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ABSTRACT

Growing concerns about environmental issues are leading many countries to take steps that allow
for rational use of energy and a sustainable future. Improving system efficiency and the use of
renewable resources are some of the issues that need to be addressed in order to reduce
emissions. That is why the flow of electricity is attracting the attention of companies, countries
and research teams, as an important step in addressing the negative effects of current energy use.
With the growing popularity of electric vehicle technology it is also important to address the
charging and equipment requirements.

The combination of solar power and electric vehicle (EV) is key to greatly reducing our
dependence on fossil fuels. Electricity comes from a variety of sources and it is important that
electric vehicles are powered by renewable energy. Electric cars are becoming more popular and
in the coming years we expect that almost anyone who owns a solar power system will install a
solar charging station at home. Solar-powered electric cars in the interior building are also
important for a sustainable future. Being able to transfer electricity from everyday cars or home
systems to the grid can help support future energy needs.

This thesis focuses on the symbiotic relationship between individual solar systems and solar
powered vehicles and the power grid. It proposes bi-directional charging system that could take
energy from the grid to charge the vehicle as well as transfer excess power back to the grid to
help out the electricity demands. If such a system is implemented on a large scale with every
individual solar vehicle owner using their excess power generated in their vehicles to power the
grid, then solar vehicles could become a major power source for the power grids. The proposed
system is simulated in MATLAB Simulink and artificial intelligence is used to improve system
performance of such a system. Both artificial neural network control and traditional control and
then compared and plotted.
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Chapter 1

Introduction

Electric Vehicles (EVs) currently make up a small percentage of vehicles sold around the world.
But with growing concerns of global warming and depleting crude oil reserves resulting in
increasing fuel prices have increased the demand for EVs. Many new vehicle buyers are
considering EVs as their next purchase but many people have concerns about prices, charging
and range of the vehicle. Fortunately, as EV technology is getting better everyday, the cost of
EVs is dropping along with an increase in range and battery capacities, as well as lower
maintenance cost. EVs are looking much more attractive to regular buyers, especially ones with
rooftop solar. Being able to charge the vehicle through rooftop solar has increased the battery life
and range of EVs significantly. Charging your own solar generated electricity can remove the
fuel cost entirely. But that poses another challenge for EV owners.

The ability to charge EVs from solar as well as through the grid could help eliminate this
problem. Being able to charge the EV from the grid along with the rooftop solar allows EV users
a more sustainable way to power their vehicles in case of lack of sunlight or other factors which
deter the working of rooftop solar. This also opens the possibility for EV users to transfer the
excess energy back to the grid using bi-directional chargers, and by doing so grid owners or local
governing bodies could offer ‘financial benefits or reduction in electricity bills’ as a return and
hence creating a sustainable environment which benefits both the grid and EV users.
Bi-directional charging can be implemented to create a symbiotic relationship between the EV
owners and the grid.

Bi-directional charging uses complex power electronic circuits which could cause instabilities in
the system and hence the grid. Hence, it is very crucial to address the instabilities to maintain
grid performance and power quality. With increase in artificial intelligence technologies, it is
possible to improve system performance without incurring high equipment and logistics costs.
Artificial neural network based control systems can achieve system goals faster and more
efficiently compared to traditional controllers like PI, PD or PID.
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1.1 Introduction

With global warming on rise, it is important to find sustainable alternatives to generate electricity
for current as well as future electricity demands. Solar energy offers an excellent renewable
alternate source of energy. Hence, to utilize solar power to its highest potential and efficiency is
also very crucial to not waste any resources. Moreover, with the increasing amount of
greenhouse gasses in the environment due to vehicle pollution is also alarming. Electric vehicles
with in-build solar module systems offer the best solution to both the problems. Electric vehicles
can be used as a power source for the main grid if everyone with a solar vehicle with excess
power start transferring power back into the grid or use their excess power to power their homes
or offices. This would allow for a sustainable environment for current as well as future power
needs.

1.1.1 Related Work
In order to provide the benefits of a green energy economy, renewable energy resources are
available great interest in intelligent grid technology that includes efficient distributed production
communication and control. [1] Another function has been introduced in the automotive
technology to the grid that allows for a double flow of energy between the electric car battery
and the power grid. This allows for high load shaving, load production, power control and
performance improvement of the power system. Implementing car-to-grid technology requires a
dedicated electric car battery charger, which allows for double-directional flow of power
between the power grid and the electric car battery.

