GH and GL as indicated in 
Fig. 6. 

Ddc(k) =
(
i*b(k) − ib(k)

)
(

Kp(k)+
Ki(k)

S

)

(24)  

where; i*b(k) is the reference battery current, Kp(k) and Ki(k) are the 
proportional and integral gains of the classical PI controller. 

The proposed charging controller is based on dividing the total 
required charging current for the battery into three equal values, each of 
which is derived for a battery through a branch of the three-level 
interleaved bidirectional charging converter. So, we have a three- 
control circuit for the three-level interleaved converter and a compar
ator circuit to select the battery mode of operation depending on the 
reference battery current signal, as indicated in Fig. 7. 

Each control circuit, which operates in a constant current control 
mode, has a PI current controller and a pulse generator to generate the 
proper switching pulses for the bidirectional link power elements, buck 
devices, and boost devices. The reference current for the PI controller 
equals one-third of the reference battery current, and the measured 

battery current is also divided by three and compared to the reference 
input. During the charging mode of operation, Buck devices are selected 
and Boost devices are deselected. During the discharging mode of 
operation, boost devices are triggered and the buck devices are 
deselected. 

4.3. Grid-connected bidirectional battery charger with optimized 
controller 

The optimization process was carried out for all PI controllers in the 
controlled system, where there are three PI controllers at the interlinked 
AC/DC converter control circuit; one controller for the voltage control 
loop and two with the same parameters for current control loops. Also, 
three other PI controllers with the same controller parameters for the 
three current control loops of the three-level interleaved bidirectional 
DC/DC converter. So, the system has six PI controllers with only three 
groups of parameters to be optimized. As indicated in Fig. 8 the opti
mization algorithm has 10 inputs; six of them are the error signals of the 
DC-Link voltage, direct and quadrature components of the grid current, 
and the three levels of battery current; evdc, eid, eiq, eiBatt1, eiBatt2, and 
eiBatt3. The other four inputs are the maximum number of iterations, the 
number of search particles, the number of running times, and the 
dimension of output variables. Also, the optimization algorithm has six 
outputs which are the optimized controller parameters for inverter 
controller outer voltage loops (kp_vdc, ki_vdc), inverter controller inner 
current loops (kp_idq, ki_idq), and battery current control loops (kp_ibatt, 
ki_ibatt). Three optimization algorithms are used separately to select the 
algorithm which produces the best system performance. 

The optimization problem of designing the controllers' coefficients 
can be formulated as follows; 

Fig. 7. Constant current controller for a battery charger with mode selection 
circuit [35]. 

Fig. 8. Grid-connected bidirectional battery charger with controller optimization.  

Table 2 
Optimized variable results for the used optimization algorithms.  

Optimized parameters WHPSO WHO PSO 

kp_Vdc  5.241145  3.774348  3.95784 
ki_Vdc  500  500  500 
kp_idq  191.6756  200  200 
ki_idq  495.0659  500  0.0001 
kp_ibatt  165.6417  200  111.5416 
ki_ibatt  24.29948  0.0001  0.0001 
The best fitness value  0.79176  0.79641  0.80831  
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Fig. 9. Proposed experimental system with LAUNCHXL-F28377S DSP KIT.  
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Let the optimization vector be as in Eq. (25), which indicates that the 
dimension of variables for the optimization algorithms is six variables. 

K = ⌊kp vdc, ki vdc, kp,idq, ki idq, kp ibatt, ki ibatt⌋ (25) 

The performance index function, an objective function FFMin., to be 
minimized for optimizing the PI controller parameters is selected as the 
sum of all the Integral of Time-weight Absolute Error, ITAE, signals for 
the used controllers given by Eq. (26). 

where; evdc is the error in the DC-Link voltage, eid and eiq are the direct 
and quadrature current error signals and eiBatt1to eiBatt3 are the errors of 
battery currents for controlling the three-level bidirectional converter. 
The optimization algorithms use several search particles equal to 20 and 
a maximum number of iterations equal to 30. Each algorithm runs 10 
times to get the best fitness value. There are three algorithms used in the 
optimization process; the proposed hybrid algorithm, WHPSO; Wild 

Fig. 10. Grid voltages and currents during G2V and V2G modes of operation and a close view for mode transition.  

Fig. 11. Grid phase voltage and current for the system with the classical controllers during G2V / V2G modes and a close view of transition instant between them.  

Table 3 
Reference current for EV battery.  

Mode of operation Time (seconds) 0 to 0.3 0.3 to 0.6 

G2V Ref. charge battery current (A) − 150 – 
V2G Ref. discharge battery current (A) – 150  

FFMin. =

∫∞

0

t.|evdc|dt +
∫∞

0

t.|eid|dt +
∫∞

0

t.
⃒
⃒eiq

⃒
⃒dt +

∫∞

0

t.|eiBatt1|dt +
∫∞

0

t.|eiBatt2|dt +
∫∞

0

t.|eiBatt3|dt

variables range

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

10− 4 ≤ kp vdc ≤ 10

50 ≤ ki vdc ≤ 500

10− 4 ≤ kp idq ≤ 200

10− 4 ≤ ki idq ≤ 500

10− 4 ≤ kp ibatt ≤ 200

10− 4 ≤ ki ibatt ≤ 50

(26)   
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Horse Optimizer, WHO and Particles Swarm Optimizer, PSO. The results 
of the optimization procedures for the tested algorithms are given in 
Table 2. 

