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This paper explores the challenges associated with the control of a two-stage
three-phase electrical grid connected to a photovoltaic (PV) system. The core
control objectives encompass: i) Maximizing the utilization of available
power from the PV panel; ii) Regulating the DC-link voltage to a
predetermined reference; and iii) Ensuring power factor correction (PFC) on
the grid side. To achieve these objectives, two loops nonlinear controller are
developed. In the outer loop, the duty cycle of a boost converter is controlled
using integral backstepping technique with the perturb & observe (P&O)
algorithm, which provides reference voltages to track maximum power points,
and Lyapunov theory to ensure the system’s stability. In addition, the Inner
loop is designed using proportional integrator (P1) controller to ensure the unit
power factor correction. An assessment of the proposed method is conducted
through a comparative study with the backstepping technique, demonstrating

PI Controller the effectiveness of the suggested solution. The results have been validated
by numerical simulation within MATLAB/Simulink power systems
environment.
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1. INTRODUCTION

Nowadays, boost converters have become popular in power supplies, battery-powered devices and
specially in renewable energy applications such as solar power. The boost converters are used to manage and
convert the varying DC voltages generated by solar panels into a stable output suitable for use or storage [1]-
[5]. These converters are nonlinear, which makes the control strategies challenging. Electrical engineering has
seen significant advancements in DC-DC converter regulation, utilizing various control methods, including
proportional integrator and derivative (PID), fuzzy logic, fractional fuzzy Pl controller using particle swarm
optimization (PSO) [6], [7]. In studies [8], [9], authors used cascade proportional integrator and robust
proportional-integrator-derivative (PID) controllers. However, the results showed a lower stability and delay
in response time, particularly in different operating conditions. Sliding mode control methods [10], and robust
PID controllers [11] were proposed to address these issues. Therefore, similar results have been achieved.

Nonlinear controllers, known for their robustness, have been explored to handle nonlinear systems. An
innovative power boost converter introduced a switched-capacitor setup with a sliding mode controller to reduce
voltage stress and enhance DC voltage gain [12]. In research [13], adaptive robust fuzzy PI control is designed.
However, the controllers faced computational challenges that require further investigation. Traditional methods
have many challenges on tracking the maximum power point, hence the necessity of using intelligent algorithms
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that are well-suited for nonlinear systems. In research [14], the backstepping technique is used and proved
effective in dealing with irradiation distortion and load imbalance. A sliding mode backstepping controller is
applied for boost converter, the controller ensures the system’s robustness [15]. In research [16], integral
backstepping applied for a DC-DC three-level boost converters, the regulator results are outperforming over other
controllers. On the AC side, an adaptive reference PI controller is introduced for the inverter to enhance the
system’s performance [17]. Additionally, authors in research [18] presented an integral backstepping control
strategy for an inverter in an islanded micro-grid, demonstrating exceptional responsiveness. Furthermore, an
integral backstepping control applied to enhance the power quality of micro-grid-connected PV system [19].

In the studies mentioned above, the focus has been on controlling the single-phase boost converter or
studying the inverter in an islanded micro-grid. Others have been interested in studying the three-phase system
by directly connecting the inverter to PV modules such in [20]-[23]. This topology has an inconvenience; the
PV panel can be easily impacted by the grid fluctuations, which could affect its overall quality and
performance. The use of a boost converter helps regulate and increase the voltage output from the solar panel,
ensuring a more stable and reliable power supply to the inverter. This particularity leads us to study an overall
three-phase system, including both converters (boost and inverter), using an intelligent method to improve the
stability and response time during transient period.

The primary research objectives introduced an innovative nonlinear controller for the proposed system
structure. Mainly, conventional backstepping and integral backstepping methods, tailored for boost converter
to optimize the PV power output. This emphasized key points in DC-DC converter control, including voltage
regulation, steady-state performance, nonlinear handling, and the effectiveness of the integral backstepping
technique. Secondly, a PI controller is used to ensure the unit power factor correction. To the best of the authors'
knowledge, this represents the initial formal assessment of both the proposed controller design and the system
structure. The paper is organized as: i) Section 2 is dedicated to the discussion of the controller design;
ii) Section 3 presents and discusses the numerical simulation; and iii) Section 4 draws some conclusions.

2. CONTROLLERS DESIGN

The objective is to design a nonlinear backstepping and integral backstepping controller for the boost
converter: Ensuring precise tracking of the converter's output voltage to the reference voltage generated by the
P&O technique. Additionally, a PI controller is formulated to enhance the inverter's output waveform as shown
in Figure 1.

2.1. Backstepping approach
Applying Kirchhoff's law to the circuit diagram and considering x,, x,, and p represent the average
model of v, iy, and u, respectively. The average model is expressed as in (1) and (2).

=2 (1)
By =T @)

Considering the average model of the boost converter, the reference voltage denoted as V_,,,. The error is
subsequently determined as in (3).

er =V opt = Voo 3
Deriving the (3) and replacing V,,, by its average model, the resulting expression is as in (4).

