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Abstract-With the increasing global energy consumption and the need for sustainable solutions, this article focuses on the
energy management of a hybrid photovoltaic (PV)-battery system using the backstepping method. The research addresses the
challenges of intermittent solar irradiation by implementing an incremental conductance maximum power point tracking
(MPPT) algorithm for the PV panel and backstepping control for battery charging and discharging. The system's performance
and control effectiveness were validated throughlaboratory experiments. The results demonstrate the system's robustness,
stability, and ability to respond to fast changes, making it a promising solution for efficient energy management in hybrid PV-
battery systems. The findings provide valuable insights for future research and advancements in this field.
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[. INTRODUCTION

Renewable energies are an alternative way to conventional fossil fuels, and they originate from natural phenomena caused by the
sun and the earth. The six primary sources of renewable energy are solar, wind, hydro, geothermal, marine, and biomass. The potential
of these sources depends on various factors like sunshine, wind exposure, topology, and land geometry [1]. To cover the load demand in
arid zones, solar based devices are generally combined with storage elements to get Hybrid systems. The PV-battery hybrid system
combines a photovoltaic (PV) panel with a battery storage element to increase the autonomy of the system,

In the literature, there are different types of energy systems (isolated energy systems, connected energy systems, single-source
energy systems, and multi-source energy systems). In general, the term Hybrid Energy System (HES) refers to electric power generation
systems that use multiple types ofsources in order to combine the advantages of each while taking into account their respective
specifications. These hybrid sources combine very high specific energy and maximum power available for considerable durations.
Today, the use of hybrid energy systems (HES) has advanced in several industrial sectors such as embedded systems (automobiles,
airplanes, boats, etc.) as well as for powering isolated communities or even those connected to grids[11].
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II. PV-BATTERY HYBRID SYSTEM

Effective management strategies require an understanding of the behavior of a system in response to input data, and this
understanding is achieved through a prior numerical simulation, based on an explicit modeling of the process, the first step is
modeling the involved sources, which are the PV panel and the lead-acid battery, and then going in an analog way to a mathematical
representation of the static converters, of the types of DC-DC boost and DC-DC buck-boost converters. The acquired models are
essential for comprehending and enhancing the system's overall performance to harness its full potential and ensure stability in real-
world scenarios.

In the framework of this study, a PV-battery hybrid system, which supplies a stationary load is presented in *Fig .1" To permit an
effective control and power management of the system, each source is equipped with a side DC-DC converter. An optimal operation
of the PV panel is guaranteed via a quite adjusting of the related duty cycle. In the same point of view, the battery side converter is a
Bidirectional DC-DC converter, which permits charging and discharging current of the battery.

PV Panel Boost Converter BUS
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Figure 1.Synoptic scheme of the hybrid system

III. MODELINGOF SOURCES
A.PV Panel Model

Photovoltaic (PV) panels convert sunlight directly into electricity through the photovoltaic effect.

PV models range varies from simple single-diode models to complex multi-diode models. The selection of an appropriate model
depends on the required accuracy and computational effort. The single-diode model, due to its balance between complexity and
accuracy, is widely used in PV system design and simulation [2].

Photovoltaic panels are considered neither voltage nor current sources, but they can be estimated as voltage-controlled current
generators, where the implicit four-parameter model (I, Ry, Vi, and 1,) reflects the current-voltage characteristic with notable
accuracy:

lpw = lec = I [exp (522) = 1))

This characteristic can be illustrated by the equivalent diagram (Fig.2) [14-15]; consisting of a variable current generator,
mounted in parallel with a diode D characterizing the junction and a resistance Rs (series resistance) representing the losses by Joule
effects.

