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Abstract—Backstepping controllers are obtained for distributed
hybrid photovoltaic (PV) power supplies of telecommunication
equipment. Grid-connected PV-based power supply units may
contain dc—dc buck-boost converters linked to single-phase in-
verters. This distributed energy resource operated within the self-
consumption concept can aid in the peak-shaving strategy of ac
smart grids. New backstepping control laws are obtained for the
single-phase inverter and for the buck—boost converter feeding a
telecom equipment/battery while sourcing the PV excess power to
the smart grid or to grid supply the telecom system. The back-
stepping approach is robust and able to cope with the grid non-
linearity and uncertainties providing dc input current and voltage
controllers for the buck-boost converter to track the PV panel
maximum power point, regulating the PV output dc voltage to ex-
tract maximum power; unity power factor sinusoidal ac smart grid
inverter currents and constant dc-link voltages suited for telecom
equipment; and inverter bidirectional power transfer. Experimen-
tal results are obtained from a lab setup controlled by one inexpen-
sive dsPIC running the sampling, the backstepping and modula-
tor algorithms. Results show the controllers guarantee maximum
power transfer to the telecom equipment/ac grid, ensuring steady
dc-link voltage while absorbing/injecting low harmonic distortion
current into the smart grid.

Index Terms—Backstepping, buck-boost converter, dc/ac con-
verter, MPPT, self-consumption, smart grids.

I. INTRODUCTION

HOTOVOLTAIC (PV) energy is now widely used to supply
P electricity to isolated houses and autonomous devices and
to generate electrical energy to inject into power grids. The solar
cells are connected in series strings and then paralleled to obtain
asolar array or module. The common grid-connected PV system
consists of solar modules, a step-up dc—dc converter and a dc—ac
converter. The dc power generated by the solar cells arrays is
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temperature and irradiance dependent, the dc—dc converter being
mandatory to regulate the PV panel output voltage in order to
stay in its maximum power point (MPP) [1]. The PV system is
connected to a load or can be interfaced to the electrical grid
using a dc—ac converter to inject a sinusoidal current in phase
with the voltage of the electrical network. Combining solar
modules in series and in parallel creates PV panels able to supply
power to help shave midday peaks of grid power consumption
of centralized energy as renewable distributed energy resources
(DER).

When the number of needed panels is large, shadowing in
some panels strongly reduces the overall power output. Given
that individual PV panels usually output a few hundred watts,
for most applications it is desirable to seek for a distributed PV
architecture in which each PV panel has its own dc—dc converter
to locally optimize the MPP even considering partial shadowing,
ageing, or different operating conditions [1], [2]. The distributed
dc—dc converters outputs are then connected in parallel to feed a
load or the grid through one or several distributed inverters (dc
microgrid connected to an ac grid). The distributed option en-
sures higher reliability concerning converter failures or ageing
in the converter modules or solar panels, and their smaller indi-
vidual dc capacitors can be chosen to ensure extended lifetimes.

Under the concept of self-consumption of electrical power,
each electricity consumer should be given the possibility to
connect a PV system able to produce the energy corresponding to
the consumer average consumption. This energy could be used
in the producer—consumer (prosumer) site and the short-term
available surplus injected in the electrical grid. In this case, the
prosumer receives a payment for the excess electricity generated
regarding the amount consumed within a billing period [3], [4].

Inserting energy storage systems in the low voltage (LV)
grid, close to the prosumers site, [community energy storage—
(CES)], increases the global value of the storage solution [5].

PV systems are advantageous for the smart grid concept as
they can supply or store the extra power during the midday peak
power consumption hours, while the prosumer can rely on CES
or grid electricity during sunless hours, leveling the centralized
injected grid power. This concept, together with the mitigation of
voltage rise caused by DER is central toward a LV ac smart grid
[6], with power converters buffering and smoothing DER inter-
mittency, avoiding reverse power flow to the medium-voltage
network, providing voltage support, spinning reserve, power
factor correction, harmonic filtering, uninterruptible power sup-
ply, peak shaving, load leveling to defer capacity upgrade.
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Fig. 1. PV distributed hybrid self-consumption system and telecom load.