[2] developed a dual-powered battery charger for electric vehicles (EVs) for Grid-to-Vehicle
(G2V), Vehicle-to-Grid (V2G), and Vehicle-to-Home (V2H) technology. During the G2V
operating mode the batteries are charged from the power grid with the current sinusoidal power
feature and power unit. During V2G operating mode the energy stored in batteries can be
restored to the power grid which contributes to the performance of the power system. In V2H
operating mode batteries stored in batteries can be used to supply home loads during power
outages, or to provide loads in areas without connecting to the power grid.

There is study [3] & [4] on EMC and the impact of the charging process on the grid connection
and power electronics. [5] various developments in technologies related to EVs, PHEVs and
infrastructure, such as wiring harnesses, connectors, communication units and electric power
converters. There is an increase in research in [6] AI technology and Neural network based
controllers [7] in the power sector for power system performance and power quality.
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1.1.2 Thesis Objective
The main objective of this thesis is to provide a stable and efficient system for bi-directional
charging for solar electric vehicles so on large scale they could be used to power the grids of the
future. This thesis proposes a bi-directional charging system for single phase as well as three
phase grids. The key contributions of this thesis is design and implementation of bi-directional
charging systems in single phase and three phase systems and design and modeling of artificial
neural network based controllers to improve system performance.

1.1.3 Scope of Work
The proposed work is the conceptual model on the present and future requirements regarding
meeting power demand using renewable sources of energy and promoting use of EVs for utilities
advantage. This thesis provides a review of bi-directional charging systems for solar EVs to
power the grid. The key contributions include proposed ideas for using excess solar energy from
EVs, designing of bi-directional converters, modeling and designing of bi-directional charging
systems and introducing artificial neural networks in control schemes to improve performance
and system performance.

1.2 Bi-Directional Charger

A bi-directional charger is capable of charging and discharging energy from the EV. It can either
pull the power from the grid and charge the vehicle or it can transfer power from the vehicle to
the grid. Unlike standard EV chargers, which charge using AC power from the grid,
bi-directional chargers are far more sophisticated and involve complex power electronics to
manage the energy flow from grid to vehicle and vice versa. Bi-directional charger consists of
converters that transform DC power from the vehicle battery to AC power and AC power from
the grid to DC power.

EVs with bidirectional charging capability can be used to power a home, feed energy back into
the electricity grid and even provide backup power in the event of a blackout or emergency.
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Figure 1.1: Schematic of Bi-directional EV charger

1.2.1 Types of Bi-Directional Charging

Bi-directional chargers can be used in various applications depending on needs and capabilities
of the system:

● Vehicle-to-grid (V2G):
Energy is exported from the battery to support the grid. This involves vehicles
communicating with the power utilities and supplying power as needed. This can be a
critical component for the power grid of the future. As it enables solar EVs to provide
energy to the grid and could be a key source of power for the grid if multiple such
vehicles are used together. It promotes the use of renewable sources of energy and
reduces greenhouse gas emission.

● Vehicle-to-Home (V2H):
A rooftop solar EV can provide power to a home or office and help out during power
outages. Also households or offices could save money if they use EV’s power source
during the peak demand hours and charge the battery when electricity rates are lower.

● Vehicle-to-Load (V2L)
Vehicle to load applications could have vehicles with in-build converters that could
convert the DC voltage from battery to AC power so that vehicle could be plugged into
loads.
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● Vehicle-to-Vehicle (V2V)
EVs have limited range on how far they could travel between charges. V2V charging
allows one EV to charge another EV that is in need of charge. This could help overcome
the range anxiety of EV users.

1.2.2 Circuit Diagram

Following is the circuit diagram for the bi-directional converter.

Figure 1.2: Bi-Directional Converter circuit diagram

This consists of an active rectifier (Bidirectional AC-DC converter) on the grid side which
converts the AC voltage to DC and maintain constant voltage across the DC Bus and a
Buck-Boost converter (Bidirectional isolated DC-DC converter) on the battery side used to
control the battery current during charging and discharging operation. Both the converters are
controlled using the waveforms from the PWM generator. [6]
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1.3 Converter Design

In order to design each component for the converter, value of duty cycle, internal switch rating,
input and output capacitance and inductance must be prepared. Following are the given
parameters of the system for converter design based on the choice of microcontroller:

Table 1.1: System Parameters

Description Parameter

Input voltage range Vi(min) to VIM

Output voltage Vo

Maximum output current IOM

Allowed current ripple I(L1)(pp)

Forward voltage drop of rectifier diode Vf

Switching frequency f(SW)