The thermal voltage Vy, and the diode saturation current o are identified by:

_ Vop—Rslop
Io - (Icc - Iop)'exp[_ Ven ] (2
Vop+RsIop—V,
Vin = =——1,—0)
log (1-725)
Rs Ly
ATAY e
L
L

Figure 2. Equivalent diagram of the photovoltaic panel
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IV. MODELING OF STATIC CONVERTERS

In the context of our study on 'Modelingof Static Converters," we employ DC-DC boost converters and buck-boost converters in
hybrid PV-battery systems. The average model simplifies analysis and facilitates control design, stability assessment, and energy
management. The boost converter comprises a controlled switch, a flyback diode, and storage components (L, C), while Kirchhoff's
laws aid in deriving average model equations for the buck-boost converter, enabling comprehensive system testing [13].

e

PV

Figure 3. Descriptive diagram of the boost converter

A. Modeling of PV Panel Boost Converter

The average model for the PV panel boost converter is derived from the application of Kirchhoff's voltage and current laws (KVL and
KCL) during the closed and open phases of the transistors [13]. This yields the following average model weighted bythe duty cycle a:

%= (AL x+ B Vpv).a+ (Az. x + Bo. Vpv) (1 — o) (4)
Viae = [Dr.a+ D2 (1 —a)].x

For this converter, the parameters are:
e Capacitance (C) =2200 pF
e Inductance (L)= 15 mH
e Resistance (1) =2.8 Q

B.  Modeling of Battery Buck-Boost Converter (Bidirectional Converter)

ihat Lbat I—N-I
Viat [
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Figure 4. Converter associated with batteries.

Similarly, the average model for the battery buck-boost converter is obtained by applying Kirchhoff's voltage and current laws during
the closed and open phases of the transistors, resulting in the following average model:

ai
Lbat % = Vbat - (1 - abat)Vdc (5)
For this converter, the parameters are:
e Capacitance (C) =2200 pF
e Inductance (L)=12.21 mH
e Resistance (1) =2.6 Q

The model expressed in Equation (5) defines the battery's behavior during charging (i< 0) and discharging (ip,c> 0), with switches
Trl and Tr2 being complementary tuned, as presented in Equation (6):

Arr1 + A7y = 1(6)

V. CONTROL STRATEGIES FOR THE PV-BATTERY HYBRID SYSTEM

A. MPPT (Maximum Power Point Tracking) Algorithm
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Maximum Power Point Tracking (MPPT) is a critical technology in photovoltaic (PV) systems. Its main purpose is to optimize
power output by continuously tracking the Maximum Power Point (MPP), which varies with external factors like temperature and
solar irradiation intensity. MPPT adjusts to these changing conditions, ensuring PV cells operate as close as possible to their MPP.

This dynamic regulation maximizes power extraction, enhancing overall PV system efficiency. One widely used MPPT method is
Incremental Conductance (IncCond)

B. The Incremental Conductance Method

The IncCond method, an advanced MPPT technique, computes the derivative of power with respect to voltage to pinpoint the
MPP. By iteratively modifying the converter's duty cycle and adjusting the voltage, this method seeks the point where the
derivative of power over voltage approaches zero, indicating the MPP. In "Fig 5", the flowchart of this technique is presented.

MEASURE Vit 1)

vas

Figure 5. Flowchart of the IncCond MPPT Algorithm [12]

The algorithm hinges on the condition that the derivative of power (Ppv) with respect to voltage (Vpv) is zero at the maximum
power point (MPP) and changes sign on either side of the MPP, represented by Equation (7).

dPpy

W 0 (N

At the MPP, this equation can be explicitly expressed as a function of both PV voltage and current, as given by Equation (8).
dzp,,
Vow 5 + Ly, = 0(8)

The algorithm iteratively adjusts the converter's duty cycle, ensuring that dlpv/dVpv matches the absolute value of the
instantaneous conductance Ipv/Vpv. This Incremental Conductance (IncCond) method excels in accuracy, rapid MPP detection,
and steady-state oscillation elimination, enhancing energy efficiency.