The self-consumption concept is well suited for telecom-
munications applications, since telecom apparatus power
consumption is roughly constant. Excess PV energy during sun
hours can also be used to shave the smart grid consumption
peaks in the evening if back-up storage batteries or CES are
used.

In this paper, a telecom load is connected between the dis-
tributed PV panel dc—dc converter and the dc—ac converter (see
Fig. 1). This PV system is suitable for LV telecommunication ap-
paratus, where the nominal voltage is usually 48 V, but can vary
in the range from 36 to 75 V [7]. Since most PV panels present
output voltages nearly in the same range, from the available dc—
dc converter topologies [8], a buck—boost (step-up/down) dc—dc
converter [8] is selected, as it can supply voltages in the above
range, having input voltages inside the same range or even lower
or higher than the range limits.

Smart grid-connected PV systems require dc—ac converters to
connect the system to the power grid [6], [9], [10]. Hybrid ac—
dc microgrids can integrate CES and DER based on renewable
energy sources, where the power electronics interfaces between
ac bus and dc bus should be controlled so that the microgrid
works under different operation modes (isolated or controlling
the generation and consumption) [11].

In this paper, a single-phase dc—ac converter [8] has been
used and controlled to inject nearly sinusoidal currents (to re-
duce harmonic distortion) in phase with the LV-ac grid. Within
the self-consumption concept, this converter must work as an
inverter or as a unity power factor rectifier (reversible operation)
depending on the telecom load power requirement, on the PV
panel power generated and on the telecom/battery load needs.
During the hours where the telecom application requires more
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power than the PV system can generate the dc—ac converter
works as a rectifier to complement the PV panel that cannot
produce the needed power due to low irradiance levels. At mid-
day hours, the excess power produced by the PV panels can
be used to recharge the back-up battery or be injected in the
grid after battery recharge, the dc—ac converter working as an
inverter. Additionally, if there is a fault in the grid, leading to
voltage sag, the PV panel and battery of this hybrid power system
will continue to power the load that will not be affected by the
sag.

The control strategy must be designed to operate the PV panel
in the MPP to obtain maximum power transfer. There are dif-
ferent MPP tracking (MPPT) algorithms [12] to reach the MPP
[1]. The most used algorithm is the Perturb and Observe (P&O)
method [1]. Several other algorithms, such as the incremental
conductance [13], the ripple correlation control [14], the slid-
ing mode control [1], or MPP trackers based on artificial neu-
ronal networks, or fuzzy logic [15], [16], have been introduced
amongst others [17].

Due to the oscillatory behavior of the P&O method and
the required processing time of advanced MPPT algorithms,
a nonlinear control method is proposed to achieve the MPP,
the backstepping control [18], [19]. Besides, instead of linear
proportional-integral (PI) compensators to regulate the dc mi-
crogrid voltage at the input of the inverter in order to inject
sinusoidal currents to the LV grid [20]-[22], the backstepping
method is shown to generate original and new controllers for
the dc—ac converter considering the single-phase converter slow
and fast dynamics. Dynamics separation is needed as the grid
power injected/retrieved by a single-phase inverter is not con-
stant during a grid period. The backstepping method guarantees
stable and robust operation as an inverter (minimum phase sys-
tem) or as a rectifier (nonminimum phase system), being also
able to cope with the ac grid voltage variations and microgrid
operating modes [11].

Previous works [22], [23] have derived the backstepping and
the adaptive backstepping MPPT algorithm for the buck—boost,
without considering the single-phase inverter dynamics, as the
dynamic separation, which is a crucial contribution of this paper,
was not used. Therefore, in the simulation results published,
a hysteresis current controlled three-phase inverter (constant
power) with a PI voltage controller had to be used in [22] and
[23] to inject all the PV array power into the grid. Powering
loads in the dc grid was not considered in [22] and [23].

The advantages of backstepping controllers are related to
the use of the converters model direct dynamics, and Lyapunov
functions to guarantee the stability and robustness of the system,
therefore enhancing the system performance.