1.3.1  Calculate Duty Cycle

First step is to calculate the steady state duty cycle for the inductive converters. This can be
calculated from inductor and capacitor charge balance. For a robust design it is recommended to
derive the duty cycle for the worst case scenario. For inverting buck-boost converters, it is
maximum duty cycle (D) at minimum input voltage. Its is specified as:

(1.1)𝐷 =  − 𝑉𝑜  + 𝑉𝑓
−𝑉𝑜 + 𝑉𝑓 + 𝑉𝑖(𝑚𝑖𝑛)

Rearranging Equation (2.1) provides the DC conversion ratio Vo / Vi

(1.2)
𝑉𝑜
𝑉𝑖  =  − 𝐷

1 − 𝐷
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1.3.2 Internal Switch (S1)

It is important to evaluate the rating for internal switch (S1) i.e. if it can withstand the output
current. The minimum switching current limit (I(SW)min ) of the internal switch (S1) must be
higher or equal to the maximum switching current (I(SW)M ) that is defined as:

(1.3)𝐼
(𝑆𝑊)𝑀

 =  𝐼
𝑂𝑀

 ×
𝑉

𝐼(𝑚𝑖𝑛)
 + 𝑉

𝑓
 − 𝑉

𝑜

𝑉
𝐼(𝑚𝑖𝑛)

 +  
𝐼

(𝐿1)(𝑝𝑝)

2

Maximum output current IOM that converter can achieve can be calculated by rearranging (2.3)
as:

(1.4)𝐼
𝑂𝑀

 =  (
𝑉

𝐼(𝑚𝑖𝑛)
 

𝑉
𝐼(𝑚𝑖𝑛)

 + 𝑉
𝑓
 − 𝑉

𝑜
) (𝐼

(𝑆𝑊)𝑚𝑖𝑛
+

𝐼
(𝐿1)(𝑝𝑝)

2 )

The maximum voltage the switch (S1) can withstand is V(SW)M and can be derived as:

(1.5)𝑉
(𝑆𝑊)𝑀

 =  𝑉
𝐼𝑀

 + 𝑉
𝑓
 +  𝑉

𝑜

1.3.3 Selecting the Inductor

The required value of the inductance (L1) can be estimated using:

(1.6)𝐿
1
 =  

𝑉
𝐼
 𝐷

𝐼
(𝐿1)(𝑝𝑝)

 𝑓
𝑆𝑊

The average inductor current I(L1)avg is calculated by:

(1.7)𝐼
(𝐿1)𝑎𝑣𝑔

 =  
𝐼

𝑂
 

1 − 𝐷
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1.3.4 Selecting the Capacitor

The input and output currents are pulsed in this converter. The choice of input and output
capacitance values is very important to ensure system performance [7]. When choosing
capacitance, DC Bias effect should be taken into account as capacitance of ceramic capacitors
decreases with applied voltage. It's also recommended to choose capacitors with Equivalent
Series Resistance (ESR) to be low ( <10 mΩ) as higher value of equivalent series resistance of
the capacitor (ESR) increases the input voltage drop.

(a) Input Capacitor

The input capacitor is required to store the input voltage during discharging of the inductor. If the
input voltage drop shall not be bigger than VI (pp) , the minimum effective value for the capacitor
CI (min) can be estimated with:

(1.9)𝐶
𝐼 (𝑚𝑖𝑛)

 =  
𝐼

(𝐿1)𝑎𝑣𝑔 
× 𝐷

𝑓
𝑆𝑊 

× [ 𝑉
𝐼(𝑝𝑝)

 − (𝐼
(𝐿1)(𝑝𝑝)

 × 𝐸𝑆𝑅
𝐶1

)]

(b) Output Capacitor

The output current is discontinuous so the output capacitor is required to supply power to load
during charging of the inductor. The output voltage ripple VO (pp) can be estimated by:

+ (1.10)𝑉
𝑂(𝑝𝑝)

 =  
𝐼

𝑂
 𝐷

 𝑓
𝑆𝑊

 𝐶
𝑂

 +  ( 
𝐼

𝑂
 

1 − 𝐷  
𝐼

(𝐿1)(𝑝𝑝)
 

2 ) × 𝐸𝑆𝑅
𝐶𝑂

The minimum required capacitance CO (min) at an output voltage ripple requirement of VO(pp)

given by:

(1.11)𝐶
𝑂(𝑚𝑖𝑛)

 =  
𝐼

𝑂
 𝐷

 𝑓
𝑆𝑊

 × [  𝑉
𝑂(𝑝𝑝)

 − (
𝐼

𝑂
 

1 − 𝐷  +  
𝐼

(𝐿1)(𝑝𝑝)
 

