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A novel nonlinear backstepping controller based on direct current (DC) link
voltage control is proposed in three-phase grid-connected solar photovoltaic
(PV) systems to control the active and reactive power flow between the PV
system and the grid with improved power quality in terms of pure sinusoidal
current injection with lower total harmonic distortion (THD), as well as to
ensure unity power factor, or to compensate for reactive power required by
the load, i.e., the electrical grid. The output power of the PV array is supplied
to the grid through a boost converter with maximum power point tracking
(MPPT) control and an inverter. Simulation results of the proposed controller
show good robustness under nominal conditions, parameter variations, and
load disturbances, which presents the main advantage of this controller as

Inverter _ compared to an existing controller. The performance of this work was
Maximum power point evaluated using a MATLAB/Simulink environment.
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1. INTRODUCTION

Currently, a trend of rapid growth in energy needs has been observed in the world. As a result, most
countries are using renewable energy resources (RES) to generate electricity. A new development is the
integration of RES, such as wind and solar energy, into the power grid at the distribution level [1]. These
distributed energy resources inject electrical energy directly through a solar or wind system based on power
electronic converters [2], [3]. The topology of a photovoltaic (PV) system is classified into two categories: The
first type is a single-stage PV system [4]-[6], in which the grid is connected directly to the PV sources via an direct
current/alternating current (DC/AC) inverter to achieve maximum power point tracking and unity power factor
(UPF). The second type is a two-stage PV system [7]-[9], in which the PV panels are connected to the grid via a
DC/DC boost power converter that operates with an maximum power point tracking (MPPT) and a DC/AC
inverter to achieve UPF. In this work, a two-stage power conversion was used in the grid system. Therefore,
photovoltaic solar systems are composed of a solar module array, a DC-DC power converter, and a DC-AC
inverter as the final interface [10], [11].

The objective of the main control of grid-connected photovoltaic systems is to extract the maximum
power from the PV and inject the active and reactive power to the grid within the maximum available power
while improving the quality of the delivered power [12]. Traditional linear controllers [13]-[15], are frequently
employed because of their simplicity construction and versatility in solving a variety of practical control problems.
However due to the nonlinearities of grid-connected photovoltaic systems, in the presence of parametric
uncertainties, sudden disturbances, weather conditions, or load changes; the desired values may not be followed
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in a wide range of operational regions when using linear controllers. Consequently, nonlinear control strategies
are deployed to conquer the operating point limitation of grid-connected photovoltaic systems [16], [17].

In the literature review of grid-connected photovoltaic systems, there are several studies have been
conducted. Lalili et al. [18], propose the feedback linearizing (FBL) technique to eliminate innate nonlinear
effects in photovoltaic system by converting the system to partially or totally linearized one. However, these
feedback linearization controllers are extremely sensitive to parameter variations. In [19], [20], the authors
suggest the sliding mode controller, which guarantees the satisfaction of the control objectives even in the
presence of nonlinearities, model parameter fluctuations, and external disturbances. However, oscillations are
caused by high frequency switching and can reduce the output power due to chattering phenomenon [21].

A backstepping controller based on the Lyapunov function overcomes some of the drawbacks of a
feedback linearization controller by considering the complete nonlinearities of the system. In [22], [23], the
authors propose the design of a backstepping controller for the nonlinear behavior of the switching current on
the inverter side to control only the active power while ensuring a unit power factor (UPF) with the reactive
power assumed to be zero. However, this control method was not able to achieve the objectives with good
performance under the constraints of the PV system (climate changes, parametric uncertainties, and load
change). Furthermore, the reactive power demanded by the load must be provided by the power grid or by
external compensation devices, which is extremely costly.

For this reason, the aim of the present study is to develop a new backstepping controller based on DC
link voltage control as in [24], to meet the control objectives of ensuring maximum power extraction and
controlling the active and reactive power flow between the PV system and the grid, as well as improving power
quality by injecting sinusoidal current with low harmonic distortion, even in the presence of parameter variation
and external disturbances. This method can eliminate the limitations of the existing controllers by optimizing
the PV system dynamic responses, controller robustness, and stability performance. The rest of the work is
structured as follows: first, a description of the system and a dynamic model are presented in section 2. In
section 3, the design of the controller strategy of the boost converter and the three-phase AC inverter. Section
4 is devoted to the simulation results with different analyses. Lastly, the conclusion is formulated.