After getting the optimized controller parameters, the whole system 
was simulated with these values and compared to each other. The 
response is done according to the time instances and reference battery 
current indicated in Table 2. 

The proposed system is tested experimentally using the PC which 
runs the Host Matlab/Simulink simulation program, a LAUNCHXL- 
F28377S DSP KIT emulator which runs the Target Matlab/Simulink 
simulation program, and a USB serial communication cable between 
them as shown in Fig. 9. The experimental system consists of a PC where 
the MATLAB software was installed and a LAUNCHXL-F28377S DSP KIT 
emulator which is compatible with the Matlab/Simulink. The experi
mental phase of operation is carried out by sending two signals from the 
Host program through PC communication to the target communication 

of the LAUNCHXL-F28377S DSP KIT emulator through the USB serial 
communication cable; these two signals are the reference battery current 
and the measured battery current. The Target program contains three 
control loops for the three-level bidirectional interleaved converter, 
which are used to generate its control signals. Six output pulses for the 
three-level Buck/Boost power MOSFET triggering signals are sent from 
the Target to the host PC through the USB communication cable, which 
contains the Matlab/Simulink program, to complete the emulated sys
tem operation. 

5. Simulation results 

The Electrical Vehicle (EV) is tested using charging and discharging 
operations by changing the reference battery current polarity from 
negative to positive value as specified in Table 3. These are depicted in 
Figs. 10 to 13, respectively. The controller's parameters are gusset by 
trial and error to get the best system response. Fig. 10 indicates the 
system response during grid-to-vehicle and vehicle-to-grid modes of 
operation according to the timing of Table 3 and also shows a close view 
of the system response at the instance of transition from grid-to-vehicle 
and vehicle-to-grid mode. 

Fig. 11 shows the grid phase voltage with the grid phase current of 
the system with the classical controllers during the two modes of oper
ation and also shows a close view of the system response at the instance 
of transition between them. The Grid active and reactive power re
sponses are shown in Fig. 12 which indicates the consumption and 
earning active power of the grid during grid-to-vehicle and vehicle-to- 
grid modes. Also, Fig. 13 indicates all signals for the ESS system, bat
tery voltage, battery current, and battery state-of-charge during 
charging, G2V, and discharging, V2G mode, and modes of operation. 

Fig. 14 shows the simulation results for the DC-Link voltage due to 
the use of controller parameters of each optimization technique. The 
first undershoot for both PSO and WHO optimized response is about 
3.25 % but for the response optimized by the proposed WHPSO tech
nique it is approximately 2.125 %. Also, the overshoot at the instance of 
mode change, 0.3 Sec., is about 5.125 % for PSO and WHO algorithms 
and for the proposed algorithm it approximately equals 3.75 %; the 
overshoot reduction is about 27 %. 

Fig. 13. ESS voltage, current, and SOC during G2V and V2G modes of operation.  

Fig. 12. Grid active and reactive power during G2V and V2G modes 
of operation. 
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Fig. 14. DC-link voltage response with controller parameters optimized by PSO, WHO, and WHPSO algorithms.  

Fig. 15. Grid voltages and currents during G2V and V2G modes of operation using the optimized controller's parameters and a close view of the transition instant 
between them. 

Fig. 16. Grid phase voltage and current for the system with the optimized controllers during G2V and V2G modes and a close view of mode transition.  
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The proposed system was simulated with the controller parameters 
obtained with the proposed Hybrid optimization approach, WHPSO, and 
the simulation results are indicated in Figs. 15 to 17. Fig. 15 indicates 
the system response during G2V and V2G modes of operation with the 
optimized controller's parameters and according to the timing of 
Table 3. Also, a close view of the system response at the instance of 
transition from G2V to V2G is shown. The transition time from G2V 
mode to V2G mode is reduced to only about 5 milliseconds which are 
approximately about 50 milliseconds in the non-optimized system. 

Fig. 16 shows the grid phase voltage and the grid phase current for 
the system with the optimized controllers during the two modes of 
operation, also it shows a close view of the system response at the 
instance of transition between the two modes. Moreover, the grid active 

and reactive power response is shown in Fig. 17 which indicates the 
consumption and earning active power of the grid during G2V and V2G 
modes. The current and dependently active and reactive power ripples 
are reduced in comparison to the non-optimized system response. Also, 
Fig. 18 indicates the required signals for the ESS system, battery voltage, 
battery current, and battery state-of-charge during charging (G2V) and 
discharging (V2G) modes of operation. The result shows that the current 
ripples and overshoots for the optimized parameter system are reduced 
by about 60 % from those when using the same system with un- 
optimized controller parameters. 