2 )×𝐸𝑆𝑅
𝐶𝑂

]
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1.3.5 Calculation for given system

Battery and given system parameters are in the following table:

Table 2.2: Given System Parameters

Description Parameter

Nominal Input voltage range VI = 160V

Output voltage VO = -230V

Forward voltage drop of rectifier diode Vf = 0.7V

Allowed inductor current ripple 10µH

Equivalent Series Resistor (ESR) 5mΩ

Switching frequency 10KHz

Table 2.3: Calculated Converter Design Parameters

Description Parameter

Maximum Duty Cycle (D) 𝐷 = −(−230)  + 0.7
−(−230) + 0.7 + 150 =  0. 60

DC Conversion Ratio
(Vo/VI)

𝑉𝑜
𝑉𝑖  =  − 0.6

1 − 0.6 =  − 1. 5

Maximum Output Current = 27.6A𝐼
𝑂𝑀

 =  ( 150 
150 + 0.7 − (−230) ) (65 + 12

2 )

Inductance (L1) =𝐿
1
 =  

𝑉
𝐼
 𝐷

𝐼
(𝐿1)(𝑝𝑝)

 𝑓
𝑆𝑊

160*0.6

4.8×103 = 20𝑚𝐻

Minimum Input Capacitance
(CI(min)) µF𝐶

𝐼 (𝑚𝑖𝑛)
 =  

𝐼
(𝐿1)𝑎𝑣𝑔 

× 0.6

103× [ (−160) − (4.8 × 5×10−3)]
=  5600
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1.4 Photovoltaic Module (PV)

The PV module [9] used for simulations have following specifications:

Table 3.1: Photovoltaic module parameters

Description Parameter

Module 1 Soltech 1STH-215-P

Rated Power 215W

Cells per module (Ncells) 60

Voltage at maximum power point (VMP) 29V

Current at maximum power point (IMP) 7.35A

Total number parallel strings 1

Series connected modules per string 10

Temperature coefficient of VOC -0.36(% / deg.C)

The PV module’s power output changes along with the irradiance and temperature of the
module. The simulations are done at constant temperature and irradiance.

Table 3.2: Temperature and irradiance of PV module for simulations

Description Parameter

Irradiance 1000 W/m2

Temperature 25 deg.C

Following is the plot for power (W) and current (A) vs voltage (V) for different irradiance values
i.e. [1000 W/m2 , 500 W/m2 , 100 W/m2 ]. Maximum power point (MPPT) is marked for each
irradiance value.
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.

Figure 1.3: Power(W) and Current(A) vs Voltage(V) plot for different irradiance values

From the above plot we can observe that power output of PV modules is a function of
temperature and irradiance. Hence, for the simulations temperature and irradiance are kept
constant for initial simulations.

1.5 Electric Vehicle (EV)

EV is represented by a Lithium ion battery in all the simulations. Following are the parameters of
the battery:

Table 3.3: Electric vehicle battery parameters

Description Parameter

Nominal Voltage 160V

Rated Capacity 120 Ah

Full charge voltage 186V
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Capacity at Nominal voltage 108.5V

Initial state of the charge 50%

Discharge characteristics of the battery[15] is given by following plot:

Figure 1.4: Battery discharge characteristics

1.6 Conclusion

For bi-directional converter design:
Nominal Input voltage range = 160V
Output voltage  = -230V
Forward voltage drop of rectifier diode = 0.7V
Allowed inductor current ripple = 10µH
Equivalent Series Resistor (ESR)  = 5mΩ
Switching frequency = 10KHz

Maximum Duty Cycle (D) = 0.60
DC Conversion Ratio (Vo/VI) = -1.5
Maximum Output Current = 27.6A
Inductance (L1) = 20mH
Minimum Input Capacitance (CI(min)) = 5600µF
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Specifications of PV array
Module = 1 Soltech 1STH-215-P
Rated Power = 215W
Cells per module (Ncells) = 60
Voltage at maximum power point (VMP) = 29V
Current at maximum power point (IMP) = 7.35A
Total number parallel strings = 1
Series connected modules per string = 10
Temperature coefficient of VOC  = -0.36(% / deg.C)

Electric Vehicle battery specifications
Nominal Voltage = 160V
Rated Capacity = 120 Ah
Full charge voltage = 186V
Capacity at Nominal voltage = 108.5V
Initial state of the charge = 50%
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Chapter 2

Single Phase Operation

Bi-directional charging system can be used for single phase grids. EMI Filters, or
electromagnetic interference filters, also called RFI Filters or radio-frequency interference filters,
are used to mitigate the high frequency electromagnetic noise present on the power and signal
lines. AC-DC converter is implemented on grid side after filtering for electromagnetic noise.
High-volume capacitance [16] is required to buffer the power difference between the input and
output ports in single phase grid-connected photovoltaic inverters, which become an obstacle to
high system efficiency and long system's lifetime. [17] presented methods, which addressed the
existing dc-link double-line-frequency voltage ripples in single-phase grid-connected PV
inverters. DC-DC buck boost converter is used on the vehicle side to change DC voltage from
solar PV or from the grid.