2. MODELING OF 100 kW GRID-CONNECTED PV SYSTEM

The primary step in the suggested backstepping design strategy is to develop a non-linear
mathematical model of the three-phase grid-connected solar PV system, as illustrated in Figure 1. The
configuration of This system contains: PV array, DC converter, DC link capacitor, three-phase voltage source
inverter (VSI) consists of six power insulated-gate bipolar transistor (IGBT) switches, inductive filter, and grid.
The PV voltage is connected to the DC-link capacitor through the boost converter. The output voltage of the
inverter connects to the grid via an RL filter. (eq, ey e ); (ig, ip,ic); (Va, Vp, V) are respectively three phase-grid
voltages, injected currents, and three-phase inverter voltages.V,. is the DC link voltage; Vpy,ip, are
respectively the PVG voltage and current.
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Figure 1. Three phase grid connected PV system

2.1. Photovoltaic array model
The equation that defines the voltage-current characteristic is as (1) [25],

€]

VortRslpy
P Ip
Vo Rl
pviiisipy
lpV_[p]Z_IS e ave —1 _—
Rgp

Int J Elec & Comp Eng, Vol. 13, No. 3, June 2023: 2517-2528



IntJ Elec & Comp Eng ISSN: 2088-8708 O 2519

where Iy, and Is are respectively photo current and cell saturation of dark current. V¢ is Thermal voltage which
is V=KT/q. where q =1.6x10%° C charge of an electron. T is the cell’s working temperature, and a is an ideality
factor. The Rp and Rs are respectively Shunt or parallel resistance and Series resistance.

The PV array is formed by the association of a predetermined number of 215 Wp panels, in series to
form strings that set the required voltage, then the strings are interconnected in parallel to determine the current
of the renewable source. In the presented system the PV farm is composed of 47 strings in parallel, each string
is composed of 10 modules in series.

2.2. DC-DC Converter modeling

A DC-DC boost converter is employed as an interface between the DC bus and the PV array to monitor
the MPP for different irradiation and climatic conditions. The duty cycle of the converter switch is always set
with MPPT algorithms to keep the solar panel operating continuously at MPP. The boost converter's control
input u is a PWM signal with values in the range {0,1}. By application of Kirchhoff’s laws successively with
u =1 and u =0 to the boost converter circuit, the dynamic equations can be formulated as (2) and (3) [26]:

avpy _ 1, 1,

dc ~ cpv PY  cpv ' 2
diL 1 1

== V= (1) Ve 3)

2.3. DC-AC inverter modeling
The three-phase inverter is used to transform the voltage from DC to three- phase AC voltage [27].
To connect the inverter to the grid, the AC voltage of the PV generator, must be synchronized with the grid
voltage by using phase-locked loop (PLL) method [28]. According to the Kirchhoff equations of the elementary
circuits, and after the Park transformation, we obtain the VSI equations from the circuit and the representation
in the DQ frame as (4),
, diy
Vo=Riy+L =~ + e, oy
di I/a'zR[d +Lf— +LfW[ +Ed
. 1p dt q
Vb :Rlb—/_LfE + €p
di,

Vo= Ri+Lr =5 +e.

Vd V;z Ed €q Id ia
where: | V; | =K (Vb>; E; =K (%); I | = (ib>
Vo Ve E, €c Ip ¢
cos(wt) cos(wt-120) cos (wt+120)

andK:f -sin(wt) -sin(wt-120) -sin (wt+120)
3 1 1 1

diy (4)
Vy=RI, + Lo — Lwl, +E,

2 2 2

By considering a lossless power conversion system, the concept of power balance between the dc
input side and the ac output side can be rewritten (5).

. 2
Ez’c :‘LZT! Vdcldc = EEd]d (5)

The capacitor across the DC-link voltage dynamics can be written as (6) and (7),

dvde . , L. _2E
Cdc a =1, — 14 where: 14, = }Zc[d (6)
avde _ 1 _ 3y Fa
s - Q) A ™)

The state equation of the VVSI system can be represented (8) to (10).

davde 1 (. 3
< = (IL_%EdId) (8)

dt Cqc
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E:WIq_E]d_Z‘ Z‘ (9)
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where (Vd, Vq) is the input control vector.

