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Abstract

The photovoltaic emulators (PVE) aims to mimic the behavior of PV panels. The
objective of this work is to design a photovoltaic emulator based on a DC-DC' push-pull
converter and ANN. The latter used to emulate a PV model in order to generate a
current reference of PVE. Two control techniques were proposed to control PVE based
ANN, the PID controller proposed as a first control strategy, and as second control
strategy we proposed LQR controller. In addition, the add of the current observer, by
using only a voltage sensor, make our proposed PVE more accurate, less expensive to
produce, and more reliable than sensed signals. The results of the comparison between
the PID and proposed LQR control strateqy show the effectiveness of the LQR strategy
in terms of steady state and response time of the PV panel emulator.

Keywords: PV Emulator, Neural-Network, Push-Pull DC-DC Converter,
PID, LQR.
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Resumé

Les émulateurs photovoltaiques (PVE) visent a imiter le comportement des panneaux
solaires photovoltaiques. L’objectif de ce travail est de concevoir un émulateur pho-
tovoltaique basé sur un convertisseur DC-DC & push-pull et un réseau de neurones
artificiels (ANN). Ce dernier est utilisé pour émuler un modele PV afin de générer une
référence de courant pour le PVE.

Deux techniques de controle ont été proposées pour controler le PVE basé sur ’ANN
: le controleur PID comme premiere stratégie de controle, et comme deuxieme stratégie
de controle, nous avons proposé le controleur LQR.

De plus, I’ajout d’un observateur de courant, en n’utilisant qu’un capteur de tension,
rend notre PVE proposé plus précis, moins colteux a produire et plus fiable que les
signaux mesurés.

Les résultats de la comparaison entre la stratégie de controle PID et la stratégie
de controle LQR proposée montrent 'efficacité de la stratégie LQR en termes d’état
stationnaire et de temps de réponse de I’émulateur de panneau solaire photovoltaique.
Mots clés : PVE : Emulateur PV, Réseau de neurones, Convertisseur DC-

DC push-pull, PI, LQR.
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General Introduction

The quest for ever-better solar power systems hinges on precisely mimicking real-world
conditions. This research tackles analyze and simulate photovoltaic (PV) emulators.

PV emulators, essentially electronic replicas of PV panels, are crucial tools for
researchers. Real PV panels generate DC electricity influenced by sunlight intensity
(irradiance), temperature, and other environmental factors. PV emulators replicate
these characteristics by producing adjustable DC voltage and current outputs. This
allows researchers to analyze how solar power systems would perform under various
controlled conditions.

In general, photovoltaic emulators (PVEs) comprise three key components: power
electronics (often a DC-DC converter) to manage power flow, a PV model mimicking
real solar panel behavior and a control strategy to ensure accurate emulation.

The main objective of our project is to study and simulate the PV emulator system
that consists of the PV model based electrical circuit and Neural Network Model, the
control strategy (started by classical control PID and advanced LQR), and the power
converter based on DC-DC Push-pull. Ading a current observer using only a voltage
sensor enhances the accuracy, cost-effectiveness, and reliability of our proposed PVE
compared to traditional sensing methods.

This study delves into using a DC-DC push-pull converter, a circuit adept at manag-
ing power flow, to simulate the emulator’s setup. By simulating this setup, researchers
can glean valuable insights into the emulator’s functionality.

The incorporation of a neural network adds another dimension. Neural networks,
inspired by the human brain, excel at learning intricate patterns from data. In this
case, the neural network could be trained on real PV panel data to create even more

realistic simulations for the PV emulator.
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This project is structured around three chapters organized as follows:

e The first chapter dives into the world of PV generators, with a particular
emphasis on how we can accurately mimic their behavior for testing purposes. We’ll
start by exploring the growing significance of PV power and the increasing need for
reliable emulators to assess their performance.

The chapter will then unpack two key approaches for modeling PV behavior: elec-
trical circuit models and neural networks. We’ll then take dive into the various types
of DC-DC converter circuits commonly used in PV systems.

e The second chapter dives deep into the push-pull converter, focusing on mod-
eling and control using the state space representation approach. We’'ll also explore the
design and analysis of a LQR and PID controller based on poles placements. The chap-
ter kicks off with an introduction to the push-pull converter, explaining its operational
modes and switching mechanisms. Next, analysis of a LQR and PID controller for the
push-pull converter.Also, Our proposed photovoltaic energy (PV) system enhances by
incorporating a current observer, by measuring PVE voltage only.

e The last chapter describes the design and validation of the photovoltaic (PV)
emulator. It covers the emulator’s function and its underlying electrical model.The
chapter then discusses simulating the emulator’s performance under various conditions.
Finally, it validates the emulator’s accuracy by comparing its output to real PV panels,

focusing on key metrics like power output and response.



Chapter 1

An Overview on PV Emulators and

DC-DC Converters

1.1 Introduction

Photovoltaic emulators replicate PV modules’ behavior by mimicking their electrical
characteristics, including voltage-current (V-I) curves. This emulation aids researchers,
manufacturers, and engineers in evaluating system performance across diverse condi-
tions, accurately replicating factors like solar irradiance and temperature. They offer
a controllable power source through DC-DC converters, enabling simulation of various
solar power levels and dynamics, with precise control over parameters like maximum
power point tracking (MPPT) for optimal power extraction. These emulators find
utility in testing and optimizing PV system components, algorithm development, grid
integration studies, and educational purposes. Meanwhile, DC-DC converters manage
power flow within PV systems, converting and controlling voltage and current levels
between system components, thus facilitating efficient power transfer and integration

with the electrical grid or other energy storage systems.

1.2 Necessity of PV Emulators

Testing and optimizing photovoltaic (PV) systems can be tricky. Real-world sunlight is

notoriously fickle, making it challenging to replicate consistent conditions for thorough
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analysis. This is where PV emulators step in PV panels are influenced by several
factors, including the intensity of sunlight (irradiance), temperature, and construction
materials. These factors all impact a panel’s electrical output, measured by current
and voltage (I-V characteristics).