Following block diagram gives an overview of system configuration.

Figure 2.1: Single Phase Operation block diagram

2.1 Control Scheme

The control scheme for single phase operation consists of two parts. First is the PWM generation
for gate control of AC-DC converter and second is for PWM generation for gate control of
DC-DC buck boost converter. To synchronize the photovoltaic system output and the AC grid a
PLL (phase-locked loop) was implemented, carrying out the angle detection in the grid. PID
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controllers are used for error detection and correction and the final signal is fed to the PWM
generator.

Following is the basic block diagram overview for AC-DC converter control:

Figure 2.2: Basic block diagram for AC-DC converter control

The controller takes inputs as VDC which is compared against a reference voltage using a PI
controller. Then the power angle of active component of power is multiplied giving :

(2.1)𝑒(𝑡) =  (𝑉
𝑑𝑐

 − 𝑉
𝑟𝑒𝑓

) 

Figure 2.3: Plot of Vdc + Vref
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(2.2)𝐶(𝑡) =   𝐾
𝑝
𝑒(𝑡) + 𝐾

𝑖
∫ 𝑒(𝑡)𝑑𝑡  

(2.3)𝐶(𝑡) =   0. 18𝑒(𝑡) + 20∫ 𝑒(𝑡)𝑑𝑡  

Figure 2.4: Plot of PID output: C(t)

Following is the plot of C(t)sinθ i.e. PID output multiplied by active power component angle

Figure 2.5: Plot of C(t)sinθ

(2.4)𝐴(𝑡) =  𝐶(𝑡)𝑠𝑖𝑛θ −  𝐼
𝑖𝑛𝑣
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(2.5)𝐵(𝑡) =   10𝐴(𝑡) + 100𝐴(𝑡) ∫ 𝐴(𝑡)𝑑𝑡 − 200π𝑓 𝑑𝐴(𝑡)
𝑑𝑡

And finally B(t) is added with grid voltage and fed to the PWM generator:

(2.6)𝑈(𝑡) =  𝐵(𝑡) +  𝑉
𝐺𝑅𝐼𝐷

PWM generator for AC-DC converter is plotted in following graph:

Figure 2.6: AC-DC converter PWM output

Following is the complete block diagram for AC-DC converter control system:
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Figure 2.7: Control diagram for AC-DC converter

For DC-DC Buck Boost converter control, Battery current is compared with a reference current
and error is calculated using a PI controller and output signal is fed to a PWM generator. PWM
output is used for Buck mode and inverted for Boost mode.

(2.1)𝑟(𝑡) =  (𝐼
𝑏𝑎𝑡

 − 𝐼
𝑟𝑒𝑓

) 

Figure 2.8: Plot of sum of battery current and reference current
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(2.2)𝑈(𝑡) =   𝐾
𝑝
𝑟(𝑡) + 𝐾

𝑖
∫ 𝑟(𝑡)𝑑𝑡  

(2.3)𝑈(𝑡) =   0. 0005𝑟(𝑡) + 10∫ 𝑟(𝑡)𝑑𝑡  

Figure 2.9: Plot of PI output: U(t)

Following is the complete control diagram for DC-DC buck boost converter:

Figure 2.10: Control diagram for DC-DC Buck Boost converter
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2.2 Simulation

Single phase operation of EV with PV modules in Vehicle-to-Grid (V2G) and Grid-to-Vehicle
(G2V) modes is demonstrated in the simulation. Battery reference current can be changed to
switch between the modes. Grid is connected to the EV battery via a bi-directional charging
circuit.

Figure 2.11: Single phase V2G and G2V MATLAB Simulink simulation
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The simulation is in G2V mode and then switches to V2G mode at 1s. Power transfer from grid
to battery and vice versa can be observed by grid voltage and grid current being in and out of
phase respectively.

Figure 2.12: Grid voltage and Grid current

The system is in G2V mode. Hence, grid voltage and current are in phase with each other
implying power transfer from grid to the battery.

