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Abstract: An Electric Vehicle (EV) setup with an onboard PV array is introduced in this work, integrating an advanced Model 

Predictive Control system depending on Artificial Neural Network (ANN). The setup comprises a fuel cell, an electrolyzer, 

and an onboard PV array. The PV cell's role is to support the fuel cell by supplying power when sufficient irradiation is 

available. During the vehicle's idle state, the PV-generated power is directed to the electrolyzer, converting it into chemical 

energy. The produced hydrogen is then stored in the hydrogen tank. A quadratic bidirectional buck-boost converter is employed 

to fulfill the voltage needs of the motor and energy sources. The system is subjected to thorough analysis under various 

irradiance and speed conditions. To enhance the efficiency and economic feasibility of the PV system, a Maximum Power 

Point Tracking (MPPT) algorithm is used to obtain the highest available power commencing the PV panel. The system 

incorporates an enhanced incremental conductance algorithm for MPP. The control strategy encompasses both outer voltage 

and inner current control, efficiently regulating the DC output voltage of the quadratic bidirectional buck-boost converter. The 

vehicle drive utilizes an indirect vector-controlled induction motor. ANN-based Model Predictive Control (MPC) is employed 

to regulate the motor's speed. The paper introduces a novel approach for predictive torque control of AC machines, eliminating 

the need for weighting factors. To estimate the motor speed, an ANN estimator is employed. The equation for the predicted 

stator current is redefined and repositioned in accordance with the control procedure and ANN structure. 

MATLAB/SIMULINK is employed for simulations to assess the performance of the proposed EV configuration. 

Keywords: Electric Vehicle, onboard PV array, DC-DC converter, Vector control, Induction motor 

1. Introduction 

The transportation sector holds immense importance 

in contemporary society. Despite the environmental 

challenges linked to their extensive usage, a notable 

reduction in the quantity of vehicles on transportation 

seems unlikely in the foreseeable future [1]. To 

address heightened pollution levels, especially in 

major cities, many countries have enacted severe 

regulations regarding the adoption of ICE vehicles. In 

response to these strict regulations, leading vehicle 

manufacturers are increasing their investments in the 

development and market introduction of various 

electric vehicles like fully EVs, fuel cell electric 

vehicles (FCEVs), plug-in hybrid (PHEV), and hybrid 

vehicles (HEV) [2]. Considerable research has been 

conducted out in the realm of automotive 

electrification to improve the efficiency, performance, 

safety, reliability, and commercial feasibility of EVs. 

In recent years, research on EVs has primarily focused 

on several aspects, such as optimizing strategies 

related to electric motors, motor drives (including the 

DC-DC converter), and energy storage devices [3-5]. 

Furthermore, research has explored the design and 

sizing of powertrain components [6], optimal control 

strategies [7], applications and control strategies for 

hybrid vehicles to achieve a wide speed range [8], as 

well as aspects concerning battery chargers and grid 

charging management [9], [10], buck–boost DC/DC 

and bidirectional AC/DC converters, among other 

areas [11]. 

Electric vehicles (EVs) were introduced in the 19th 

century. However, their widespread adoption was 

hindered by factors such as high cost, limited range per 

charge, low speed, and lengthy charging times. Recent 

technological advancements have markedly enhanced 

EVs, boasting increased range per kilometer, reduced 

charging times, and higher speed capabilities. These 

improvements have rendered EVs more attractive to 
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consumers, particularly due to their zero-emission 

characteristics. Nevertheless, the introduction of EVs 

in India encounters a significant challenge posed by 

the insufficient charging infrastructure [12,13]. The 

progress of EV growth in India over the past decade is 

elaborated below [14]. 

• VIKRAM, the inaugural electric vehicle developed 

and manufactured in India, was introduced by 

Scooters India Pvt. Ltd.  

• In 1999, Mahindra Ltd. developed Bijlee, a three-

wheeler rickshaw. • In the year 2000, BHEL 

manufactured an 18-seater electric bus. 

• Starting from 2001, REVA, an electric car, was 

marketed in India by a US firm. 

 • Hero Electric bikes, developed in partnership with 

the ULTRA Motor Company, were introduced and 

sold in 2007.  

• Between 2008 and 2012, several companies, 

including Hyundai, Toyota, TATA Motors, Maruti 

Suzuki, Ashok Leyland, among others, entered the 

Indian market to stimulate the manufacture and sales 

of electric vehicles.  

• The "National Electric Mobility Mission Plan 

(NEMMP) 2020," implemented from 2012 to 2020, 

aimed to promote EVs and make sure national fuel 

security. 

Investors in electric vehicles are eagerly anticipating a 

surge in EV adoption on the streets, which they believe 

will precede significant advancements in charging 

facilities. Additionally, the general public's 

willingness to purchase EVs is heavily reliant on the 

availability of multiple charging options. 

Currently, in India, the rate of electricity required to 

charge an electric vehicle is only a small portion of the 

cost of petrol required to travel the same distance. 

However, charging multiple EVs simultaneously 

using a conventional power grid poses significant 

challenges. Hence, it's important to upgrade the power 

system by integrating energy storage and renewable 

energy sources to meet sustainable power needs. Key 

features of combining energy storage with renewable 

energy systems include ensuring a reliable energy 

supply, storing energy for future use, boosting 

efficiency, increasing the capacity of power 

generation, and maintaining stable power quality by 

reducing fluctuations. 