IncCond is a practical choice for energy management in hybrid PV-Battery systems, selected based on specific system
requirements and constraints. In this work, IncCond is utilized for PV side boost converter control, as depicted in the
accompanying figure.
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Figure 6. Synoptic Scheme of the Control of the PV Boost Converter [5]

VI. THE APPLICATION OF THE BACKSTEPPING METHOD

A. In case of battery discharging:
The average model of the boost DC-DC converter is given as follows:
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X1 =—x1—(1—u)— + 2

L
I )
gm0 o2

i
Where the state vector is:X = [Vb ], and u is the converter duty cycle. In this model, I, expresses the PV current on the DC bus
dc

side and is considered as a disturbance input. E denotes the battery voltage Vp.

1) Step One:

We first calculate the inductor current tracking error Z;, given in (10). It is worth noting here that this choice is justified by the
fact that the boost converter is an unstable non minimum phase system, and the deduction of the control law via the choice of the DC
bus voltage tracking error as Z; fails. To overcome this situation, by choosing Z1 as (10), the dc bus voltage can be indirectly
controlled[6].

Zy = x; — 14(10)
Where the reference battery current I4,is deduced through the power flow in steady state, as follows:

(—— pv-Ipv)
Iq = T( 1)

And its derivative is:
Zy= % — Ig (12)
A first positive definite Lyapunov function is chosen as
1

Vi = SZ13)
By choosing the gradient of V; as semi-definite function, one gets:
Zy == ¢1Z,(14)
Where c, is a manipulated positive constant.

Plugging ¥, from equation (9) in equation (14):

. E .
Zl=—£x1—(1—u)i—2+z— Id=—C121(15)
In this step, the stabilization part o, can be deduced as:

Ca amoai]
= 7= (1-uw) (16)

2) Step Two:

In an analog way, the second error Z, is expressed as follows, which means that the DC bus voltage is regulated through the
stabilization part o,;: [8]

Zy=2—a =2 =7+ a,07)

We replace XL—Zin equation (15) with equation (17), one gets:
Zy == =Wz + ar] = Tx; + = = [4(18)
Plugging a; from equation (16) in equation (18) To finally get:
71 = —c1Z1 — (1 —w)Z,(19)

The derivative a; can be explicitly given by:

[C1Z1 - %x’l +§— I:i] 1-w) u [C1Z1 —%xl +§— I'd]

i) = +
' (1—-w)? (1—-w)?
(20)
. —c121 c1(1-u)Z,+ 2x1+(1 u)”‘z—ﬁ+£—1d+ua1
dy = 1)

(1-w
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We replace both o;and xTZ in the derivative of Z, one obtains:
Z, = 22— d,2)

r2 rxy TE
ips —C%Zl—cl(l—u)Zz+L—2x1+(1 u)L—zz—L—2+ —Tg+1ay
Zz—(l—u)———+—— (23)
LRC ' LC (1-w)

In this second step, a new positive definite Lyapunov function, extended to the second tracking error is proposed as:

1 1
Vo =-Z§ +5Z504)
=>V2 = lel + ZZZZ = Zl [_Clzl - Zz (1 - u)] + 2222(25)

The convergence of both Z;, and Z, to zero, imposes that the gradient of V, takes the following form:

Vy, = —c1Z2 — ¢, Z2(26)
According to this conclusion, the following equality is deduced:
ZZ - Zl(l - u) + szz = 0(27)
Plugging Z,from equation (23) into equation (27):
X2 E

,2
c2Z1+ci(1~u)Zy— 2x1 (1- u)—+L—2—L+Id uaq

—) X2 Tevs - - =
(1 u)LC ot + Z,(1—u)+ CyZ, = 0(28)

LC (1-w)