Figure 2.13: Grid voltage and current during G2V operation
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The system is in V2G mode. Hence, grid voltage and current are out of phase with each other
implying power transfer from battery to the grid.

Figure 2.14: Grid voltage and current during G2V operation

State of charge (SOC) is the current level of charge relative to its capacity. SOC increases when
the system is in G2V mode since power is transferred to the battery and decreases during V2G
mode as battery is transferring power to the grid.

Figure 2.15: SOC % of the battery in single phase operation
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VDC across the converter of bi-directional during simulation switching from G2V mode to V2G
mode.

Figure 2.16: VDC during simulation

Battery current and battery voltage is represented by the following plot. The battery voltage
increases during G2V and battery current is negative. The battery voltage decreases during V2G
and battery current is positive.

Figure 2.17: Battery current and Battery voltage
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2.3 Conclusion

Single phase b-directional converter for solar EV is designed for both G2V and V2G operations
and following parameter have observed:

EV Battery steady state current during G2V mode = -16.2 A
EV Battery steady state current during V2G mode = 16.3 A

EV Battery steady state voltage during G2V mode = 172.64 V
EV Battery steady state voltage during V2V mode = 171.93 V

Steady state VDC voltage ripple = 5V

% SOC increase after 1s of operation in G2V mode = 0.0027%
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Chapter 3

Three Phase Operation

The system can be used for three phase operation with a 3-phase grid. The 3-phase grid is
connected to the bi-directional converter using an EMI filter (Electromagnetic Interference
filter), to mitigate the high frequency electromagnetic noise present in the 3-phase power line.
EMI filter is connected with the AC-DC converter which converts the 415V 3-phase AC voltage
into DC voltage. The DC link is connected with a DC-DC buck boost converter to change the
power from the grid or from the EV battery. The EV battery is connected to a rooftop solar array
through a DC-DC buck converter.

Figure 3.1: Overview of three phase operation

3.1 Clark and Park transforms

Clarke and Park transforms[18] are commonly used in field-oriented control of three-phase AC
machines. The Clarke transform converts the time domain components of a three-phase system
(in abc frame) to two components in an orthogonal stationary frame (αβ). The Park transform
converts the two components in the αβ frame to an orthogonal rotating reference frame (dq).

Table 3.1: Clark and Park transformations
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Vabc of the 3-phase 415V grid is given by following graph:

Figure 3.2: Vabc of the 3-phase 415V grid

Alpha-beta zero transform can be used in phase-locked loop (PLL) for synchronization purposes.
3-phase Grid Vabc is converted to alpha and beta using Clark transforms which is given as:
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Figure 3.3: alpha-beta transform of Grid Vabc

3-phase Grid Vabc is converted to dq0 using Park transforms which is given as:

Figure 3.4: dq0 transform of Grid Vabc
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3.2 Control Scheme

The control scheme for three phase operation consists of two parts. First is the PWM generation
for gate control of AC-DC converter and second is for PWM generation for gate control of
DC-DC buck boost converter. To synchronize the photovoltaic system output and the AC grid a
PLL (phase-locked loop) was implemented, carrying out the angle detection in the grid. PID
controllers are used for error detection and correction and the final signal is fed to the PWM
generator.

Three-phase Vabc is converted to dq0 parameters. The abc to dq0 block uses the Park conversion
to convert a three-phase (abc) signal into a rotating reference frame for dq0. The angular area of
  the rotating frame is given input ωt. This allows for easy control of the section. The dq0 to abc
block uses the opposite Park modification to convert the dq0 rotating reference frame into a
three-phase (abc) signal. The angular position of the rotating frame is given to the input ωt, on
the rad. When the orientation of the rotating frame ωt = 0 is 90 degrees after the phase A axis,
successive signal with Mag = 1 and Category = 0 degrees produces the following dq values: d =
1, q = 0. [19]

Figure 3.5: Control scheme overview for 3-phase AC-DC converter
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Vabc is transformed into alpha beta using Clark transforms and into dq0 using Park transforms.
Alphabeta transform is used to calculate ωt using PLL.

Figure 3.6: Phase locked loop overview

Vabc and IRYB are transformed into dq0 using Park transforms into VD , VQ and ID , IQ respectively.
AC-DC converter control has two parts, voltage control and current control. Both of them take
dq0 transformed inputs which are later combined and transformed into abc form using the angle
from PLL to maintain synchronization.