2.4. Backstepping controller design

Three controllers are synthesized in this work: a PV voltage controller, a DC link capacitor voltage
controller, and a current controller: the first controller consists of a loop to determine the MPPT, and the second
controller consists of an external loop that helps maintain the DC bus voltage at a given reference and an
internal loop that controls the grid current, while the third controller is responsible for transferring the
appropriate reactive power to the grid. The backstepping controller strategy was adopted because it has
demonstrated high performance and robustness in the presence of parameter fluctuations and disturbances.

The block diagram in Figure 2 illustrates the controller simulation. The inverter currents (la, Ib, and
Ic) and grid voltages (Ea, Eb, and Ec) are converted in the DQ axis to Id, 1g, Ed, and Eq and subjected to
backstepping control. The photovoltaic voltage (Vpv) and current (Ipv) are also used to perform the MPPT
technique, which produces references that are sent to the system controller input.
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Figure 2. Control scheme of the proposed PV system

2.4.1. MPPT control strategy for boost converter

To meet the maximum power extraction requirement and ensure effective energy transfer from the
solar panels to the grid, a nonlinear controller using the backstepping approach is used. The output voltage of
the panels converges to the Vi value provided by the MPPT controller, allowing the PV array to extract its
maximum power under various weather conditions. The equations synthesis needed for backstepping control
of the boost converter are shown in (2) and (3).
Step 1: Set the first tracking error and its derivative as (11).

S
E1=Vo, = Ver, &= P~ E,IL = Veer (11)

Introduction of Lyapunov function and time derivative (12).
1 g . 1 . 1 . s
V(D= 367 Vi(EN= 181 =& (oip— il ~ Vir) (12)

A virtual control a/ must be introduced to stabilize the tracking error to the origin. Where o/ is the desired
inductor current value, it is described as: a;=(iL),. Consequently, to force the derivative of the Lyapunov
function to be negative, the virtual control law must realize the (13).

ay = Ly + Cpy(C1€ — Vi) (13)
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The judicious choice of a/ leads to write &,=— C,&;
V(ED=— C,EF This guarantees the stability of the system

Step 2: The second tracking error that represents the difference between the state variable iL and its desired
value o/ is:

€2 = IL_ ay (14)
By using (3), the time derivative of the second tracking error can be expressed as (15).

. 1 1 .

52 = 1 VpV_ Z(Z'U)Vdc_ ay (15)

The new function of Lyapunov and its derivative can be expressed as (16) to (18),

1
VAELE) = Vy + 5 (16)
. . . . 1 1 1 .

VAELED) = Er + E26, Vo == C1E°+E; [~ (Fp) Ert2 Vo — 7 (I- ) Vyge— diy ] (A7)

; 1. 1 :
where: EIZE/IP—E(Q’I +E3) — Vier (18)

The command u is chosen to obtain the expression (19).

1 ,
7 (1- WV~ a;=~CrE, (19)

1 1
‘F,,gf+z Vo

As a result, the expression for the command u that the backstepping controller must generate is:
L 1 1 .
u=_=[-CoE+— &= (Vo= Vi) +d;] (20)
dc P

Hence the error variables (&7, £2) converge asymptotically to the origin, implying that V,, converges
asymptotically to the reference value Ve, producing the maximum power from the PV system.

2.4.2. Control of active and reactive power of grid side

To inject the maximum total power extracted from the PV array into the grid and to regulate the
reactive power, the control of the AC inverter is performed in a cascade approach by controlling both the DC
link voltage and the grid currents. The expression for the active and reactive power can be written as follows
assuming the g-axis component (Eg) is zero:

3 3
P== (Eqly+Eqly) P = SEqlq (1)

3 3
Q=3 (EslyEydy). Q = — 2 Eql, (22)

The voltage control inputs V,; and 1, must be generated in such a way that the state trajectories of
Vierer and the current I, - can be tracked through the control actions of V. and 1,, i.e., their tracking errors
must converge to the origin, in order to inject the suitable active and reactive power into the grid with reduced

harmonic distortion.
Step 1: The tracking error between the actual and desired DC link voltage values is given as:
€ = Vg _Vdcref (23)

The time derivative of the tracking error €, can be expressed as using (8):

. . 3
&= o (., — MEd[d) (24)
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The Lyapunov candidate function (LCF) and its derivatives can be written as (25).
1 . . ] 3
Vs =385 Vs=E385 =85 (30— 5 Bald) (25)
To stabilize the tracking error € to zero, the virtual value of I, needs to be selected in such a way that V, < 0.