A photovoltaic (PV) emulator replicates the current-voltage characteristics of real
PV panels under diverse conditions, allowing detailed analysis and optimization of
PV systems. It simulates various scenarios, including different irradiance levels and
temperatures, enabling the study of their impact on a PV system’s efficiency, reliability,

and overall performance.

1.3 Photovoltaic Emulator design

A typical PV emulator comprises three fundamental components. The first is the PV
model, which mathematically replicates the electrical behavior of a real PV panel. The
second component is the control strategy, a critical element that directs the operation of
the third component, the DC-DC converter. Figure 1.1 depicts these three foundational

components of a PV emulator.

PV Model System Control Strategy Power Converter System
Irradiance,G — PV Model Power Converter Output
IPV:f(VpVCaG,T) —  Current,
Temperature Iref U c lpve
T e —— Controller — Output
== % \ 5 —| Voltage,
PV Voltage, g \ 6o Vpve
Vpve '

Figure 1.1: The three parts of the PV emulator system.

e PV Model: This generates a signal replicating the current-voltage (I-V) char-
acteristics of a real PV panel. This is the foundation of the emulator, but for smooth
operation, calculations must happen in real-time. Therefore, the model needs to be

simplified while still accurately reflecting real-world I-V behavior [1].
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e Control Strategy: This component bridges the PV model and the power con-
verter by coordinating their operation to determine the emulator’s operating point. An
effective control strategy must accurately track the PV model’s signal, provide stable
emulator output, minimize computational demands, adapt to different PV modules
without major changes, and avoid interfering with the power converter or load[1].

e Power Converter:

Power converters serve as essential components in electronic systems, meticulously

adapting voltage and current levels to precisely meet the demands of connected loads|2].

1.4 Photovoltaic model

PV emulator design involves two model choices: the type of PV model and the im-
plementation method within the controller. There are two main model types and five

methods exist [1], as show in Figure 1.2:

P

Photovoltaic Model ]

|
v 1
[ Model Type J [ Implementation Method J

Electrical Interpolation Look-up
Circuit Model Table

Neural
Network

( . ) . .
Direct Piecewise Curve
Calculation Linear Segmentation

\ J \

N
( ( .

Diode Parameter Basic Selective

Characterls Extraction Table Point

Simplified Environment Modlfled Graphical
Model Factor Table Method

Figure 1.2: PV model overviews in the PV emulator application.
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1.4.1 Electrical circuit model

PV emulators often use electrical circuit models to represent PV panels. These models,
derived from circuit laws, are called analytical models. Two common types are the
single diode model (1D2R) and the double diode model (2D2R). The single diode
model is simpler and more accurate for emulator applications, while the double diode
model, though more complex, is rarely used due to this trade-off [3]. in our study we

focused only on the first type (The single diode model), Figures 1.3.

@M O

Figure 1.3: Circuit representation of the single diode model (1D2R Model).

Diode characteristics

Within photovoltaic (PV) modeling, an electrical circuit model offers a simplified repre-
sentation of the PV system. This approach enables the derivation of the characteristic
equation, which mathematically describes the relationship between voltage and current
within the PV system, leveraging Kirchhoff’s current law.[4]

the output equation of single diode is given as (Eq:1.1):

(1.1)

Where :

I: is the output current of the PV cell or module.

Vo @ 1s the voltage across the PV cell or module.

I,,,: is the photo-current generated by the incident light.
I, : arethereversesaturationcurrento fthediodes.

R, : is the series resistance.

R, : is the shunt resistance.
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A : are the diode ideality factors.
Vi ¢ is the thermal voltage
kT

Vp ==
q

Where:
k : the Boltzmann constant (1.38 x 10713J/K)
T : the temperature in Kelvin

q: is the elementary charge (1.6 x 10719C).

1.4.2  Artificial Neural network (ANN)

The implementation of the neural network PV model in the PV emulator is uncommon.
In general, I-V characteristic data is obtained either from the experimental process[5]
or the electrical circuit PV model[6] at different loads, irradiance and temperature. The
data is trained offline before the neural network PV model is generated. The training
process generates the PV hyper-surface in the current-voltage-irradiance-temperature
working space. Since the working space is four dimensions, the number of neurons is
carefully chosen. After the training process is completed, the neural network PV model
is implemented inside the PV emulator system [1].

Artificial neural networks are used for tasks such as nonlinear modeling, pattern
recognition and classification, and processing large volumes of data .This study specif-
ically focuses on a type of ANN called a Multilayer Perceptron (M LP) for its ability
to analyze large volumes of data for predictions [7] [8].

MLPs have a layered structure, typically containing[9]:

eInput layer: Receives the raw data.

eHidden layers (one or more): These layers process the data using non-linear
activation functions. These functions essentially transform the data in a way that
allows the network to learn complex patterns.

eOutput layer: Provides the final prediction based on the processed data.

This study explores two specific activation functions for the hidden layers:

o Sigmoid function: Often used for tasks where the output represents a probability

between 0 and 1.Eq (1.2).



CHAPTER 1. AN OVERVIEW ON PV EMULATORS AND DC-DC CONVERTERSS

o Linear function: Useful when the output can have any real value.Eq (1.3)

sigmoid(x) (1.2)

14 e %

Linear(z) = Az (1.3)

By employing nonlinear activation functions like the sigmoid function, neural net-
works can efficiently learn and represent intricate patterns, enabling them to tackle a
wide range of challenging tasks. The linear function is a function where the output
varies by a constant multiple of the input [7][9].

Many artificial neural networks rely on the Levenberg-Marquardt (LM) algorithm
for learning and improvement. This algorithm tackles a specific challenge: optimizing
performance in situations with non-linear relationships between inputs and outputs [7]
8].

LM helps the neural network adjust its internal connections (weights and biases)

to minimize errors in its predictions.

= 1O wia; +bM) (1.4)

Where y; is ith the output layer,w(k) w;; is the weight for the ith neuron and the
jth input in the kth hidden layer,z; is the jth input to the neuron, and bgk) is the
bias for the neuron in the kth hidden layer.The M LP network consists of an input
layer, hidden layers,and an output layer|7].The output hgk) of the ith neuron in the kth
hidden layer is computed as follows[10].