After modeling the converter association (see Section II), this
paper presents the backstepping control (see Section III) of the
buck—boost converter and dc—ac converter, solves the problem of
applying backstepping to dc—ac reversible converters with both
fast and slow dynamics. Instead of using known platforms us-
ing acquisition and control expensive commercial boards [24],
a lab setup has been built to check the performance of the pro-
posed backstepping controllers, including a PV panel simulator,
a buck—boost converter, 48-V load, and a grid-connected single-
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Fig. 2. Buck-boost converter with input filtering capacitor and load.

phase full-bridge inverter, all the converters and MPP being
implemented in a low-cost dsPIC microcontroller. Section IV
shows this experimental setup and discusses experimental re-
sults, while Section V summarizes the main results.

II. SELE-CONSUMPTION PV SYSTEM MODELING

A self-consumption smart grid-connected PV system may
contain several PV panels able to convert power in excess of the
needed by the telecom load during midday hours. Distributed
hybrid architectures [25]-[27] can use one dc—dc power con-
verter per PV panel, and one or several single-phase dc—ac
power inverters/rectifiers, smart grid connected, that are con-
trolled to power up the telecom loads when there is not enough
sun available.

A. DC-DC Buck—Boost Modeling

The dc—dc buck—boost power converter (see Fig. 2) has a fil-
tering capacitor connected to the output voltage vpy of the PV
panel and is controlled to ensure the voltage vpy across this
capacitor equals the maximum power voltage (Viipp), there-
fore transferring the maximum power from the solar array. The
buck-boost converter is driven by a fixed frequency pulse width
modulation (PWM) duty-cycle generator with duty cycle ~,
v € 10, 1[. In addition to the input capacitor, the converter has
an inductor and output capacitor as well as a low-ON-state volt-
age drop MOSFET and Schottky diode for loss minimization.

v, 18 the buck—boost converter output voltage in V, ipy is the
PV panel output current in A, i, (1 — ) is the output current
in A, 77 is the inductor current in A, assuming ideal semi-
conductors and continuous-conduction mode (CCM) operation.
The telecom load current ;. is considered to be a disturbance.

Using state-switching period averaged values, the buck—boost
converter dynamics are as follows:

d . .
Z;V = ipy/Cy — iy, /C) (1)
.
;;1 = yupy /L1 — (1 —7v)v, /L4 (2)
d . . .
% = (ig, (1 —7) — iy — ire1) /Ch 3)

where 7, in (3) is the inverter dc current.

B. DC-AC Power Converter Modeling

Consider also that the single-phase dc—ac converter input
voltage (see Fig. 3) is the buck—boost converter output voltage
v, to be controlled by the dc—ac converter to be almost constant

v, w} Vg
T1 -|K T3 {

Fig. 3. Single-phase dc—ac inverter.

voltage of the supplied telecom load. The dc—ac converter is
driven using a three level PWM sinusoidal modulator in order
to control the dc voltage v, by changing the alternating current
i to be injected in the network at voltage vp.

The dc—ac converter dynamics (4) (5) can be written in a
strict-feedback form as

dvf) ) ]

Cgﬁ = i,V — i, VR )
dir,

2=t = fu, — . 5)

Equation (4) represents the energy transfer through the de—ac
converter, considering it is conservative and operates at unity
power factor. In (5), the function that converts the dc—ac con-
verter switched voltage vpwy to the fundamental sinusoidal
voltage is the sinusoidal modulation waveform (3. Equations (4)
and (5) will be used to define the dc—ac converter slow and fast
dynamics, respectively.

If the PV array supplies excess power, that excess will tend to
increase the v, voltage. Then the dc—ac converter is operated as
an inverter injecting the excess power in the electrical network to
which it is connected using a step-down transformer. Oppositely,
if the PV array delivers less power than the needed, then the dc—
ac converter operates as a PWM rectifier sinking power from
the electrical network.

In inverter mode, the dc—ac converter must inject a nearly
sinusoidal current (to prevent harmonic distortion) in phase with
the network voltage. In the rectifier mode, the ac current should
have opposite phase relative to the network voltage.

III. BACKSTEPPING CONTROL OF THE PV SYSTEM

A nonlinear backstepping approach [18] is used to obtain the
control laws for the dc—dc converter and the dc—ac converter.
The backstepping method first calculates the fictitious or virtual
control input iz to stabilize the lower order subsystem (1) at
the origin, and then finds a way to calculate v to enforce the
dynamics in (2) necessary to track the iy, value required to
stabilize (1). The algorithm steps backward from (2) until the
ultimate control «y is obtained. Compared to linear controllers,
better results can be obtained since backstepping applies a recur-
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sive methodology to the model direct dynamics and Lyapunov
functions to guarantee the system stability and robustness.