If the virtual value of Id is «, , it can be chosen as (26).

2 Cdc Ve

a=(Iy)q, a;= (C &z + IL) (26)

This selection of the virtual control input a, ensures that (24) yields a negative semi-definite function, as

illustrated in equation: V; = — 63832. The dynamic of the virtual control input (a,) will be utilized in the next
step.

Step 2: The virtual control a, is not equal to the d-axis current in the first step, there is an error between them
to correct this error, another tracking error for the d-axis current and its derivative can be defined as (27).

E=l—ay, &= wl, — —fId —2t——ua, (27)
The Lyapunov candidate function and the time derivative can be defined as (28).

V=367 + Vs, Vi= 46441y (28)
Substituting the (27) and (25) into (28), The time derivative of the LCF can be written as (29).

V=—C3€3 +E4[—_Ed+W1 _[d_ +_—a'2] (29)

V, should be negative to ensure the stability of this subsystem, so: V, = —C;€;%—C,€,%. The dynamics of
tracking errors of V. and d-axes current can be stabilized by designing the control law V, as (30).

Vd = Lf[—C4€4 + ZVSdCE WI + Id+ Cl'z] (30)

Step 3: Reactive power control
The desired reactive power can be expressed as [29]: Qy¢f= — %Edlqref. The inverter should supply

the required reactive power. As a result, the tracking error and its derivative for the g-axis current using the
(10) can be written as (31).

: R E, V .
€ = Ig—Igrep, E5 =Wy — il 7‘;+ i_lqref (31)

The time derivative of the Lyapunov candidate function corresponding to €5 is as (32):
V5—€5 [ W]d Lf q- Lf + jqref] (32)

V5 should be negative as follows to ensure the stability of this subsystem, so: Vs = —Cs€¢*. The control law
V, can be expressed as

Lf[W]d + — oF ]q+ q +]qre 6555] (33)

After obtaining the control input V; and, V;; three modulating signals V,, Vb, and Ve, are generated
after performing the inverse Park transformation from DQ to ABC. These three modulating signals will
generate six switching pulses for the inverter using the PWM generator as illustrated in Figure 2. For positive
gain parameters, all Lyapunov expressions are negative semi-definite functions.
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3. SIMULATION RESULT

To evaluate the performance of the proposed nonlinear controller, numerical simulations are
performed on the Simulink/MATLAB platform. The model contains two power converters that connect the
photovoltaic panel to the grid via an L-filter. The parameters of the photovoltaic system components and the
controller are shown in Table 1.

The control objectives will be achieved to produce 100 kW of active power and 50 kVAR of reactive
power; the amount of power injected depends on the output power of the PV array and the required power
factor. The output of the boost converter, which maintains a constant voltage of 600 V through the MPPT
system, is sent to the DC link capacitor. This DC voltage is converted to a 400 VV AC voltage via a three-phase
inverter. The inverter is connected to the grid via a 1 MVA, 400 V/20 kV transformer. To verify the
performance of the new nonlinear backstepping controller, the comparison is made with an existing controller.
The following operating conditions are considered:

Table 1. Parameters of the boost, inverter, and implemented controllers

Boost converter, inverter and grid components and values Controllers’ parameters
Cpv (PV capacitor) 3500 pF Boost C1=1000
. Backstepping _
L (boost inductor) 1mH controller C2 =100000
Cdc (DC bus capacitor) 3300 uF
Fsw (Boost switching frequency) 5 kHz Inverter C3 =10000
Backstepping C4=10000
controller C5=100000
Rf (filter resistor) 1Q
Vdc_ref (DC bus voltage reference) 600 V
Fpwm (inverter PWM frequency) 10 kHz
U (RMS L-L, grid voltage) 400 V
F (Grid frequency) 50 Hz
P_load (load active power) 70 kW
Q_load (load reactive power) 50 KVAR

3.1. Case 1: Controller performance under standard atmospheric conditions

In this scenario, the PV systems are simulated under normal conditions, with a solar irradiation value
set to 1,000 W/m2 and an ambient temperature set to 25 °C. The main objective is to inject the maximum power
100 kW with a unit power factor. Figure 3 shows that the DC link voltage has reached the required value
600 v, ensuring maximum power extraction from the panels. Figure 3 also shows that the DC link voltage of
the proposed controller tracks the reference voltage more accurately and with less fluctuation than the existing
controller.
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Figure 3. DC link voltage under standard atmospheric conditions