= OO wiPh; + ) (1.5)

Where h,gk) represents the output of the jth neuron in the kth hidden layer.Each

hidden layer has a sigmoid activation function.The network’s output can be written as

Zw(k h; + b® (1.6)
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M LP has the structure of feeding the output of a hidden layer into the input vector
of the next hidden layer or the output layer[7]. The input layer in this case consists of
a three dimensional vector of voltage (V), irradiance (G) and temperature (T), and the
output vector is a one dimensional vector of current (I). The structure of the artificial

neural network is shown in Figure 1.4:

Bias
b
Xy |O—> | w; Q
Activation
Function Output
Inputs  — X2 | QO | W2 >§ > f > YV
.
.
)
n | Qs | Wn
Weights

Figure 1.4: The structure of the artificial neural network

1.5 DC-DC Converter

Central to the operation of many electronic devices is the DC-DC converter. This
critical circuit element functions by transforming a direct current (DC) voltage from
one level to another. This capability is essential, as various components within a device
may necessitate distinct voltage levels for proper operation [11].

DC-DC converters achieve this voltage transformation using switch-mode circuitry.
Imagine tiny switches rapidly turning on and off, controlling the flow of current to
manipulate the voltage level. This approach allows for highly efficient conversion, with
some converters even reaching near-perfect 100% efficiency!.

Finally, DC-DC converters can be further categorized based on the current flow
pattern within a critical component known as the inductor. Two primary operational
modes exist in this context:

o Continuous conduction mode (CCM): In this mode, current always flows through

the inductor, regardless of the switch state.
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o Discontinuous conduction mode (DCM): Here, the current through the inductor
can drop to zero during certain switch operations, briefly interrupting power flow in

the circuit.[12]

1.5.1 Typologies of DC-DC Converter

DC-DC converters encompass a diverse range of electronic circuits, each meticulously
designed to fulfill the unique voltage demands of direct current (DC) loads. These
converters function as switching mode regulators, adeptly transforming an unregu-
lated DC voltage into a precisely controlled level suitable for powering various device
components|[11].

Based on Figure 1.5 we can distinguish two different categories of DC-DC converter:

[ Converter Family ]

}
B S N

Isolated Non-Isolated

| | | l

- N

L Push-Pull J [ Flyback ] [ Conventional ][ Interleaved J[ Multi ]

DC-DC DC-DC Device\Port

T
Cuk[

! Buck- [ SEPIC ] Zeta][ Z-Source
Half | Ful Boost
Bridge || Bridge

Figure 1.5: DC-DC Converter Family.

Isolated Converters

In practical applications the power supplies and power converters are designed and
built to incorporate isolation between the input source side circuit and the output load
side circuit as shown in Figure 1.6. Providing isolation has many benefits. Few of the
important benefits are the following[13]:

1. Galvanic isolation between source side and load side, that is, no physical con-

nection between source side and load side. This suppresses all common mode electro-



CHAPTER 1. AN OVERVIEW ON PV EMULATORS AND DC-DC CONVERTERS11

magnetic interference (EMI).

2. The turns ratio can be used as a fixed gain for achieving output voltage amplifi-
cation or attenuation. This will give the designer more flexibility to choose the range
of duty ratio.

3. With isolation, the converter can be designed to have multiple outputs each with

different voltages and grounds[4].

>
Vin g H g — Vot

X

Figure 1.6: Typical isolated circuit diagram.

Non-Isolated Converters

Non-isolated converters, as the name suggests, do not provide electrical isolation be-
tween the input and output circuits. The input and output share the same reference
ground, and there is a direct electrical connection between them. Non-isolated con-
verters are typically simpler and more cost-effective compared to isolated converters.
They are commonly used in applications where isolation is not necessary or where the

input and output share the same ground reference [14].

>

Vin | V¥V — Vour

Figure 1.7: Typical Non-isolated circuit diagram.

Picking the right converter depends on what your project needs. Isolated converters
provide a safety barrier, reduce electrical noise, and work with different voltage levels.
Non-isolated converters are simpler and cheaper, making them a good choice when

safety and noise aren’t concerns [15].
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1.6 Conclusion

This chapter explored the world of photovoltaic (PV) emulators and DC-DC converters.
It highlighted the crucial role emulators play in simulating and rigorously testing PV
systems, ensuring they perform at their best. The discussion delved into the different
designs of DC-DC converters, showcasing their adaptability for various applications.
Overall, the chapter emphasized the importance of PV emulators as a key technology

in developing and testing solar energy solutions.



Chapter 2

Modeling and control of the
Push-Pull Converter

2.1 Introduction

Push-pull converters excel at efficient DC to DC' voltage conversion thanks to their
clever transistor switching. To fine-tune this process, engineers can employ different
control strategies that adjust signals based on errors.In literature, we can find lot of
control techniques started by classical control and ended by advanced control.

In this chapter we will use two control techniques, the first one is PID and the second
one is LQR, passing through modeling of push pull converter in order to do controller
synthesis. Our proposed photovoltaic energy (PV) system enhances robustness by
incorporating a current observer . so we need only to utilise a voltage sensor ,and can
be integrated with LQR controller for even more precise power management in PV

applications.

2.2 Push-pull Converter

The push-pull converter is a clever design for DC-DC converters, adept at efficiently
transforming DC power between voltage levels. Its operation hinges on a simple prin-
ciple: the alternate switching on and off of two switches[13].

The circuit diagram of the push pull converter as shown in Figure 2.1. It consists of:

13
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Two mosfets (Q1 and Q2), Two diodes (D1 and D2), Transformer with a specific turns
ratio (N1 : N2), Capacitor (C), Inductor (L), Input Voltage (V) , Output Voltage
V(t) and Load Resistance (R).

N2 e Lg

C~ R Vi)

|
%

3
||||

Ul e

Figure 2.1: Circuit diagram of push-pull converter

2.2.1 Operation of push-pull Converter

The system utilizes two forward converters in an alternating fashion. Each converter

delivers power to the load during a distinct half-cycle of the operating frequency.

Mode 1 (Q1 or Q2 is turned ON)

Q1 is on and D1 conducts; at the same time, the diode D2 is reverse biased and voltage

across the filter inductor is positive and given as:
V,=nV,—V (2.1)

Which forces 77, through D1 to increase linearly.