We extract 1 from equation (28) to finally have the control law of our system:
e 2
[c12—(1-w)?]Zz1+(c1+c2) A-wW) Za +g+ [(1LZ') 22 x1—(1- u)xz[RLC LZ]
lpvs(l w rE E
LC +L2 L
ai

u=
(29)
3) Zero Dynamics Study

The zero dynamics study focuses on the deduction of the steady state duty cycle, when both the tracking errors Z;and Z,, as well
as the control input gradient u tend to zero. A second order equation of the control law is obtained, having two possible roots, and as
remarked, since the tolerable range of the duty cycle is between 0 and 1, only the following root u 2 is suitable[9]:

uz:1_i(_iﬁ_(l+2%£L_J@E_(E+£%£%2_¢UE4%JQM)
2 X1 R L X1 X1 R L X1 L.x1

B. In case of battery charging:

The average model of the boost DC-DC converter is given as follows:

-r X E
S i
L _m dws xw O
X2 C C RC

i
Where the state vector is: X = [Vb ], and U is the converter duty cycle. In this model, I, expresses the PV current on the DC
dc

bus side, and is considered as a disturbance input. E denotes the battery voltage Vg.
1) Step One:

Firstly, the inductor current tracking error Z, is calculated, given in (32). It is worth noting here that this choice isfor the sake of
continuity, because in the first scenario, Z; was given as the equation (10), therefore, Z; in this case is also given as (32).

Zl = Xl - Id(32)

And its derivative is presented in the following equation and is plugged by :
Ty, + 2 =103
L X1 T a(33)

Where the reference battery current I4, is deduced through the power flow in steady state, as follows[7]:

Zl_Xl_Id_
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va
(RE-Vevlpy)
lg = —A———(4)
A first positive definite Lyapunov function is chosen as follows:
1
Vi = SZ7(35)

By choosing the gradient of V as semi-definite function, one gets:

Zy == ¢17,(36)

Where c, is a manipulated positive constant.
Plugging Z; from equation (32) in equation (36):

Zy=-tx -2+ = —cZ (7)
In this step, the stabilization part o, can be deduced as:
0= 2=c72 T, +2E -1, 38)
L L L
2) Step Two:

In an analog way, the second error Z, is expressed as follows, which means that the DC bus voltage is regulated through the

stabilization part a,;[10]:

Z2 = % — =>% = Z2 + a1(39)

We replace %in equation (37) with equation (39), one gets:

. E .
Zl - —%xl _ZZ - 0(1 +uT_ Id(40)
Plugging a,; from equation (38) in equation (40) to finally get:
Zy = —C1Z1 — Z,(4)
The derivative a; can be explicitly given by:
. ; ro. u.E s
al = CIZI - le + T - Id(42)
., _r? urkE | r wE 2
a, = L_le Yz + L_sz + -~ Id - C121(43)
We replace both dl and % in the derivative of Z,, one obtains:

Z, = % — 01(44)

ipvs , ur.E uE

. 1 r2 1 r 8
Z, = [E—L—Z]xl—[E+L—2 x2+clzZl+ClZz+T+ 12 _T+1a(45)

In this second step, a new positive definite Lyapunov function, extended to the second tracking error is proposed as:
1 1
Vo =2 Z{ + 2 ZF46)
=>
Vy =217y + 2,2, = Z4[—CZy — Z,(1 —w)] + Z,2,47)
The convergence of both Z, and Z, to zero, imposes that the gradient of V, takes the following form:
VZ = _Clzlz - C2222(48)
According to this conclusion, the following equality is deduced:
=>Z2 - Z1 + szz = 0(49)
Plugging Z, from equation (45) into equation (50):

1 r? 1 r i urE wWE | -

We extract 1 from equation (50) to finally have the control law of our system:

2 r.E  ipys | o
[[%—i—z]xl— %+L—rz]x2 +%+ pC +Id+(C%—1)Zl+(C2+C2) Zz

u= L
E
(51

3) Zero Dynamics study
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The zero dynamics study focuses on the deduction of the steady state duty cycle, when both the tracking errors Z; and Z,, as
well as the control input gradient 11 tend to zero. Since the tolerable range of the duty cycle is between 0 and 1, an equation of the
control law U is obtained:

[1 rz] +[1+r] ipvs i
ezt |etz X la

c L2 RC L C

u= K (52)

r.E
The idea behind the deduction of this control law, is to avoid the saturation of the control law while using (51), caused mainly by
the accumulation of errors, due to the imprecision of both voltage and current sensors.