In an FCHEV, the primary power comes from a fuel 

cell pack, that works alongside another ESS to run the 

vehicle's electric motor. The benefit of this setup over 

traditional hybrid vehicles or those with internal 

combustion engines is that it uses an electric motor as 

an alternative to ICEs. This shift enhances efficiency 

and minimizes environmental effects. A plug-in 

hybrid electric vehicle (PHEV) includes an ICE to 

increase its driving range. An FCEV offers benefits 

such as enhanced efficiency, decreased air pollution, 

use of affordable clean energy sources, and versatility 

for different industrial uses. Electric power is 

produced by a fuel cell using hydrogen, oxygen, and 

an electrolyte in a chemical reaction. Among different 

fuel cell systems, proton exchange membrane fuel cell 

(PEMFC) technology stands out for vehicles because 

of its higher power generation density and lower heat 

production, which improves overall efficiency. 

The main drawback of employing a fuel cell in a 

vehicle is its limited ability to react to rapid changes 

quickly and efficiently in the EV's power demand [24]. 

The fuel cell stack finds it challenging to promptly 

adjust to unexpected increases or reductions in power 

demand, such as those required for acceleration. 

Furthermore, the fuel cell stack also struggles to store 

regenerative power generated during deceleration and 

braking. Therefore, an additional ESS, like a battery or 

supercapacitor bank, becomes necessary. These extra 

storage devices, with suitable capacity and quick 

response times, should be used alongside the fuel cell 

stack as auxiliary energy storage. This paper 

introduces a new electric vehicle setup managed by 

Model Predictive Control (MPC). The setup 

comprises a fuel cell, electrolyzer, and PV cell. When 

there's enough sunlight, the onboard or rooftop PV 

array can support the fuel cell in producing power. 

Additionally, when the vehicle is not in use, the PV 

system can turn the generated power into chemical 

energy using electrolyzer. The produced hydrogen can 

then be collected in a designated hydrogen tank. 

In this study, a quadratic bidirectional buck-boost 

converter is used to meet the voltage needs of the 

motor and energy sources. The motor speed is 

regulated using ANN MPC, which employs a unique 

approach for predictive torque control of AC machines 

without requiring weighting factors. An ANN 

estimator predicts the motor's speed, and the equation 

for the predicted stator current is formulated and 

adjusted according to the regulating process and ANN 

structure. To improve the accuracy of motor speed 

prediction, the weight dependent on speed in the ANN 

is adjusted using the Windrow-Hoff optimization rule. 

This reduces the sum of squared errors between the 

measured stator current and the predicted stator 
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current obtained from the ANN output. The speed 

estimation is based on the mentioned weight, 

significantly improving online speed estimation 

capabilities while maintaining a simple ANN 

structure.The quadratic bidirectional buck-boost 

converter in the system ensures a steady and enhanced 

voltage across the DC terminals of the motor's 

inverter. The proposed EV setup is tested under 

different levels of sunlight and varying speeds. Section 

2 describes the suggested EV setup, Section 3 delves 

into the fuel cell and electrolyzer, Section 4 addresses 

the indirect vector control of the induction motor, and 

Section 5 details the model predictive control and 

ANN estimation of the motor's speed. The simulation 

outcomes are outlined in Section. 

2. Electric Vehicle with Solar Onboard 

 To maintain a consistent and cost-effective power 

supply, we require energy storage solutions, despite 

potential impacts on reliability and availability. 

aHowever, each option comes with its own set of 

advantages and difficulties. Combining the benefits of 

solar energy and fuel cells in Hybrid Electric Vehicles 

can make them more efficient and reliable. Figure 1 

shows a common setup of an Electric Vehicle with 

both onboard solar and fuel cell. 

 

 

Fig 1. Onboard PV Hybrid Electric Vehicle 

 

 

Fig 2. HEV with Solar and Fuel Cell 

HEVs use DC-DC bidirectional boost-buck 

converters, which can handle power flow in both 

directions. Boost converters with high gain are gaining 

attention in power electronics research because they're 

increasingly needed in various applications. 

Conventional boost converters encounter difficulties 

in reaching a high step-up gain. Because of this, there's 

a need for converters that have both high gains and 

efficiency to overcome these limitations. One way to 

increase the voltage gains of a converter is by 

adjusting its duty cycle or increasing the turns ratio of 

the coupled inductor. However, a common problem 

with these converters is that they cause a lot of ripples 

in the input current. Quadratic converters have become 

quite popular among power electronics researchers 

because they provide a method to increase the gain of 

regular boost converters while also dealing with some 

of the drawbacks of other methods. 

2.1. Electrolyzer  

The Unipolar cell is known for being efficient with 

low maintenance needs and strong reliability. It works 

by each electrode having only one polarity, which 

leads to the production of 

𝐻 2(𝑐𝑎𝑡ℎ𝑜𝑑𝑒) 𝑜𝑟 𝑂2 (𝑎𝑛𝑜𝑑𝑒). The electrolyzer 

consists of several cells, each contained within its own 

compartments. Under typical operating conditions, the 

cell voltages range from 1.7 to 1.9 volts. The 

electrolyzer operates at temperatures below 70°C, 

which helps alleviate material constraints. 𝐻2 is 

produced with 99.9% purity, and the efficiency is 

100%, guaranteeing a high level of hydrogen 

generation. 

𝑋𝐻𝑍
=

5.18𝑒−6𝐼𝑒𝑚𝑜𝑙𝑒

𝑠
(1) 

The electricity flowing between the electrodes (𝐼𝑒) 

helps store (𝐻2) at a pressure of 3 bars in a tank. This 

stored hydrogen is used to power the motor when 

sunlight is low and is then supplied to the fuel cell 

(FC). 