. . _N
Wlth.n—ﬁ

the equivalent circuit of the converter is as in Figures (2.2 and 2.3)
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DI I

C1~ ()

%) (o)}

Figure 2.2: Circuit diagram When Q1 is ON and Q2 is OFF

DI I

& '

02 0l

Figure 2.3: Circuit diagram when Q2 is ON and Q1 is OFF

Mode 2 (Q1 and Q2 are turned OFF)

when both switches are off as shown in Figure (2.4), the inductor current splits equally

between the two secondary half-windings, which makes:
V==V (2.2)

Ip1 = 1p2 (2.3)
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DI L

/0000 4
é N2
é C1~ R% V()

02 0l

Figure 2.4: Circuit diagram when both Q1 and Q2 are OFF

2.2.2 Average Model of The Push-pull Converter

the dynamic model of the converter is represented by equations of the form[16]:
© = Ax + Bu (2.4)

y=Cx+ Fu

A is state matrix,B is input matrix,C is output matrix,E is direct transition ma-
trix,and x and y are input and output vector, respectively. The above equations are
state and output equation of the model . The current flowing through the inductor (i)
and voltage across the capacitor (v¢) is taken as state variables. The output voltage
(V) and output current (I) are considered as output variables. The two distinct modes

of operation in the converter for the purpose of modeling are:

e Mode 1: When one of the primary switches Q1 or Q2 is turned ON, the transfer
of energy from primary to secondary circuit takes place and capacitor current
increases. [4] For the duration dTs, the equivalent circuit of the converter is as

in Fig 2.2

Applying Kirchhoft’s law at the dot across the inductance we find:

Vr, + Vg = UN,y (25)

di
VL, :Ld—z,vR:RiR (26)
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in =iy —ic 2.7
(
I
o= 5 sz = Zcic + Ric = Riy, (2.8)
Zoto = vo = vo + Rig = Rig, (29)
. . (Y
ic =iy — EC (2.10)
1 d
ve = /icdt = o= C% (2.11)
CdUC 1 .
== 2.12
di RUo (2.12)
Based on Eq(2.7) :
iR:z’L—z’c:iR:% (2.13)
vg=V =V =9 (2.14)
Based on Eq(2.5) :
v =N, =V (2.15)
N.
on, = ﬁj”Nl (2.16)
vy, =V, (2.17)
Ldiz N,
=2V, —u, 2.18

The state equation and output equation are:

di . Vg N.
P e L B o] (2.19)
dve L L1 lv 0 ! '
dt C RC c
ir
y=1o 1] (2.20)

Ve
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e Mode 2: When both primary switches are turned off and energy stored in the

inductor freewheels through secondary diodes.

For the duration(1/2-d)Ts, the equivalent circuit of the converter is as in Fig 2.4

vn, =0 (2.21)
vy +vp =0 (2.22)
v = —UR (2.23)
%ZL:”C (2.24)
%ﬁéqL—%% (2.25)
V=1, (2.26)

The state equation and output equation are:

di [ 1 :
a0 T (2.27)
dve 1o _ 1] |y '
dt |C " RC c
_ i
y=10 1 (2.28)
_ o

Similar modeling can be arrived when switch Q2 is ON and Q1 are OFF.Thus,the
ON and OFF period of the converter is 2dTs and (1/2d)Ts, respectively. The aver-

age model of Mode 1 and Mode 2 are the same.The overall Matrix times the whole

periode[17]:
1
1
BT =2dTB; + 2TBQ(§ —d) = B =2dB, (2.30)
1
ET =2dTFE; + 2TE2(§ —d)=FE=0 (2.32)
Thus,the averaged model of the push—pull converter is:
0 -1 Vg Ny
A= T|.B= LM,O:@1}E:M (2.33)
¢ “®e 0
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2.2.3 Transfer Functions

For the above small signal models, the transfer functions output Current to duty

(G;,(s)) is obtained as :

G, — =C(sI — A)'B 2.34
8) =7 ) (s ) (2.34)
Y(s) = I(s) (2.35)
U(s) =d(s) (2.36)
I 2V, 22 (sRC + 1
Giy(s) = (s) _ 2am ) (2.37)
d(s) s’LRC+sL+ R
For our work we used the following specification represented by the following tables
2.1 and 2.2:
S.NO Description Value
1 Power output 1.2 kW
2 Output voltage 375V
3 Switching frequency 20 kHz
4 Maximum duty cycle 0.5
5 Converter efficiency (assumed) | 90 %
Table 2.1: The specification of the Converter.
S.NO Component /parameter Formula Value
1 Input power P, = %’fét 1.33 kW
2 Maximum average input current L, 1;?” 33.33 A
3 Transformer turns ratio N = 2DVo‘utV 12
4 Maximum average output current I % 3.2 A
5 Filter inductor value L> (%Vm — Vour) %2 | 570 mH
6 Output filter capacitor C = %%T 1.6 uF

Table 2.2: Component/parameter values
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2.3 PID Controller

In a power electronic system, there’s a crucial component called a controller that acts
as the brain of the operation. Its job is to maintain a specific parameter, like output
voltage and current or input current voltage, at a desired set point. The controller
constantly monitors this parameter using sensors. It then compares the measured
value to a predetermined reference value, like a set voltage level. Any difference between
these two values is called the error signal. This error signal is essentially the controller’s
input. Based on the magnitude and direction (positive or negative) of this error, the
controller generates a control signal.

In this specific case , a service turn (a control mechanism) is used to adjust the
controller input. This adjustment typically involves converting a voltage level into a
time value. This time value then becomes the controller’s input, ultimately influencing
the output voltage,to meet the required performance of stability, speed and accuracy

PID controller is designed to ensure that the error signal eventually reaches zero
in steady-state conditions. This means the output current will precisely match the
reference current over time.

To design a PID controller for the given transfer function using the pole placement
method, we need to calculate K,,K; and K.