Fig. 19 indicates the response of the DC Link voltage for the system 
with both optimized and un-optimized controller parameters. This result 
indicates that the optimized system has much lower overshoots and 

Fig. 17. Grid active and reactive power during G2V and V2G modes of operation.  

Fig. 18. ESS voltage, current, and SOC during G2V and V2G modes of operation.  
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undershoots in compression than the un-optimized system, the over
shoot for the un-optimized system is about 27.5 % and for the optimized 
system the overshoot is approximately 3.125 % i.e. the reduction in 
overshoot is about 89 %. Also, the settling time for the DC Link voltage is 
reduced at starting by about 84 % from that of the system with the un- 
optimized controller parameters where the settling time is about 20 
milliseconds for the optimized response and it is approximately 125 
milliseconds for the un-optimized response. When the mode changes 
from G2V to V2G mode at a time equals 0.3 s. the settling time is reduced 
from 175 milliseconds for the un-optimized system response to about 25 
milliseconds for the optimized response; the settling time reduction ratio 
here is about 86 %. In general, the optimized EV battery charger has a 
much better response than the non-optimized system. 

The system response was reversed at a time equal to 0.3 s from 
charging to discharging mode of operation, and the three-phase line-to- 
line components for the grid voltage and current, with the addition of 
LAUNCHXL-F28377S DSP KIT to the system, during the response in
terval, are illustrated in Fig. 20(a). A close view indicating the phase 
shift between grid voltage and grid current is shown in the case of charge 
and discharge operation in Fig. 20(b). The phase grid voltage and cur
rent, with the addition of LAUNCHXL-F28377S DSP KIT to the system, 
during the instance of mode changes from G2V to V2G, are indicated in 
Fig. 21. 

Fig. 22 indicates the response of the DC-link voltage for the experi
mentally emulated system with the optimized controller parameters, the 
DC-link voltage overshoot as indicated in Fig. 22 is approximately 3.75 
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Fig. 19. DC link voltage for Opt. and Un-Opt. system at G2V and V2G modes.  

(a) (b)

Fig. 20. (a) Experimental Grid voltage and current, (b) close view for phase grid voltage and current during G2V to V2G mode transition with the addition of 
LAUNCHXL-F28377S DSP KIT to the system. 
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%. Fig. 23 shows the response of the battery current during charging and 
discharging modes for the experimental system with optimized 
controller parameters. The result in the figure shows that the current 
ripples were increased from the simulated results, approximately 3.33 
%, this is due to the presence of the serial communication process which 
introduces a lagging time to the control signals. 

6. Conclusion 

This paper proposed an optimized controller for a bidirectional 
battery charger made up of two power converters that share the same 
DC-Link voltage. The proposed optimization technique is a hybrid meta- 
heuristic optimization technique called the Wild Horse Particle Swarm 
Optimization technique. The efficiency of the proposed algorithm is 
verified using the classically well-defined twenty-three fitness bench
mark functions (F1-F23) in comparison to many other popular algo
rithms. The main object of the proposed optimized controller is to tackle 
the bidirectional battery charger problem represented in the design of its 
controller's coefficients to achieve its best performance. The optimiza
tion handcuffs/objectives were to minimize the errors for DC-link 
voltage and the battery current during the bidirectional battery char
ger's two modes of operation. The optimization process was carried out 
for all PI controllers in the controlled system, where there are three PI 
controllers at the interlinked AC/DC converter control circuit; one 
controller for the voltage control loop and two with the same parameters 
for current control loops. Also, three other PI controllers with the same 
controller parameters for the three current control loops of the three- 
level interleaved bidirectional DC/DC converter. So, the system has six 
PI controllers with only three groups of parameters to be optimized. The 
proposed algorithm was used in two phases; first, to optimize the pa
rameters of the inner-loop DC-Link voltage, direct and quadrature cur
rent controllers of the interlinked converters, secondly, to optimize the 
battery current controller's parameters. The whole proposed system is 
simulated using MATLAB/Simulink, and the simulation results are 
presented and discussed. Also, the system is tested experimentally using 
the LAUNCHXL-F28377S DSP KIT emulator, and the emulated results 
are given. The response of the DC-link voltage for the experimentally 
emulated system with the optimized controller parameters has overshot 
approximately 3.75 %. Also, the battery current during charging and 
discharging modes for the experimental system with optimized 
controller parameters, and the current ripples were increased from the 

Fig. 22. Experimental DC link voltage for the optimized system during G2V 
and V2G modes. 

Fig. 21. Grid phase-b voltage and current, with the addition of LAUNCHXL- 
F28377S DSP KIT to the system, during changing from G2V to V2G. 
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Fig. 23. Experimental charging and discharging ESS Battery Current for Optimized controllers system at G2V and V2G modes of operation.  
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simulated results, approximately equal to 3.33 %. This is due to the 
presence of the serial communication process which introduces a lag
ging time to the control signals. As a future work, this optimized 
controller can be used with a real hardware system to validate its 
effectiveness in the EV charging system. 
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