3.2.1 Voltage control for AC-DC converter
For voltage control for AC-DC 3-phase converter:

(3.1)𝑒(𝑡) =  (𝑉
𝑑𝑐

 − 𝑉
𝑟𝑒𝑓

) 
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Figure 3.7: e(t) plot

(3.2)𝑟(𝑡) = [ 𝐾
𝑝
𝑒(𝑡) + 𝐾

𝑖
∫ 𝑒(𝑡)𝑑𝑡] + 𝐼

𝐷
 

(3.3)𝑟(𝑡) = [ 0. 5𝑒(𝑡) + 5∫ 𝑒(𝑡)𝑑𝑡] + 𝐼
𝐷

 

(3.4)𝐴(𝑡) = [ 𝐾
𝑝
𝑟(𝑡) + 𝐾

𝑖
∫ 𝑟(𝑡)𝑑𝑡] + 2π𝑓𝐼

𝑄
+ 𝑉

𝐷
 

(3.5)𝐴(𝑡) = [ 25𝑟(𝑡) + 500∫ 𝑟(𝑡)𝑑𝑡] + 2 * 10−3π𝐼
𝑄

+ 𝑉
𝐷

 

Figure 3.8: r(t) and A(t) plot

(3.6)𝑈(𝑡) =  2𝐴(𝑡)
𝑉

𝐷𝐶
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Figure 3.9: Voltage control for AC-DC 3-phase converter

3.2.2 Current control for AC-DC converter
For current control for AC-DC 3-phase converter:

(3.7)𝑠(𝑡) =  (𝐼
𝑄

 − 𝐼
𝑟𝑒𝑓

) 

Figure 3.10: s(t) plot

(3.4)𝐶(𝑡) = [ 𝐾
𝑝
𝑠(𝑡) + 𝐾

𝑖
∫ 𝑠(𝑡)𝑑𝑡] + 2π𝑓𝐼

𝐷
+ 𝑉

𝑄
 

(3.5)𝐶(𝑡) = [ 25𝑠(𝑡) + 500∫ 𝑟(𝑡)𝑑𝑡] + 2 * 10−3π𝐼
𝐷

+ 𝑉
𝑄
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Figure 3.11: C(t) output plot

(3.6)𝑉(𝑡) =  2𝐶(𝑡)
𝑉

𝐷𝐶

Figure 3.12: Current control for AC-DC 3-phase converter
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Control for the DC-DC converter is the same single phase operation. Following is the complete
control diagram for DC-DC buck boost converter:

Figure 3.13: Control diagram for DC-DC Buck Boost converter

3.3 Simulation

The MATLAB simulation of three phase bi-directional operation is as follows:

Figure 3.14: Three-Phase V2G and G2V MATLAB Simulation
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Three phase grid is represented by a 415V 3-phase AC source. EV is represented by a 360V
Lithium-ion battery. The system starts in G2V mode and switches over to V2G mode after 1s.

The power transfer can be observed from the active and reactive power plot of the grid. Active
power is negative for G2V mode and becomes positive during V2G mode.

Figure 3.15: Power plot of 3-phase grid

State of charge (SOC) of the EV battery changes with the operation mode of the system. It
increases in G2V mode and decreases in V2G mode.
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Figure 3.16: SOC(%) of the EV battery in 3-phase operation

The voltage across the DC link (VDC) returns back to reference voltage at steady state during
3-phase system operation

Figure 3.17: VDC plot for 3-phase operation
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EV Battery voltage increases during G2V operation and battery current is negative. EV Battery
voltage decreases during V2G operation and battery current is positive.

Figure 3.18: EV Battery voltage and current during 3-phase operation

3.5. Conclusion

The Bi-directional charging system is successfully demonstrated in both G2V and V2G operation
for three-phase system. Charging and discharging of the battery can be observed represented by
increase and decrease in battery voltage and change in the active power component of the grid.
Following parameters are observed during the operation:

EV Battery steady state average current during G2V mode = - 33A
EV Battery steady state average current during V2G mode = 27 A

EV Battery steady state average voltage during G2V mode = 390.2 V
EV Battery steady state average voltage during V2V mode = 385.3 V

Steady state VDC voltage ripple = 0.3V
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% SOC increase after 1s of operation in G2V mode = 0.0082%

Average active power in steady during G2V mode = -1.21x104 W
Average active power in steady during V2G mode = 1.34x104 W
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Chapter 4

Improving system performance with
ANN

The system was designed to have constant irradiance and temperature values for the PV module.
Introducing real world values to the system causes system instability which can be observed in
increase in ripples in VDC and increase in time required to achieve steady state. This could be
addressed by fine tuning the PID controllers to some extent but due to the unpredictable nature of
the sun and various other environmental factors, it is very difficult to tune the controller for every
single outcome.