The transfer function of push pull converter is given as :

_I(s)  K(sRC+1)
"~ d(s)  s:LRC +sL+R

(2.38)

R N
Where : K = ZVgﬁ
Let’s assume the desired closed-loop poles are p; , ps and p3. The corresponding

characteristic polynomial is:
P(s)=(s—p1)(s —pa)(s —ps) = s° = s>+ sf — (2.39)

Where :
a =p1 + p2 + P3
B = pip2 + p1ps + paps
Y = P1P2pP3



CHAPTER 2. MODELING AND CONTROL OF THE PUSH-PULL CONVERTER21

The transfer function of the system with a PID controller is:
K;
C(s) =K, +—+ Kgs (2.40)
s

The closed-loop transfer function is:

G(s)C(s)
(8) = ——F——— 2.41
() =17 G(s)C(s) (241)
Ss;ﬁ;gf;llz%(KP + 5+ Kas)
Ge(s) = K(sRC+1) K; (2.42)
s+ oTnorsan (B + 70 + Kas))
sK(sRC +1)(K, + & 4 Kys
G.(s) = ( )y + 7t + Kas) (2.43)
S3SLRC + 2L+ R+ K(sRC + 1)(sK, + K; + s2K,)
G.(5) sK(sRC + 1)(K, + % + Kys) (2.44)
e\S) = L+KK,RC+KK, R+KK,+KK,RC KK, :
s* + s (Trotrrere) t S CTroiwm e ) T TROTRIGRC
The closed-loop characteristic equation is:
L+ KK,RC+ KK R+ KK, + KK;RC KK;
D(s) = % 4 sH(Fam oy (e ) +
LRC + KK, RC LRC + KK, RC LRC + KK, RC
(2.45)
Match this polynomial to the desired characteristic polynomial
P(s) = (s —p1)(s — p2)(s —p3) = 8° — s+ s+
e s? term : %:—a
. R+KK,+KK,RC _
o s term : rpoirme = P
e constant term : % = —v
From the constant term equation:
LRC
From the s term equation with SubstituteX;:
BLRC + BKK4RC + vL(RC)? + yKK4(RC)> — R
K,=— e (2.47)

From the s? term equation with Substitute K:
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L+ (BLRC + BKK4RC + yL(RC)? + YK K4(RC)? — R)RC + KK,
LRC + KK RC N

—Q

(2.48)

Ky =

After solving the simplified equations the values of K; , K, , and K,  in terms of

the given parameters L,R,C,«a,[3, and ~ are:

R(RCa+1)
Kp =~ 2.49
P K((RC)3y + (RC)?B+ RCa + 1) (249)
R(RC)*y
K; = 2.50
K((RC)3y + (RC)?8+ RCa+1) (2.50)
K — —L((RC)*y + (RC)*8 + RCa) + R(RC) — L (251)
‘= K((RC)3y + (RC)?3 + RCa + 1) ‘
We have :
Q= Dpi+p2+ps3
B = p1p2 + p1ps + p2p3
Y = P1DP2P3
For our work we used the following specification :
p1 =14 a=-—14 K, =60
po=—14+10i = { = —96 = K;=2 (2.52)

p3 = —14 — 10 v = 4144 Kqy=—6.6x 10"

2.4 LQR with Integral Action (LQI)

An LQI controller builds upon the LQR concept by adding an integrator. This makes
LQI suitable for servo systems, where the goal is to track a specific non-zero reference
point. LQI leverages optimal control theory, enabling it to track reference signals and
reject disturbances|[18].

Fig 2.5 illustrates the LQI controller’s block diagram. This diagram includes ma-
trices A, B, C' and D representing the mathematical model of the plant under control.
Additionally, K represents the controller gain, and K; signifies the integrator gain.

r in our case is a reference of PV model (1,.f), (see Fig 1.1).
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r ¢ ¢ u x y
i) 1/s K, /2 System c

- (Push-Pull Converter)

Figure 2.5: Block diagram of LQI controller

The state and output equations system can be written as follows:

= Ax + Bu
(2.53)
y=Cz+ Du

The conventional LQR design problem is to minimize the following quadratic per-
formance index Eq(2.54) [19], balancing system performance (settling time, stability)
with control effort [20].

1 X
J=3 / (X"QX + UTRU)dt (2.54)
0

The LQR design method seeks to determine a feedback gain matrix (K) that min-
imizes a pre-defined quadratic performance index. This minimization process aims to
achieve a balance between three key factors:Control effort,Response magnitude and
Response speed that will guarantee a stable system . By minimizing this function, the
design process aims to find the optimal gain matrix (K) for the control vector [20] [21].

The linear optimal control input for LQR with integral action is:
u=—Kz— K (2.55)

where: K = R™'BTP

The control law indicated in Eq(2.55) minimizes the performance index stated in
Eq(2.54) where x is an n-dimensional state-space vector, u is an m-dimensional control
input vector, y is a p-dimensional output vector, R € R™*™ is the square positive
definite matrix and @) € "*" is a positive semi-definite matrix, £(t) is a new state due
to adding integral action, K is the LQR gain and Kj; is the integrator gain, and P is
the solution of matrix differential Riccati equation Eq(2.59) [20].



CHAPTER 2. MODELING AND CONTROL OF THE PUSH-PULL CONVERTER24
Substituting Eq(2.55) in Eq(2.59) yields,

i = Az + B(—Kz + K;£) = (A— BK)z + (BK;)¢ (2.56)

{=r—y=r—Cux (2.57)

In the control of the Push Pull converter, the state variables used

T T

T = [351 xz} = [iL vc]
With the addition of the integral action, an additional state is introduced, which is the
error £. As a result, the matrices A, B, and C' of the plant to be controlled become[22]:

i A-BK BK;| |z B 0
| = + u+t | | (2.58)
3 —C 0| |¢ 0 I

The matrix algebraic Riccati equation is represented as follows [23]
PA+ AP - PBR'B'"P+Q =0 (2.59)

The solution to the matrix Riccati equation for LQR control is guaranteed to be
unique, symmetric, and positive semi-definite. This property ensures a well-defined
and stable controller design. However, the performance of the LQR controller hinges
critically on the selection of the weighting matrices,State weighting matrix ¢} and
Control weighting matrix R [24].