Figure 4(a) shows that the voltage and current are in phase with the proposed and existing
backstepping controls, confirming the UPF. Figure 4(b) also shows that when the proposed new controller is
used, the output current is extremely close to a pure sine waveform with few harmonic components, while the
output current of the existing controller has considerable harmonic components.
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To further demonstrate the effectiveness of the proposed method, the fast Fourier transform (FFT)
analysis of the grid current with both controllers is shown in Figures 5(a) and 5(b). The THD of the grid current
is about 1.75% when the existing control is used; the THD is about 0.88% with the new controller. Figure 6
shows that the maximum power generated by the PV panels is fully injected into the grid when both controllers
are used, but the proposed controller has fewer fluctuations than the existing controller.
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Figure. 4 Grid voltage and injected currents of phase A: (a) waveforms when using the existing and proposed
controllers under standard atmospheric conditions and (b) zoomed portion of the injected current
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Figure 6. Active power injected into the grid under standard atmospheric conditions
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3.2. Case 2: Controller performance under changes in solar irradiation

In this case study, we consider the variation of irradiance while maintaining a constant temperature of
25 °C. In Figure 7(a), the specific irradiance protocol is developed. The initial solar irradiance is assumed to
be 500 W/m2. After t = 0.065 s, the irradiance increases to 1,000 W/m?2 and remains there until t = 0.13 s.
Finally, after t = 0.13 s, the irradiance decreases from 1,000 to 800 W/mz2,

Figure 7(b) shows that the DC bus voltage, when the new controller is used, has better tracking
capability than the existing controller, it can also be seen that this voltage contains very small overshoots
compared to the existing controller. Figure 8 shows that the grid current varies as the irradiance changes. The
grid current waveform with the proposed controller is smoother than the response with the existing controller.

The maximum power injected into the grid will start to change fromt =0 s to t = 0.065 s, and from
t=0.065stot=0.2s, depending on the irradiance changes as shown in Figure 9. The designed controller can
inject the amount of active power into the grid with less overshoot compared to the existing controller.
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Figure 7. The proposed controller's DC link voltage in comparison to the existing controller: (a) irradiation
pattern and (b) DC link voltage under irradiation variation
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3.3. Case 3: Controller performance in terms of maintaining power balance

The grid-connected photovoltaic system is connected to a three-phase load in this scenario. The load's
maximum power is 70 kW, and its reactive power is 50 kVA. At the start of this simulation, it is assumed that
the photovoltaic unit operates at 500 w/mz2 until t= 0.1 s as shown in Figure 10(a), implying that the photovoltaic
unit's output power is 50 kW, and the load demand is 70 kW. As a result, the active power delivered to the load
will be 50 kW, and the grid will supply 20 kW from the load, as shown in Figure 10(b).

During the time interval t = 0.1 s to t =0.2 s, the solar irradiance varies from 500 to 1,000 W/m2, which
results in 100 kW output power from the PV unit while the load remains at 70 kW. As a result, the load absorbs
70 kW, and the remaining 30 kW is sent to the grid to maintain power balance, as illustrated in
Figure 10. As can be seen, the photovoltaic unit's output power is 100 kW, the load demand is 70 kW, and the
power transferred to the grid is 30 kW. As a result, the power balance in the system can be considered.
Figure 11 depicts the reactive power shared between the grid, the load, and the PV system.
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Figure 10. Power balance between PV source and the grid: (a) irradiation model and (b) active power
delivered to the load from the grid and PV unit
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Figure 11. Reactive power sharing between PV source and the grid

4. CONCLUSION

In this paper, a novel backstepping controller based on DC link voltage control using a power balance
method is designed to control the active and reactive power flow in a grid-connected solar PV system. The
performance of the implemented controller is evaluated using numerical simulations in MATLAB/Simulink.
The system continues to meet the overall objectives under various operating conditions for which it was
developed, such as i) tracking the maximum power point, ii) controlling the DC link voltage at a given
reference, and iii) injecting active and reactive power into the grid with lower harmonics.

As shown in the simulation results, the proposed backstepping controller performs satisfactorily in
terms of improving power quality by reducing the THD of the current injected into the grid. It is also found
that this controller is globally stable under changing atmospheric conditions as compared to the existing
controller. The proposed controller can also ensure maximum power injection into the power grid under varying
operating conditions by maintaining the power balance inside the grid-connected PV system.
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