2.2. Fuel cell  

The Nernst equation is a fundamental equation in 

electrochemistry that relates the electromotive force 

(EMF), or voltage, of an electrochemical cell to the 

standard electrode potential, temperature, and 

concentrations of the species involved in the redox 

reaction. The Nernst equation allows us to calculate 

the cell potential under non-standard conditions, 

considering variations in temperature and 

concentration. It demonstrates how changes in 

concentration can affect the voltage of an 
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electrochemical cell and provides insights into the 

thermodynamics of electrochemical reactions. 

𝑉𝑜 = 𝐸𝑜 +
𝑅.𝑇

2𝐹
ln (

𝑥𝐻2
𝑥𝑂2

𝑥𝐻2𝑂

)

0.5

(2) 

3. Quadratic Bidirectional Boost/Buck DC-DC 

Converter  

Figure 3 displays a diagram of the Quadratic 

Bidirectional Boost/Buck DC-DC converter [29]. This 

design differs from the typical Boost quadratic 

converter. Unlike the traditional version, this setup 

doesn't need additional passive components like 

inductors and capacitors in the power circuit. It keeps 

a steady voltage gain, which follows a quadratic 

function in both Boost and Buck modes. Using just 

one switch, the converter either charges or discharges. 

It works in two modes: Boost and Buck. In the forward 

mode, the converter operates like a Boost converter, 

transferring energy from the input to the output. Two 

IGBTs (T1 and T4) are always off, while IGBT T3 

remains on continuously. By employing PWM with a 

switching time of 𝑇𝑐, output voltage and the inner 

current for IGBT T2 are regulated. During the time 

interval ΔTs, when IGBT T2 is turned on, inductors 

L1 and L2 gradually charge with a current that rises 

continuously, transferring energy from capacitor C to 

inductor L2. On the other hand, during the time 

interval 1-ΔTs, when IGBT T2 is activated, inductors 

L1 and L2 discharge energy with a current that 

gradually diminishes. This process transfers energy 

from input to output through the inductors and the 

capacitor.  

During Boost Mode 

∆𝑉𝑖𝑛 + (1 − Δ)(𝑉𝑖𝑛 − 𝑉𝑐) = 0 (3) 

Δ𝑉𝑐 + (1 − Δ)(𝑉𝑐 − 𝑉𝑜𝑢𝑡) = 0 (4) 

Then voltage gain is given as 

𝐺 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

=
1

(1 − Δ)2
(5) 

 

Fig 3. QBBC DC-DC converter 

When working as a Buck converter, the main goal of 

the converter is to move power from the output side to 

the input side. IGBTs T2 and T3 are always 

deactivated, while T4 stays activated. By using PWM 

with a switching time of 𝑇𝑐, it regulates T1 to control 

the output voltage and inner current. During the time 

ΔTs, when T1 is switched on, the currents in inductors 

L1 and L2 rise as capacitor C releases its energy, 

transferring it to inductor L1. When T1 is turned off, 

the currents in inductors L1 and L2 decrease, and the 

energy stored in the inductors moves to capacitor C 

and goes back to the input side of the converter. 

In Buck Mode 

Δ(𝑉𝑐 − 𝑉𝑖𝑛) − (1 − Δ)𝑉𝑖𝑛 = 0 (6) 

Δ(𝑉𝑐 − 𝑉𝑜𝑢𝑡) + (1 − Δ)𝑉𝑐 = 0 (7) 

Then voltage gain is given as  

𝐺 =
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡

= Δ2 (8) 

 

Fig 4. Control Strategy for QBBC 

In Figure 3, it can see the control setup for the 

bidirectional DC-DC converter, which handles both 

buck and boost modes. The mode selection depends on 

the power flow or direction of current, allowing the 

converter to switch between buck and boost modes as 

needed. Incorporating the DC-DC converter involves 

setting up two loops: one to maintain voltage stability 

and another to control the current. This arrangement 

employs PI controllers to regulate both voltage and 

current. 

4. Indirect vector control of induction motor for 

electric vehicle 

Selecting an induction motor for the electric vehicle 

drive is due to its reliable performance in different 

conditions, simple construction, long-lasting 

durability, minimal maintenance needs, and 

reasonable commercial cost. As there are no brushes, 

friction losses are minimized, which means there are 

fewer restrictions on reaching the highest possible 

speed. This allows for an increase in maximum speed 

while still maintaining a high output of mechanical 

power. Adjusting the frequency of the input voltage 
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enables the adjustment of the motor or vehicle speed. 

When controlling the induction machine, it's essential 

to understand the position of the rotor flux linkage 

phasor 𝜆𝑟. In the phasor diagram displayed in Figure 5 

𝜆𝑟 is positioned at an angle 𝜃𝑓 relative to the stationary 

reference. Here, 𝜃𝑓 represents the field angle. Stator 

currents are converted by synchronous reference 

frame as  

[
𝑖𝑞𝑠

𝑖𝑑𝑠 
] =

2

3
[
cos 𝜃𝑓 cos (𝜃𝑓 −

2𝜋

3
) cos (𝜃𝑓 +

2𝜋

3
)

sin 𝜃𝑓 sin (𝜃𝑓 −
2𝜋

3
) sin (𝜃𝑓 +

2𝜋

3
)

] (9) 

|𝑖𝑠| = √(𝑖𝑞𝑠)
2
+ (𝑖𝑑𝑠)

2 (10) 

𝜃𝑠 = (
𝑖𝑞𝑠

𝑖𝑑𝑠

) (11) 

𝑖𝑞𝑠 is the 'q' axis current, while 𝑖𝑑𝑠 is the 'd' axis current 

in the synchronous reference frame [26]. It's important 

to note that, regardless of the chosen reference frame, 

the magnitude of the current phasor remains constant. 