The selection of ) and R plays a pivotal role in shaping the LQR controller’s
behavior and overall system performance. Therefore, employing an intelligent opti-
mization method to determine these weighting matrices can significantly enhance the

effectiveness of the LQR control design [20].

i, O 0
Q=10 o, 0
0 O f]ref—z'c

For our work we used the following specification :

10 0
Q=100 0]|,R=1
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2.4.1 Current Observer

As is usually the case, not all state variables can be directly measurable. we need
to use a state observer [22]. In this work we proposed the add of a current observer
to estimate the PVE current by measuring Voltage PVE. Figure 2.6 shows a block

diagram of a type 1 servo system with a state observer.

T § 1 § X A System x c y
K‘J /e ; \—j (Push-Pull Converter)
Observer
K

Figure 2.6: Type 1 servo system with state observer.

The observer is a subsystem to reconstruct the state vector of the plant. The math-
ematical model of the observer is basically the same as that of the plant, except that
we include an additional term that includes the estimation error to compensate for
inaccuracies in matrices A and B and the lack of the initial error[22]. The estimation
error or observation error is the difference between the measured output and the esti-
mated output Eq(2.62).The initial error is the difference between the initial state and
the initial estimated state Eq(2.64).

Thus, we define the mathematical model of the observer to be
T =A%+ Bu+ L(y — C%) (2.60)

T =(A—LC)T+ Bu+ Ly (2.61)

where 7 is the estimated state and Cx is the estimated output.The inputs to the
observer are the output y and the control input u. Matrix L, which is called the ob-
server gain matrix, is a weighting matrix to the correction term involving the difference
between the measured output y and the estimated output Cz.This term continuously
corrects the model output and improves the performance of the observer. Figure 2.7

shows the full-order state observer [22].



CHAPTER 2. MODELING AND CONTROL OF THE PUSH-PULL CONVERTER26

1 s

y
B K s C @
A

L

Figure 2.7: Full-order state observer

To obtain the observer error equation, let us subtract Eq(??) from Eq(2.53):
é=i—7=Ar— A7 — L(Cz — CT) (2.62)
é=(A—-LC)(z—2) (2.63)
Define the difference between x and = as the error vector e, or
e=x—71 (2.64)

Then Eq(2.65) becomes
é=(A—LC)e (2.65)

The dynamics of the whole system is obtained by combining the equations for &

and é
= + r (2.66)
y=|c o (2.67)

2.5 Conclusion

In this chapter we modeled the Push-Pull converter using state-space approaches, the
latter explored in order to analyze and design two types of controllers PID and LQR.
The parameters of PID controller founded by the placement poles method.



Chapter 3

Simulation And Validation Of PV

Emulator

3.1 Introduction

A photovoltaic (PV) emulator is a controllable power supply that mimics the electrical
behavior of a solar panel but isn’'t influenced by external factors like temperature and
irradiation.

This chapter is organised as follow:

— Validation of PV ANN model with PV electrical model.

—The push-pull converter tested in open loop and close loop by (PI, LQR and
Observer).

— Simulation and validation of the photovoltaic emulator using Matlab/Simulink
environment, our simulation will encompass various tests, including irradiance, tem-

perature and load.

3.2 PV Emulator Functionality

Figure 3.1 presents a diagram block of photovoltaic emulator based on a push-pull con-
verter and ANN, The design utilizes a Push-Pull converter for several reasons such as
high efficiency, galvanic isolation between input and output, a wide range of compatible

input voltages, low output ripple, and the ability to operate in both step-up and step-

27
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down modes. a closed-loop control strategy regulates the duty cycle of the Push-Pull
converter switch. This strategy compares the reference current derived from the PV
Neural Network with the actual current feedback from the converter. The resulting
error signal (e) is then fed to the controller to adjust the duty cycle and achieve the

desired output.

Power Converter

DI I

NI N2 ‘
%é o= R ,],, . Observer —
" 0 |
L=} o=} - i
P

Control Strategy PV Model

PV Voltage, Vpve

( Artificial
d
Conoter Seura
(PID / LQR) \ Network
WD

Ipv

Training

Electrical
PV Model

Figure 3.1: Block diagram of the PVE
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3.3 ANN PV model

As we know, the ANN model needs data set informations Fig 3.2.

Electrical - ANN
PV Model PV Model

Training (Data set)

Figure 3.2: ANN PV model

29

in our work we used the electrical PV model Fig 3.3 (a) in order to generate a data

set for training and creating an ANN PV model Fig 3.3 (b).

PV Model

Irradiance

a N 7
clecticl Model
powergui Output Current PV Model

2 0.1026 200

3 050 200

4 oam 200

b 5 04094 200

6 05112 200

ANN Model ERT T )

8 07144 200
9 158

10 09169 200

n 10178 200

j 12 11186 200

13 12192 200

Irradiance M 15190 20
15 14198

0.01358 16 15199 200

17 16197 200

- — Output Current NNET Model 18 17104 200

Function Fitting Neural Network 19 18189 200

Temperature 9182 200
017

22 21163 200

23 22151 200

24 23137 200

Data set

Figure 3.3: PV & ANN Model

15
15

15
15

15
15

15
15
15
15

15
15
15

Training

The artificial neural network formed by three inputs (G,T,V) and one output witch

is the current.

The settings for training the neural network for input are as follows: the maximum

number of training epochs is 1000; the performance goal is 1 x 107%; and the learning

rate is 0.05.
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The regression analysis results in Figure 3.4, the data represent the actual value,
while the fitting represents the predicted values. From scatter plot analysis perspective,
we see that scatter points are distributed around the regression line. Secondly, slope
of the line is close to 1,suggesting a strong positive relationship between the variables
that the model effectively captures. Finally, from an error analysis perspective, the

difference between the data and the fitting remains relatively constant.