C. logic commutation criteria

The choice of the bidirectional converter operation, whether to be a boost converter and discharge the battery or a buck converter
and charge the battery depends on the sign of the reference battery current (y..¢), which can be calculated using the next equation:

e
Ipref = Vi (53)
As for the choice criteria itself, it’s presented as follows:
ifiprer >0 =>pen > B,y  =>  operate as boost
{ ifiprer <0 =>pey <P,y  => operate as buck (54

VII. EXPERIMENTAL VALIDATION

To experimentally validate the control approaches, a small-scale hybrid system is assembled in the Renewable Energy Laboratory,
where the implementation is performed using an Arduino Mega 2560 board. The explicit electronic scheme and the test bench is
presented in figure (7)

VDC Power | VAT A
Supply )\ Oscilloscope VDC Power

1 .
2 Supply

o~ PvPanel
+Pyranometer

i Arduino
DC/DCBuck |, MEGA
Boost Converter P

Figure 7: Picture of the Assembled Small-Scale Hybrid System in the RE Laboratory

The results of the backstepping-controlled boost converter are presented in this section, with a static load of R=20 €, and a reference
voltage of Vpce=25V

The obtained curves from testing the controller while discharging the battery are presented in the next figures.
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Figure 10: the load’s power + the sum of the PV panel and the battery’s power

The curves illustrate power management on the battery side using a backstepping-based controller via a boost DC-DC converter. The
continuous bus voltage (VDC) stabilizes at VDC=21.5V, slightly below the reference value of 25V, showing a decrease of
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approximately 3.5V. The battery current closely approaches the reference value (IbRef=0.64A), maintaining oscillations between
Ibmax=0.64A and Ibmin=0.5A due to coil effects.

The combined power of the battery and PV panel fluctuates around Ptot=31W, matching the anticipated load power. However, the
load's power hovers around Pch=23.5W, influenced by the reduced VDC. The PV panel's power oscillates around PPV=15W, while
the battery's power compensates the load with a value around Pb=16W.

Overall, these curves demonstrate effective power management in the hybrid system by the controller
e Practical Obstacles

During the work on this article, several obstacles posed challenges and impeded the progress, resulting in limitations that affected the
attainment of optimal outcomes. Some of these obstacles included:

-Faulty electrical and electronic components.

-Inadequate wiring leading to signal distortion and interference.
-The Arduino board's limited commutation frequency.

-The microcontroller's restricted processing capabilities.

To elaborate on the Arduino board's limitations, the PWM output frequency of the board is limited to f=490Hz, which is significantly
lower than the required commutation frequency essential for achieving the desired system performance. This limited frequency range
constrained our ability to accurately control and modulate the electrical signals, impacting the overall efficiency of the system.

VIII. CONCLUSON

Inthis research project, a PV-battery hybrid system was thoroughly investigated under the control of the nonlinear backstepping
approach. Comprehensive insights into system components, models, and control laws were provided. Utilizing the Incremental
Conductance MPPT algorithm with a DC-DC boost converter, power extraction from the solar panel was successfully optimized. Bus
voltage regulation and battery control were effectively implemented using the backstepping method with a buck-boost converter,
accommodating both discharging and charging modes. Simulations have demonstrated the effectiveness, responsiveness, robustness,
and stability of the system and controls. It's acknowledged that experimental validation was limited to the discharging phase due to
time constraints. Future work should encompass further experimental testing for a more comprehensive assessment.
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