The stator current 𝑖𝑠, plays a dual role in generating 

both the rotor flux, 𝜆𝑟 and the torque, 𝑇𝑒. To efficiently 

produce the rotor flux, it's crucial for the current 

component to synchronize with 𝜆𝑟. Therefore, when 

decompose the stator current phasor along 𝜆𝑟, it can 

isolate the field-producing component, 𝑖𝑓. 

The perpendicular component then becomes the 

torque-producing component, 𝑖𝑇. 

𝜆𝑟 ∝ 𝑖𝑓 (12) 

𝑇𝑒 ∝ 𝜆𝑟𝑖𝑇 ∝ 𝑖𝑓𝑖𝑇 (13) 

 

Fig 5. Phasor representation of stator and rotor 

quantities 

The components 𝑖𝑓 and 𝑖𝑇 are constant direct current 

(dc) components because there is no relative speed 

with respect to the rotor field. When viewed from the 

synchronous reference frame and the orientation of 𝜆𝑟, 

both the flux and torque-producing components of 

currents become constant direct current (dc) 

quantities, which are useful as control variables. 

However, determining the rotor flux position 

continuously isn't straightforward and requires 

continuous assessment. This field angle can be 

expressed as 

𝜃𝑓 = 𝜃𝑠𝑙 + 𝜃𝑟 (14) 

where 𝜃𝑟  is the rotor position and 𝜃𝑠𝑙 is the slip angle. 

In terms of the speeds and time, the field angle can be 

express as  

𝜃𝑓 = ∫(𝜔𝑟 + 𝜔𝑠𝑙)𝑑𝑡 = ∫(𝜔𝑠)𝑑𝑡 (15) 

Vector control schemes are divided into two main 

categories based on how they determine the current 

rotor flux position: direct and indirect vector control 

schemes. In direct vector control, the field angle can 

be determined by utilizing terminal voltages and 

currents, Hall sensors, or flux-sensing windings. 

Alternatively, another method to ascertain the rotor 

flux position involves directly measuring the rotor 

position and making a partial estimation using 

machine parameters, without considering other 

variables such as voltages and currents. This approach, 

known as indirect vector control, concentrates on a 

current source inverter, where the stator phase currents 

are used as inputs. The dynamic equations of the 

induction motor in the synchronous reference frame, 

with the rotor flux as the state variable, can be 

expressed as follows: 

𝑟𝑟𝑖𝑞𝑟 +
𝑑𝜆𝑞𝑟

𝑑𝑡
+ 𝜔𝑠𝑙𝜆𝑑𝑟 = 0 (16) 

𝑟𝑟𝑖𝑑𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
− 𝜔𝑠𝑙𝜆𝑞𝑟 = 0 (17) 

Where 

𝜔𝑠𝑙 = 𝜔𝑠 − 𝜔𝑟 (18) 

𝜆𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠 (19) 

𝜆𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠 (20) 

The rotor flux linkage, 𝜆𝑟, aligns on the direct axis for 

field orientation. This positioning simplifies the 

number of variables that must be considered. 

By positioning the d-axis with the rotor flux phasor, 

𝜆𝑟 = 𝜆𝑑𝑟 (21) 

𝜆𝑞𝑟 = 0 (22) 

𝑑𝜆𝑞𝑟

𝑑𝑡
= 0 (23) 



International Journal of Intelligent Systems and Applications in Engineering                             IJISAE, 2024, 12(18s), 571–586 |  576 

Then 

𝑟𝑟𝑖𝑞𝑟 + 𝜔𝑠𝑙𝜆𝑟 = 0 (24) 

𝑟𝑟𝑖𝑑𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
= 0 (25) 

𝑖𝑞𝑟 =
−𝐿𝑚

𝐿𝑟

𝑖𝑞𝑠 (26) 

𝑖𝑑𝑟 =
𝜆𝑟 − 𝐿𝑚𝑖𝑑𝑠

𝐿𝑟

(27) 

the rotor currents from the equations, 

𝑖𝑓 =
1

𝐿𝑚

[1 + 𝑇𝑟𝑃]𝜆𝑟 (28) 

𝜔𝑠𝑙 = −
𝑟𝑟𝑖𝑞𝑟

𝜆𝑟

=
𝐿𝑚

𝑇𝑟

𝑖𝑇
𝜆𝑟

(29) 

Where 

𝑖𝑇 = 𝑖𝑞𝑠, 𝑖𝑓 = 𝑖𝑑𝑠 , 𝑇𝑟 =
𝐿𝑟

𝑟𝑟
, 𝐾𝑡𝑒 =

4

3𝑃
(30) 

Using the substituted rotor currents, the torque can be 

expressed as: 

𝑇𝑒 =
3𝑃

4

𝐿𝑚

𝐿𝑟
(𝜆𝑑𝑟𝑖𝑞𝑠 − 𝜆𝑞𝑟𝑖𝑑𝑠) =

3𝑃

4

𝐿𝑚

𝐿𝑟
𝜆𝑑𝑟𝑖𝑞𝑠 = 𝐾𝑡𝑒𝜆𝑟𝑖𝑞𝑠(31) 

Equation (31) demonstrates that the torque is affected 

by both the rotor flux linkages, 𝜆𝑟, and the stator q-

axis current, 𝑖𝑞𝑠.Hence, the rotor flux linkage constant, 

the torque becomes dependent on the stator current. 