Training: R=1 Validation: R=1

5[0 Dpata 70 Daa M
-
S Fit = Fit
(@] I
c?, 4 g 4 f
+ +
% %
o
¥ £
I I
~ 5
= =
2, o
-~ ~
=
a S

Output = 1*Target + 7.1e-06
Output = 1*Target + 5.1¢-06

0 1 2 3 4 5
Target Target

Figure 3.4: The Regression Analysis Result

In order to validate the founded ANN PV model , on successive simulations un-

der Matlab/Simulink environment were explored under different conditions (T,G and

Load).
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3.3.1 Validation Of PV-Neural Network Model

In this section, we compared the electrical PV model to the neural network PV model.
In this simulation we variate the load (capacitor) and we fixed (T and G). Figure 3.5
shows the compatibility rate between two PV Models so that the Error almost equal

Zero.

(@)

T |
s Qutput Current PV Model
- 51 Output Current NN Model [
«
g 40 _
]
-
-
= 3 -
&)
=
=]
2 2 7
=
]
1 .
0 | | | | I
0 1 2 3 4 5 6
10°
(b) :
0.04 T T
ol [——Error] |
S]
= o0
=
0.02 — —
| | | | |

Figure 3.5: Output Currents & Error Between PV & ANN Model

From Figure 3.5.(a) one can see the exactness of two outputs current PV, electrical
PV model and ANN-PV model , in this simulation the current changes from 5.2A
which is I, to 0A V,.. while the second curve Figure 3.5.(b) shows the error between
two models.

A PV panel’s output power depends heavily on weather conditions, particularly
solar radiation and temperature. While increased radiation proportionally boosts the
short-circuit current, the open-circuit voltage remains fairly constant. Temperature has
a lesser impact, but it causes a slight current rise and a decrease in voltage. illustrate
the effects on electrical PV model through their I-V and P-V curves and The training
data were compared with PV model under standard conditions As shown Figure 3.6

and 3.7.
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Figure 3.6: I-V and P-V curves under Temperature effects.
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Figure 3.7: I-V and P-V curves under radiation effects.
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The figure 3.6 shows the I-V and P-V curves of Solar-World panel (see Appendix
1) under temperature variation. We can see the matching of two models electrical and

ANN-Model (cycls). The same thing in the curves of irradiance variation Figure 3.7.

3.4 Control of DC-DC Push-Pull Converter

In order to control a push-pull converter two test are made, open loop and closed

loop(PID,LQR and Observer).

3.4.1 Open Loop Control

Figure 3.8 shows a push-pull converter controlled in open loop. In an open-loop config-
uration, the converter operates without feedback control. The switches are controlled
with a fixed duty cycle («), typically generated by a pulse-width modulation (PWM)

signal.

1+ g +3 g_.lﬁl,._‘_.fm\_

Output Voltage Value

—9

ransformer
E) o
%‘h %h PWM
w w Qal
511 Alpha
Group 1

:@—@1 Sra
@— powergui

Figure 3.8: Push-pull converter in open loop

To test the Push-Pull DC-DC converter in open loop, three values of duty cycle
Figure 3.9.(a) are tested . From curves Figures 3.9.(b) and 3.9.(c) we can see the
output voltage and current of Push-Pull DC-DC converter , one can see steady state

and response time are very acceptable for our application.
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Figure 3.9: Push-Pull DC-DC curves in open loop

3.4.2 Close Loop Control

This section presents push pull converter controlled by two control strategies PID and

LQR.

PID Controller

A Simulink model of the push-pull converter controlled by PID controller is presented
in Figure 3.10 .

As we say in section 2.3 the PID parameters are founded using placement pole

method.
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3.515
Output Current Value
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Figure 3.10: Push-Pull DC-DC converter with PID controller
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Figure 3.11: Push-Pull curves in close loop (PID controller)

In Figure 3.11, when the set point current is changed, the output current follows
its reference. Additionally, the PID controller demonstrates its effectiveness in terms

of response time and steady state when the set point changes abruptly.
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36
LQR Controller

A push-pull converter controlled with Linear Quadratic Regulator with Integrator ac-

tion (LQI) control present an Figure 3.12.

2.999
Output Current Value

Push-Pull Converter

Output Voltage Value
LQR Control
K1
K*ul n
V— K2
- K*u
[

K3
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Error Value
0.0006027] ol [:]
2 Continuous |
powergui
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% Signal 3 > 3] I

Setpoint Current
Set Point

-

Figure 3.12: Push-Pull DC-DC converter controlled with LQR controller

s Output Current
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Current (A)
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Figure 3.13: Push-Pull DC-DC converter curves in close loop (LQR controller)

From Figure 3.13 | it’s evident how the LQR controller effectively minimizes the

response time when faced with sudden set point variations , ensuring swift and accurate
adjustments to maintain desired current levels.
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LQR Controller based Current Observer

A push-pull converter controlled with Linear Quadratic Regulator with Integrator ac-

tion (LQI) controller plus observer present an Figure 3.14.

PWM1 Push-Pull Converter Output Voltage

LQH Controller + Observer

Set Point Current

\\ Group 1
Signal 3 . Aontinuous
=

powergui

Figure 3.14: Push-Pull DC-DC converter controlled with LQR controller plus observer

T T T
4 s Qutput Current
Set Point Current

Current (A)

1 | | | | | 1 | 1
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Figure 3.15: Push-Pull DC-DC converter curves in close loop (LQR controller plus

observer)

Figure 3.15 presents current curves of the estimated current of push-pull converter
and its reference, from this figure, one can see the tracking of the estimated current

with its set point.
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3.5 Simulation of the PV Emulator

This section details simulations of the ANN-based photovoltaic emulator (PVE) in-
corporating with two different methods PID ( Figures 3.16), LQR (Figures 3.17) con-
troller and LQR based current observer (Figures 3.18) . To assess the robustness of
the proposed PV ANN emulator, to test this many variations are made of irradiance,

temperature and load.

Power Converter
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Power Value

Control Strategy PV Model

Function Fitting Neural Network
PWM 3
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Output Current Reference

powergui

Figure 3.16: The ANN-based PV emulator controlled with PID
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Figure 3.17: The ANN-based PV emulator controlled with LQR
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Figure 3.18: The ANN-based PV emulator controlled with LQR based Observer
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3.5.1

To show the effectiveness of our proposed PV ANN model a comparison between PV

electrical model and our proposed model (PID and LQR) in the same conduction of

PV Emulator Under Sudden Changes of Irradiance

load and temperature under sudden change of irradiance Figure 3.19.(a).