ér = Vogp — 2L+ 2 (4)
The Lyapunov function is expressed by (5).

v =-e? (5)
Upon deriving the Lyapunov function, the resultant expression is as in (6).

V—opt - IPTV + Xc_z =—Ke; (6)

To ensure system’s stability, it is crucial for the Lyapunov function to exhibit positive definiteness, and its
derivative should demonstrate negative definiteness (7), as cited in [24].
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V1 = _klelz )

Second stage aims to track B reference current by establishing and error e, (8) and its derivative (9):

eZ = —_ XC—Z (8)
2= — BT ) ©

To ensure the convergence of both errors, a composite Lyapunov function (V) and its derivative are defined
respectively in (10) and (11):

V.=V, +e? (10)

Vo= —kie,” + e, 6, (11)
Then, é, is considered as in (12).

) 5 _ Vow | Vo
ez=.3_LpC Lbcs(l w— e (12)

Finally, the (13) a is employed to stabilize the boost converter:

u:l—[ﬁ(—Kze2+e1 f)+2x] (13)

Vbus

2.2. Integral backstepping controller
The input signal a is utilized by the boost converter to keep the controlled output y at its designated
reference level as expressed in (14), ensuring stability of the system.

0Py
ylref = ﬁ =0 (14)

The definition of the tracking error and its derivative are outlined in (15) and (16).

ai
€p1 = Y1 — Yirer = lp +Vp a:’ (15)
. ai a2
€p (2 P4y, av”’)(lp i) (16)

The integral action is formulated within (17).

8p = fotlﬁ (Z) = Yirep(Z)dz = fot i, + Vp:%:dz (17)
To enhance the controller's robustness, we implement the following improvements in (18).

Vo1 (p1, 8p) = Z€p1 + 265" (18)

Afterward, we can represent the derivative of the improved controller as in (19).

alp

Vo (eps,00) = ep[Bp + (252 + Vo 50 (ip-y,)] (19)

To stabilize tracking errors €5, and integral action &, an artificial control is needed to maintain a desired boost
inductor current value p= (i, )4, ensuring the negativity of the Lyapunov function derivative (as shown in (20)).

di
op + é(z_l; +V P ov, )(lp — W = Cipepy (20)

Once C,p>0, an adjustment parameter is set at 10000, leading to the following outcome (21).

. cp
=1, + W(CIPSPI + 6p) (21)

avp+ Pavpz
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Choosing the virtual controller leads to the Lyapunov function's derivative becoming negative (22).

Vy1 = —CypEpy” <0 (22)
In the next phase, we introduce a tracking error addressed as in (23).

€pz =i, —H (23)

By incorporating the (23) into the (19), the expression of ¢, becomes:
alp
@3+ vy o 28y i — £, — 1) (24)

Upon combining (21) and (24), we arrive at the following resulting expression:

. ai 92
Op +épy = —CipEpy — (2 - + Up avlp)spz (25)

The second Lyapunov candidate function and its derivative are described in (26) and (27):

1
V2 (85, €p1,€p2) = Vr + ;SPZZ (26)

alp azip

sz (ap'EPli sz) = _C1P€P12 + sz[épz (2 + Vp )ep1] (27)

avpz

Once more, the derivative of ,, is given by:

tpp =St =1Ve =1 (1— a)Vg — it (28)

The virtual controller’s derivative can be represented as (29).

diy OV c1épp+E c1ep1+6 9% d3ip, Ov
_ Oip 9vp (citpitepr) . (‘1 1 120) B 4y, (29)
dvy ot (231P+ 92 lP) zaiw 3Z%ip 0vp2 dvp3” Ot
avp ' "Pav P2 avp ' Pav_,

Through the substitution of the derived expression of £, from (28) into (29), the result is as in (30).

. 1 1 . ai a%i
Vp2(8p, €p1, Ep2) = —Cipeps” + ep2[z Ve =7 (1 =)V — 1 — (2 L+ vp ale)sPl] (30)
p

The control input « is formulated as in (31).

L 1 (., i 22 1 .
* = [—C2pep, + _( oy VP av;i) gp1 =7 (Vp = Vac) + i (1)

Cp ovp
With C,p set as a positive constant, particularly at 10000, Vp, is negative and can be expressed as in (32).
Vpy = —C1pEp1? — CopEpy” < 0 (32)

2.3. PI Controller

The design of the inverter controller comprises multiple interconnected blocks, each serving specific
functions, which are described as: i) PLL block: To determine the grid voltage angle, a three-phase phase-
locked loop (PLL) module is employed to produce three-phase signal characterized by frequency wt, this
frequency serve a crucial role in producing the currents in the dq, frame; and ii) The "abc;to dq0," block:
This particular module is accountable for the conversion of the three-phase current signal, denoted as I, into
a dqo rotating reference frame, represented as (14 and I;). The primary purpose of this module is to streamline
the transformation process from the three-phase signal to the dq0, frame. Subsequently, a comparison is
conducted between the converted current signal (I and I,) and its reference values (I4,.f and I..) employing
the PI controllers' transfer function as shown in (33). In this scenario, I,,.f is set to zero, as the focus is on
attaining zero reactive power [25].
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1
P+1.To—— (33)
The value of parameters used for the controllers of the I, and I, are respectively P, = 0.005; I, = 1 and P; =

0.005; I; = 1 The discrepancies introduced by the controllers are then used to generate a modulation signal,
which is utilized to control the inverter with the primary goal of achieving synchronization with the grid voltage.
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Figure 1. Diversity of controller applications in PV system
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3. RESULTS AND DISCUSSION

Within this portion, the efficiency of the suggested controllers trough numerical simulations. The
characteristics of the system are detailed in Table 1. The simulation utilizes the irradiation profile illustrated in
Figure 2 and the temperature profile depicted in Figure 3.