The stator current phasor is obtained by combining the 

stator currents along the 'd' and 'q' axes in any 

reference frame, expressed as: 

|𝑖𝑠| = √(𝑖𝑞𝑠)
2
+ (𝑖𝑑𝑠)

2 (32) 

In the indirect vector control system, the motor speed 

and input currents are measured, and this information 

is then sent back to the controller as feedback. This 

generates reference currents. In Figure 5, a PI 

controller uses the speed error as input to create the 

reference torque. This torque reference is then fine-

tuned to reduce the gap between the reference speed 

and the actual speed.To calculate the reference flux 

using the field weakening technique, it utilizes the 

motor's speed, and the expression can be stated as: 

𝜆𝑟
∗ = {

𝜆𝑏             𝑖𝑓 0 ≤ |𝜔𝑟| ≤ 𝜔𝑟𝑎𝑡𝑒𝑑  
𝜔𝑏

|𝜔𝑟|
𝜆𝑏            𝑖𝑓 𝜔𝑏 ≤ |𝜔𝑟| ≤ 𝜔𝑟(𝑚𝑎𝑥)

(33) 

 

 

Fig 6. The implementation of vector control. 

At the rated speed, the reference flux (𝜆𝑟𝑒𝑓) is equal to 

the rated flux (𝜆𝑏) multiplied by the rated rotor speed 

(𝜔𝑟). When speeds go beyond the rated speed, the 

reference flux can be decreased to sustain a consistent 

power output. 

5. Model Predictive Control 

5.1. Inverter Model 

In this study, it uses the two-level voltage source 

inverter (2L-VSI) shown in Figure 1. Despite 

producing a significant number of harmonics, this 

inverter is favoured because of its simplicity and 

versatile power conversion abilities. Each output leg 

of the 2L-VSI has only two power switches that work 

together. Figure 2 shows the eight voltage vectors 

created by the 2L-VSI. In these vectors, 𝑣0 and 𝑣7 are 

null voltage vectors, which means (𝑣𝛼 = 0; 𝑣𝛽  =  0). 

The equations for the 2L-VSI are as follows: 

𝑣𝑎 = 𝑆𝑎

𝑉𝑑𝑐

2
(34) 

𝑣𝑏 = 𝑆𝑏

𝑉𝑑𝑐

2
(35) 

𝑣𝑐 = 𝑆𝑐

𝑉𝑑𝑐

2
(36) 

The voltage in 𝛼 − 𝛽 frame can be as 

[
𝑣𝛼

𝑣𝛽
] =

2

3
𝑉𝑑𝑐 [

1 −0.5 −0.5

0 √3
2

⁄ −√3
2

⁄
] [

𝑆𝑎

𝑆𝑏

𝑆𝑐

] (37) 

5.2. Motor Model 

The mathematical model of the induction motor (IM) 

involves the state variables of stator flux (Ψs) and 

stator current (𝑖𝑠). In a stationary frame, the dynamic 

equations of the IM can be expressed as follows: 
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𝑣𝑠 = 𝑟𝑠𝑖𝑠 +
𝑑𝜆𝑠

𝑑𝑡
(38) 

0 = 𝑟𝑠𝑖𝑟 +
𝑑𝜆𝑟

𝑑𝑡
− 𝑗

𝜔𝑟

𝑝
𝜆𝑟 (39) 

𝜆𝑠 = 𝐿𝑠𝑖𝑠 + 𝐿𝑚𝑖𝑟 (40) 

𝜆𝑟 = 𝐿𝑚𝑖𝑠 + 𝐿𝑟𝑖𝑟 (41) 

𝑇 =
3

2
𝑝|𝜆𝑠⨂𝑖𝑠| (42) 

𝐽
𝑑𝜔𝑟

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 (43) 

To forecast the torque and flux, it's vital to estimate the 

stator flux (𝜆𝑠) and the rotor flux (𝜆𝑟) at the current 

sampling time (k).It can find the rotor flux by using 

the right equation that describes the rotor dynamics of 

an induction motor (IM) in a rotating reference frame 

aligned with the rotor winding. 

𝜓𝑟 + 𝜏𝑟

𝑑𝜓𝑟

𝑑𝑡
= 𝐿𝑚𝑖𝑠 (44) 

The rotor time constant 𝜏𝑟 = 𝐿𝑟/𝑅𝑟 is crucial. By 

employing the backward-Euler discretization with the 

sampling time (𝑇𝑠), the discrete-time equation for 

estimating the rotor flux is expressed as follows: 

𝜆𝑟
𝑘 = 𝐿𝑚

𝑇𝑠

𝑇𝑟

𝑖𝑠
𝑘−1 + (1 −

𝑇𝑠

𝑇𝑟

) 𝜆𝑟
𝑘−1 (45) 

The stator flux can be valued by 

𝜆𝑠
𝑘 =

𝐿𝑚

𝐿𝑟

𝜆𝑟
𝑘 + (1 −

𝐿𝑚
2

𝐿𝑠𝐿𝑟

) 𝑖𝑠
𝑘 (46) 

Now, the stator flux using the forward-Euler 

discretization:  

𝜆𝑠
𝑘+1 = 𝜆𝑠

𝑘 + 𝑇𝑠𝑣𝑠
𝑘 − 𝑇𝑠𝑅𝑠𝑖𝑠

𝑘 (47) 

the stator current using the forward-Euler 

discretization: 