For this context the load is set to 3.75 Q and irradiance: from 400 W/m? to 1000

W/m? at t=0.15s, and from 1000 W/m? to 800 W/m? at t=0.35s.
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Under sudden changes of irradiance and from Figure 3.19 we conclude that the
PV ANN emulator characteristics align closely with the electrical PV model. This
serves as confirmation that the proposed ANN-based PVE operates effectively with
LQR Controller. That confirmed the performance of LQR compared to PID controller.

Figure 3.19: PV emulator under Irradiance effect



CHAPTER 3. SIMULATION AND VALIDATION OF PV EMULATOR 41

o (a)
T T T T T T T T
§ 1000 - :
~— 800 -
¥]
o9
S 6001 i
g
k=i — G (W/m?)| |
g 400 | | | | | L |
=0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 05
T T T T ( ) T T T T
—
Tt |
=
L2 / 1
= | pv Model
o o Ipv Emulator (LQR+Observer)| |
| | | | | I I I I
0 0.05 0.1 0.15 0:2 0.25 0.3 0.35 04 0.45 0.5
(©
30 T T T T T T T T T
?
=
\-/20 - —
% T ]
=
= °F s \/pv Model 1
~ Vpv Emulator (LQR+Observer)
0 L | | | | | 1 1 1 1
0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4 0.45 0.5

(d)

T T T T T T T T T
100 N

o -
5

C—

5

2 sor

5

oW

m— Ppv Model

J Ppv Emulator (LQR+Observer)
0 | | | | | T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

Time (s)

Figure 3.20: PV emulator (LQR plus Observer) under Irradiance effect

Figure 3.20 presents the comparison curves between PV electrical model and PVE
when the latter controlled by LQR strategy with the add of current observer, the whole
system under sudden Changes of Irradiance. From this figure we can see the matching
form curves between the current reference and the estimated current, and the system

(PVE) until work correctly.
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3.5.2 PV emulator under sudden changes of Temperature

In this subsection the temperature was varied in two steps: from 15°C' to 30°C at 0.15s

and from 30°C to 45°C at 0.35s.
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Figure 3.21: PV emulator under Temperature effect

Under sudden changes of temperature and from Figure 3.21 show that the emu-
lator behavior closely matches the predictions of the electrical model. This confirms
the effectiveness of the proposed ANN-based PVE design with LQR Controller.That

confirmed the performance of LQR compared to PID controller.
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Figure 3.22: PV emulator (LQR plus Observer) under Temperature effect

Figure 3.22 presents the comparison curves between PV electrical model and PVE
when the latter controlled by LQR strategy with the add of current observer, the
whole system under sudden Changes of temperature. From this figure we can see the
matching form curves between the current reference and the estimated current, and

the system (PVE) until work correctly.



CHAPTER 3. SIMULATION AND VALIDATION OF PV EMULATOR 44

3.5.3 PV emulator under Load variation

The next subsection compares the proposed PV emulator to the electrical PV model

panel under varying load conditions in such way to cover all load points.
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Figure 3.23: I-V and P-V curves of PV and PVE.

As shown in Figures 3.23, the performance results indicate that the emulator’s
characteristics closely match those of the PV panel’s electrical model at Standard Test

Conditions (STC), confirming the proposed emulator’s effectiveness.

3.6 Conclusion

In this chapter, a ANN PV emulator utilizing a DC-DC push-pull converter is con-
trolled, through two different methods PID, LQR and LQR associated with current
observer. Various performance tests were conducted on the proposed emulator to eval-
uate its dynamic behavior, speed, and overall viability. The simulation results and the
proposed ANN-based PVE demonstrate that it is a fast and accurate PV emulator with
straight forward real-time control. Additionally, it exhibits a quick dynamic response
and highly stable output. The system is also capable of emulating any operating point

on the PV curve.



General Conclusion

In this study, we concentrated on the development, modeling, and simulation of artifi-
cial neural network photovoltaic emulator utilizing a push-pull converter.

The first chapter provided comprehensive definitions and background information
on photovoltaic emulators and DC-DC converters, establishing a solid foundation for
our research. In the second chapter, we explored the modeling and control aspects of
the push-pull converter by LQR strategy associated with current observer to ensure a
thorough understanding of its behavior and operation.

In the third chapter, extensive simulations and validations demonstrate the ef-
fectiveness and accuracy of our PV emulator. The results were highly satisfactory,
confirming the successful implementation of our proposed system. The ANN-based
PV emulator exhibited excellent performance in replicating the behavior of a real pho-
tovoltaic system, enabling reliable and efficient testing of various power electronics
applications and control strategies.

Overall, this research contributes significantly to the field of photovoltaic emulation
and provides valuable insights into the modeling and control of push-pull converters.
The developed ANN-based PV emulator controlled by LQR controller in the association
with current PVE emulator presents a robust and accurate tool for experimental inves-
tigations, allowing researchers and engineers to explore and optimize the performance
of power electronics systems connected to photovoltaic sources. Future research can
focus on expanding the scope of applications and exploring additional control strategies
to enhance the versatility and functionality of the PV emulator.

Finally, we wish the next generation to move on to the experimental validation of
the proposed ANN PV Emulator. It is imperative that future researchers take the

theoretical advancements and simulated results into real-world scenarios to evaluate
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performance under practical conditions. This step will not only verify the robustness
of the proposed system but also provide insights into potential areas for improvement
and innovation. The transition from simulation to physical implementation will help
in identifying unforeseen challenges and refining the design for better efficiency and

reliability.



Appendix

Mathematical Modeling

This project references a real solar panel: the Solar-world SW 85 poly R5A/D . The

electrical specifications of these panel is detailed in the following table.

maximum power (Pp,q.) 85 W

Voltage at maximum power (Vyp) | 179 V

current at maximum power (Ipp) | 4.77 A

Open circuit voltage (V) 22V

Short circuit current (/) 5.20 A

Specification of Solar World panel parameters.

Jiiy
SoLal

sumody

(CY

Figure 3.24: (a). PV Panel parameter, (b). Solar world SW 85 poly R5A /D
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