The study involved testing the controllers in different conditions, particularly focusing on varying
levels of irradiation and temperature. The irradiation profile starts at zero and remains constant until t=0.4 s. It
then steadily increases, reaching a peak of 1000 W /m? at approximately t=2.25 s before gradually decreasing
back to zero. These profiles are crucial for understanding how the controllers perform under environmental
conditions. Figures 2 and 3 provide a representation of these changes over time.

Table 1. Electrical characteristics of the system

Parameter Symbol  Value
Filter L¢ 0.0028
Photovoltaic system N 14

N, 17
Boost converter Cy le-04
L, 0.0016

1000

800 -

600 -

G (Wim?)

400

200 -

0 0.5 1l 115 é 2.‘5 1‘3 3:5 4
Time (s)
Figure 2. Solar irradiation profile
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Figure 3. Temperature profile

Figure 4 shows the dynamic performance of the conventional backstepping technique during
photovoltaic voltage changes using the P&O algorithm, the change in input voltage shows a perturbation that
goes from 340 V to 400 V. Then, it become stable until 3.9 s. Backstepping emphasizes its efficiency in diverse
scenarios. However, we found out that the steady-state error is important at 3.9 s. Considering these results, to
improve the steady-state error, we had studied the integral backstepping controller, the controller proposed
highlights its strong dynamic capabilities of tracking, it exhibits minimal overshoot and achieves rapid recovery
within a 3.9-second timeframe. The suggested control method effectively addresses voltage step changes in
distributed power generation as shown in Figure 5.

The three-phase control system employs a Pl mechanism, as seen in Figure 6, to effectively regulate
the DC bus voltage, ensuring it aligns with the desired reference level. This utilization of the PI control not
only achieves stable voltage control but also contributes to improve power factor correction. In Figure 7, we
observe key characteristics of the reference current (I,;,.) and voltage (V,,.). These characteristics provide
valuable insights into the behavior of the control system and its ability to maintain desired current and voltage
levels which is difficult to keep it maintained as the overall system contains three important blocks with non-
linear controllers that were applied in parallel.

For a deeper understanding of the control system's performance, Figure 8 offers detailed information
on the power-voltage (P-V) characteristics, specifically P,, and Py, curves. These curves are important in
assessing MPPT performance. Remarkably, the P, curve closely follows the irradiation curve, indicating an
outstanding MPPT performance. This alignment signifies the system's efficiency in optimizing power output
in response to varying irradiation levels.

Reactive power (Q;,,,) in the study has been regulated to zero to maintain the current and voltage in
phase and ensure a good power factor. The active power (P,,) represents the actual power consumed or
generated by the system. The injected active power reaches 50 Mw. Taking the average during the period of
[2s-2.55], the energy injected is equal to 0.41 Mwh. Both powers are represented in Figure 9.

Figure 10 illustrated overall distortion due to harmonics, showing a progressive decrease as
transmitted power increased, stabilizing at 3%. This achievement aligns well with the IEEE 512-1992 standard
of 5% for total harmonic distortion. Further reduction in distortion, potentially involving increased filter values,
is possible, but must be approached cautiously to preserve operational efficiency.

V Backsteping

‘ ——Vpo

Time (s)

Figure 4. V},,s by applying backstepping
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4. CONCLUSION
The present study addresses the problem of controlling a three-phase double stage topology of
electrical grid connected photovoltaic system. A nonlinear controller is developed, utilizing both conventional
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backstepping and integral backstepping techniques to guarantee the stability of the system's large signals. The
designed outer loop provides optimal results, particularly in minimizing steady-state errors in the DC bus
voltage arising from mismatch interference, input voltage variations, and model uncertainty. The dynamic
performance is satisfactory, and the controller parameters meticulously designed using Lyapunov stability
conditions to ensure the overall global stability.

A comparative study of the proposed method is conducted. The results have been verified through
numerical simulation using the MATLAB/Simulink. According to the aforementioned findings, it is evident
that the suggested control exhibits favorable performance in settling time, startup, and overshoot, indicating
enhanced robustness and dynamism.

The designed inner loop achieves low total harmonic distortion, and the analysis reveals that the active
power transfer (P;,,) demonstrates a similar trend to the P, power curve. Moreover, it is observed that there is
no injection of reactive power (Q;,y) into the grid, indicating the satisfactory performance of both the inverter and
boost controls. These conclusions are supported by the results of the total harmonic distortion (THD) analysis.
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