𝑖𝑠
𝑘+1 = 𝐶1𝑖𝑠

𝑘 + 𝐶2𝜆𝑠
𝑘 +

𝑇𝑠

𝐿𝜎

𝑣𝑠
𝑘 (48) 

where 𝑅𝜎 = (𝑅𝑠 + (𝐿𝑚 𝐿𝑟⁄ )2𝑅𝑟) relates to the 

equivalent resistance, 𝐶1 = (1 − (𝑅𝜎𝑇𝑠 𝐿𝜎⁄ )), 𝐿𝜎 =

𝜎𝐿𝑠 is the leakage inductance of the system and 

𝐶2 =
(𝐿𝑚 𝐿𝑟⁄ )𝑇𝑠

𝐿𝜎((1 𝜏𝑟⁄ ) − 𝑗𝜔𝑘)
(49) 

Finally, expecting the torque varies on the forecasted 

values of stator flux and current, expressed as follows. 

𝑇𝑘+1 =
3

2
𝑝|𝜆𝑠

𝑘+1 ⊗ 𝑖𝑠
𝑘+1| (50) 

6. Online Artificial Neural Network Speed 

Estimator 

From mathematical modeling of induction motor  

[

𝑣𝑑𝑠

𝑣𝑞𝑠

0
0

] =

[
 
 
 
 
 
 
 
 𝑟𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
0 𝐿𝑚

𝑑

𝑑𝑡
0

0 𝑟𝑠 + 𝐿𝑠

𝑑

𝑑𝑡
0 𝐿𝑚

𝑑

𝑑𝑡

𝐿𝑠

𝑑

𝑑𝑡
𝜔𝑟𝐿𝑚 𝑟𝑟 + 𝐿𝑟

𝑑

𝑑𝑡
𝜔𝑟𝐿𝑟

−𝜔𝑟𝐿𝑚 𝐿𝑚

𝑑

𝑑𝑡
−𝜔𝑟𝐿𝑟 𝑟𝑟 + 𝐿𝑟

𝑑

𝑑𝑡]
 
 
 
 
 
 
 
 

[
 
 
 
𝑖𝑑𝑠

𝑖𝑞𝑠

𝑖𝑑𝑟

𝑖𝑞𝑟]
 
 
 
(51) 

Stator current can be estimated as 

𝑑

𝑑𝑡
[
𝑖�̂�𝑠

𝑖̂𝑞𝑠
] =

[
 
 
 −

𝑟𝑠
∗

𝐿𝜎

−𝜔𝑟

𝑟𝑟
𝐿𝜎𝐿𝑟

𝜔𝑟

𝐿𝜎

𝜔 −
𝑟𝑠

∗

𝐿𝜎

𝜔𝑟

𝐿𝜎

𝑟𝑟
𝐿𝜎𝐿𝑟]

 
 
 

[
 
 
 
 
𝑖̂𝑑𝑠

𝑖̂𝑞𝑠

�̂�𝑑𝑠

�̂�𝑞𝑠]
 
 
 
 

+
1

𝐿𝜎

[
𝑣𝑑𝑠

𝑣𝑞𝑠
] (52) 

Using the forward rectangular rule and rearranging the 

resulting equation to be suitable for ANN 

implementation, the discrete-time estimation of the 

stator current is represented as: 

[
𝑖�̂�𝑑
𝑘

𝑖�̂�𝑞
𝑘 ] = (1 −

𝑇𝑠𝑟𝑠
∗

𝐿𝜎
) [

𝑖̂𝑠𝑑
𝑘−1

𝑖̂𝑠𝑑
𝑘−1

] +
𝑇𝑠𝜔𝑟

𝐿𝜎
[
�̂�𝑠𝑑

𝑘−1

�̂�𝑠𝑞
𝑘−1] +

𝑇𝑠𝑟𝑟
𝐿𝜎𝐿𝑟

[
�̂�𝑠𝑑

𝑘−1

�̂�𝑠𝑞
𝑘−1

] +
𝑇𝑠

𝐿𝜎
[
𝑣𝑑𝑠

𝑘−1

𝑣𝑞𝑠
𝑘−1] (53) 

 

This equation can be simplified as 

 

𝑖𝑠
𝑘 = 𝑤1�⃗�1 + 𝑤2�⃗�2 + 𝑤3�⃗�3 + 𝑤4�⃗�4 (54) 

Where 𝑤1 = (1 −
𝑇𝑠𝑟𝑠

∗

𝐿𝜎
), �⃗�1 = [

𝑖̂𝑠𝑑
𝑘−1

𝑖̂𝑠𝑑
𝑘−1], 𝑤2 =

𝑇𝑠𝜔𝑟

𝐿𝜎
, �⃗�2 =

[
�̂�𝑠𝑑

𝑘−1

�̂�𝑠𝑞
𝑘−1], 𝑤3 =

𝑇𝑠𝑟𝑟

𝐿𝜎𝐿𝑟
, �⃗�3 = [

�̂�𝑠𝑑
𝑘−1

�̂�𝑠𝑞
𝑘−1], 𝑤4 =

𝑇𝑠

𝐿𝜎
 and �⃗�4 =

[
𝑣𝑑𝑠

𝑘−1

𝑣𝑞𝑠
𝑘−1] 

Equation (54) implies that the ANN consists of two 

layers—the input layer and the output layer. 