In order to expand the robustness and adaptive capabilities of the system, Artificial Neural
Networks (ANNs) are employed [11]. Artificial neural networks (ANNs) use learning algorithms
that can independently make adjustments as they receive new input [12]. This makes them a very
effective tool for non-linear statistical data modeling.

4.1. Artificial Neural Network (ANN)

Artificial Neural Networks (ANN) are derived from the structure of the brain. Similar to the
brain that has neurons interconnected to each other to relay information, artificial neural
networks also have neurons that interconnect each other and relay information[25].
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Figure 4.1: Artificial Neural Network overview

Artificial Neural Network primarily consists three types of layers:

Input Layer: It accepts the data as input and number of neurons it has is based around the
number of inputs.

Hidden Layer: Hidden layer performs all the necessary calculations and operations. Number of
neurons are not limited and can be any value based on requirements.

Output Layer: Input goes through a series of transformations and calculations in the hidden
layer to finally result in the output that is conveyed using this layer.

The Artificial Neural Network [13] can best be represented as a weighted target graph, in which
artificial neurons form nodes. The connection between the output of the neuron and the input of
the neuron can be regarded as the weighted directed ends. The Artificial Neural Network
receives an input signal from an external source in the form of a pattern and an image in the form
of a vector.
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Figure 4.2: Working of weights and neurons in ANN

Each input is multiplied by its corresponding weights. In general, these weights often represent
the ability to communicate between neurons within the artificial neural network. All weighted
inputs are summarized within the computer unit. If the measured value is equal to zero, then bias
will be added so that it is not zero. Weights can range from 0 to infinity, so to limit the value,
using the activation function.
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4.2. Simulation with adaptive ANN controller

Simulation is done in MATLAB Simulink software. Traditional PID controller is replaced with
an adaptive ANN controller to improve the system stability [14]. The network used in the
simulation is a Feed-Forward ANN which is a basic neural network consisting of an input and an
output layer with at least one hidden layer.

Activation functions chosen for the layers are:
● Tan-sigmoid: For input and hidden layers
● Pure-Linear: For the output layer

Figure 4.2: Activation functions used for ANN
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Training data is given as follows:

Table 4.1: ANN Training details

Description Parameter

ANN type Feed forward network

Number of Hidden Layers 3

Number of Neurons for Hidden Layers 10, 20, 10

% Data used for training 70%

% Data used for testing 30%

Number of epochs 252

Figure 4.3: Mean squared error during training

The artificial neural network is trained with data from a single-phase bi-directional system at
constant irradiance and temperature.
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Simulation is a single phase bi-directional charging system similar to the previous simulation but
with non-constant values for irradiance and temperature for the PV module.

Figure 4.4: MATLAB Simulink simulation for ANN based Single-phase bi-directional charger
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EV in G2V mode hence, power is transferred from the grid to the EV battery. This can be
observed from the SOC plot of the battery.

Figure 4.5: SOC level during G2V mode in ANN based system

VDC across the bi-directional converter during the charging is given by following plot:

Figure 4.6: VDC across converter during G2V mode in ANN based system
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4.3. Comparison against ANN based system

Following are the plots for VDC across the converter for single-phase bi-directional systems in
G2V mode. Both the systems are simulated against the same conditions with non-constant values
for irradiance and temperature for the PV module.

Figure 4.7: VDC across converter in system without ANN based control

Figure 4.8: VDC across converter in system with ANN based controller
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It can be observed that the system with ANN based controller achieves steady state earlier than
the system without an ANN based controller. The ripple voltage is also lower in the system with
an ANN based controller.

Table 4.1: Comparison between ANN and Traditional control

Description ANN Based Control Traditional Control

Time required to achieve
steady state

0.873s 1.267s

Ripple voltage at steady state 0.72V 1.39V

From above plots and data, it is very prevalent that system stability in the system with ANN
control compared to the system with traditional control.

4.4. Conclusion

Single phase bi-directional system for solar EV using Adaptive ANN controller has been
designed. Adaptive ANN controller have been trained using training data set from PID controller
tuned for specific conditions.

Adaptive ANN controller’s performance have been compared to the traditional PID controller
and following observations have been made.

Time required to achieve steady state for ANN = 0.873s
Time required to achieve steady state for traditional PID = 1.267s
Ripple voltage at steady state in ANN = 0.72V
Ripple voltage at steady state in traditional PID = 1.39V
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