Therefore, the Widrow–Hoff learning rule is 

considered the appropriate learning procedure for this 

ANN configuration. This learning method offers a 

straightforward weight update equation, making it 

more suitable for online speed estimation compared to 

other learning methods. Therefore, the weight 𝑤2 in 

Equation (54), which includes the speed, will be 

continuously modified online using the Widrow–Hoff 

optimization. This goal is to reduce the total of squared 

differences between the actual stator current and the 

estimated stator current. The sum of squared errors at 

sampling time k is shown by the energy function: 
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𝐸 =
1

2
((𝑖𝑠𝑑

𝑘 − 𝑖̂𝑠𝑑
𝑘 )

2
+ (𝑖𝑠𝑞

𝑘 − 𝑖̂𝑠𝑞
𝑘 )

2
) (55) 

In Equation (54), only the weight 𝑤2 is updated online. 

So, the accuracy of the estimated stator current largely 

depends on how well the estimated speed converges. 

A small learning rate results in slow convergence, 

while a large learning rate speeds up convergence but 

can cause fluctuations in the estimated speed. 

Therefore, it's crucial to choose the learning rate 

carefully to ensure stability in the estimation system. 

 

Fig 7. online artificial neural network (ANN) speed 

estimator 

7. Simulink model of proposed system 

The configuration of a hybrid electric vehicle 

equipped with an onboard PV array, controlled by an 

ANN-based MPC system, is simulated using 

MATLAB/SIMULINK to assess its performance. The 

simulated system is illustrated in Figure 1. The main 

power source for the electric vehicle is primarily a fuel 

cell, with an onboard solar cell serving as a secondary 

source. Also, energy generated during braking or 

deceleration is stored in a hydrogen tank by converting 

electrical energy into chemical energy through an 

electrolyzer. 

To control motor speed, we use the indirect vector 

control technique, and then further regulate the speed 

using MPC. The MPC is adjusted specifically for 

motor speed control. An ANN is used to forecast the 

speed of the induction motor. To evaluate the 

suggested setup performance, the simulation considers 

variations in irradiation, speed, and torque.  

CASE 1: 

The evaluation of the proposed EV setup is carried out 

under changing speed conditions. The desired speed of 

the motor is increased from 100 rad/s to 120 rad/s at 

10 seconds of the simulation. Meanwhile, the 

irradiation level stays steady at 1000 W/m2, as shown 

in Figure 8.  

 

Fig 8. Irradiance of PV cells 

The motor's reference speed remains at 100 rad/s until 

the 10-seconds, after which it is increased to 120 rad/s. 

Figure 9a shows the voltage, current, and power 

generated by the PV array under constant irradiation. 

To ensure resilience against changing atmospheric 

conditions, the Incremental Conductance algorithm is 

used for the MPPT. At an irradiation level of 1000 

W/m2, the PV cell produces 2.01 kW of power. Figure 

9b shows the output voltage, current, and power of the 

PV converter. Also, Figure 10a displays the voltage, 

current, and power generated by the fuel cell, while 

figure 10b illustrates the voltage, current, and power 

of the fuel cell converter. Figure 11 illustrates the 

voltage, current, and power of the electrolyzer. 

Additionally, Figure 12(a) displays the input and 

output voltages of the QBBC converter. 

 

(a)  
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 (b) 

Fig 9. PV Cells Voltage and current (a) PV output 

voltage, current and power (b) PV converter output 

voltage, current and power 

  

(a) 

 

(b) 

Fig 10. Fuel Cell Voltage and current (a) FC output 

voltage and power (b) FC converter output voltage, 

current and power 

  

(a) 

 

(b) 

Fig 11. Electrolyzer Voltage and current (a) 

Electrolyzer voltage, current and power (b) 

Electrolyzer converter input voltage, current and 

power 

The QBBC converter transfers the input voltage from 

400V to 780V, which is crucial for the vehicle drive, 

by employing voltage and current loops. Fig 12(b) 

displays the three-phase stator currents of the motor 

with PI controller, and fig 14 demonstrates the stator 

current with the proposed ANN MPC control. 

Significantly, the THD in stator current decreases 

from 5.3% with PI control to 2.8% when adopting 

ANN MPC control for the motor. The speed and 

torque of the vehicle drive with PI control and ANN 

MPC control are shown in fig 13. The findings 

indicate that with ANN MPC control, peak overshot, 

rise time, and stability time are minimized compared 

to PI control. 
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(a) 

 

(b) 

Fig 12. (a) QBBC input voltage and output voltage 

(b) Motor Stator Currents during Starting with PI 

control 

  

(a) 

 

(b) 

Fig 13. Motor Speed and Torque (a) with PI Control 

(b) with Proposed Control 

 

Fig 14. Motor Stator Currents during Starting with 

Proposed Control 

CASE2:  

The evaluation of the proposed EV setup is carried out 

under changing irradiation conditions. In this scenario, 

the reference speed for the vehicle drive's vector 

control rises from 100 rad/sec to 120 rad/sec at the 10-

seconds. The irradiance changes as follows: it starts at 

600 W/m2, increases to 800 W/m2 at the 3rd second, 

further rises to 1000 W/m2 at the 6th second, decreases 

to 400 W/m2 at the 9th second, and then increases 

again to 900 W/m2 at the 12th second.  
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Fig 15. Irradiance of PV cells 

The changing irradiance is shown in Figure 15. Figure 

19(a) displays the input voltage and increased output 

voltage of the QBBC converter. The controlled and 

increased output voltage of the QBBC converter 

ensures that changes in the irradiance of the PV cell do 

not impact the output voltage supplied to the vehicle 

drive inverter. Figure 20 depicts the motor speed and 

torque under both PI control and the proposed control. 

Additionally, Figure 16 provides information about 

the output voltage, current, and power of the PV 

system and its boosting converter. Figure 17 displays 

the output voltage, current, and power of the fuel cell 

and its converter, while Figure 18 illustrates the 

voltage, current, and power of the electrolyzer and its 

converter. 

  

(a) 

 

(b)                                                                                             

Fig 16. PV Cells Voltage and current (a) PV output 

voltage and power (b) PV converter output voltage, 

current and power 

 

 (a) 

 

(b) 

Fig 17. Fuel Cell Voltage and current (a) FC output 

voltage and power (b) FC converter output voltage, 

current and power 
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(a) 

 

 (b) 

Fig 18. Electrolyzer Voltage and current (a) 

Electrolyzer voltage, current and power (b) 

Electrolyzer converter input voltage, current and 

power

  

(a) 

 

(b) 

Fig 19. QBBC input voltage and output voltage (b) 

Motor Stator Currents during Starting with PI control 

 

(a)

 

(b) 

   Fig 20. Motor Speed and Torque (a) with PI 

Control (b) with Proposed Control 



International Journal of Intelligent Systems and Applications in Engineering                             IJISAE, 2024, 12(18s), 571–586 |  583 

 

(a)

 

    (b) 

Fig 21. (a) QBBC input voltage and output voltage 

(b) Motor Stator Currents 

Case 3 

Under constant irradiance conditions of 1000 W/m2, 

the speed of the vehicle drive experiences the 

following variations: it rises from 30 rad/s to 50 rad/s 

at 2.5 seconds, then rises to 100 rad/s at the 5th second, 

further climbs to 120 rad/s at the 7.5 second, then 

reaches 150 rad/s at the 10th second, subsequently 

drops to 100 rad/s at the 12.5 second, decreases to 70 

rad/s at the 15th second, and finally reduces to 50 rad/s 

at the 17.5 second. Figure 21(a) depicts the input and 

output voltages of the QBBC converter. Ensuring that 

the converter's output voltage stays at 780V is a 

critical requirement for the vehicle drive inverter. 

Figure 21 illustrates the motor speed and torque for 

both PI control and the proposed control approach. 

Figure 23(a) shows the output voltage, current, and 

power of the PV cell, while Figure 23(b) illustrates the 

output voltage, current, and power of the fuel cell. 

Motor active and reactive power are depicted in Figure 

24. 

 

(a) 

 

 (b) 

Fig 22. Motor Speed and Torque (a) with PI control 

(b) with proposed control 

 

(a) 
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(b) 

Fig 23. (a) PV converter output voltage, current and 

power, (b) FC converter output voltage, current and 

power 

 

Fig 24. Motor Input active and reactive power with 

proposed control 

CASE4:  

In this, it considers a sudden change in speed and 

varying load torque. The reference speed is initially 

increased from 100 rad/sec to 150 rad/sec at the 10-

second mark. Simultaneously, the load torque 

experiences variations. It increased from 50 Nm to 100 

Nm at 2.5 seconds, further raised to 200 Nm at the 5th 

second, followed by a decrease to 180 Nm at 7.5 

seconds, and then to 150 Nm at the 10th second. Then, 

the load torque steadily decreases to 120 Nm at the 

12.5-second mark, further dropping to 70 Nm at the 

15th second, and ultimately reaching 50 Nm at the 

17.5-second mark. The speed and torque of the vehicle 

drive are visually depicted in Figure 25(a). Figure 

25(b) shows the output voltage, current, and power of 

the PV cell, while Figure 26(a) illustrates the 

corresponding data for the fuel cell. The performance 

of motor active and reactive power is depicted in 

Figure 27. 

 

(a) 

 

(b) 

Fig 25. (a) Motor Speed and Torque. (b) PV 

converter output voltage, current and power 

 

(a) 
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(b) 

Fig 26. (a) FC converter output voltage, current and 

power, (b) Motor Input active and reactive power 

7. Conclusion  

This paper introduces an EV configuration featuring 

an innovative ANN Model Predictive Control (MPC) 

system. The setup combines a fuel cell, electrolyzer, 

and a PV cell on board. The on-board PV cell serves 

to complement the fuel cell by providing additional 

power when there is abundant irradiation to generate 

energy. Electrical energy is converted into chemical 

energy through an electrolyzer. A Quadratic 

Bidirectional Buck/Boost Converter is used to match 

the source voltage with the DC side voltage of the 

inverter in the vehicle drive. The PV system improves 

power extraction from the PV panel by utilizing the 

Incremental Conductance MPPT algorithm. The 

QBBC converters include an external voltage and 

internal current control loop to regulate and increase 

the voltage supplied by the sources. The motor speed 

is controlled using the innovative ANN MPC strategy, 

which eliminates the need for weighting factors. 

Additionally, this paper introduces a novel approach 

for predictive torque control of AC machines, 

deviating from traditional methods that rely on 

weighting factors. The motor speed is estimated using 

an ANN estimator. The equation for predicting the 

stator current is defined and adjusted based on the 

control procedure and the construction of the ANN 

accordingly. To assess the performance of the 

suggested configuration, simulations were conducted, 

considering changes in the reference speed and 

variations in irradiation. The simulation results show 

that the motor's reference speed is effectively tracked. 

In comparison to the conventional PI controller, the 

ANN MPC approach to enhances speed tracking 

concerning peak overshoot, rise time, and steady-state 

error. 
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