A. Buck—Boost Converter Control

Usually, a buck—boost converter is controlled so that its out-
put v, voltage presents a constant reference value. However, in
this self-consumption PV system, the purpose of the buck—boost
backstepping controller is to define the converter duty cycle so
that the converter regulates its input voltage to enforce the PV
panel operation at the MPP. To accomplish this, the backstep-
ping input vpy voltage outer loop defines the inductor current
reference value %1, re¢ to control the inductor ¢;,; current, and a
recursively obtained inner current loop defines the needed duty
cycle to track iz, ves-

To apply the backstepping method [28] and stabilize the buck—
boost to the origin (zero error), first the tracking error epy is
defined to enforce the buck—boost input voltage vpy to track the
PV array MPP reference voltage vpv,er (zero tracking error)

€py = UpPV — UPVref- (6)

Using the model (1) to calculate the time derivative of e, in
(6), we obtain

depy , dvpyrer

o - (i,7)/Cy - =5
In this equation 77, can be determined to be the stabilizing
control input (or the virtual control law [18]) and the current
reference for the inner loop. Now, a Lyapunov function globally
positive definite and radially unbounded for all epy is selected

V, = epy /2. ®)

To guarantee that the solution is globally asymptotically sta-

ble, the time derivative of the Lyapunov function ddvt“ must

be globally negative definite for all epy [28]. Therefore,

=ipy/Cy @)

epy d‘;" ¥ < 0, a condition that can be enforced using
depy
=—k =
L PVEpV
‘ . dvpvyer
= ipv/C1 — (ir,7) /C1 — dtw = —kpvepy. (9)

If kpvy in (9) is constant and positive, then ‘%’” < 0is verified.
Supposing zero tracking error, the reference current ¢y ¢, for
the virtual control law 77, (stabilizing function), obeys iy, 1,et =

111, and can be obtained from (9), since 0 < v < 1

. . dv Te
UL vef = (ClkPVePV +ipy — C4 il f) /7. (10)

dt
The reference current for the inner loop (ir,,er # 0) is a
function of the buck—boost modulator duty cycle . To define
this duty cycle, a second feedback loop enforcing 77, = 1, ref
is needed. The inductor current ¢y, should be equal to ¢y, e tO
achieve a zero-tracking error defined as e;, 1 = i, — 7L, yet. ItS
time derivative is
diLl dZL jref

de; I >
L = — . 11
dt dt dt (1D

IEEE TRANSACTIONS ON ENERGY CONVERSION

Lllef

The 771 time derivative ° i is obtained from (10) using

dﬁp‘ from (7) while considering i1, = €;,, + %L, ret yields
diLlref Cl kPV 1 dipv
Ll kpye;, — — PV il
dt PVEiLy ¢ N dt
O Poevrer . dy
rof — /7. 12
R T /v (12)

Consequently, the e;,, time derivative in (11) is written as
(13), taking into account (2) and (12)
Ci k3 )
epv
Y
Ci1 d®vpyres

1 di .
<7 C;V—T T et g /7) (13)

Taking into account the input voltage Lyapunov function (8),
a recursively defined composite Lyapunov function (14), [28]
with similar properties to (8), is considered for the inductor
current

de;, , v vpv + U
dt L . PVEiLy

Vi=epy/2+¢€}, /2. (14)

Considering (7), (11), and (13), the Lyapunov function (14)
time derivative is

d‘/7 —v vpy + Uy
= = —kPVel%V + €, [Llp + T17
o k%v ol (o d? UpVref
Y T e, 4 LGPVl
+ epv < ~ C, PVEipy N di?
1 dipy
_; at +1 L11ef /7:| - _kpvel%\/ - kiL elle .
(15)
dV;

To guarantee stability, the 2%

7+ value must obey - =

dt

—kpv ePV k7 . eZL1 s thus the constant k;, must be positive
so that the ¢ dt
relative to elL1 (within the square brackets) to —k;, e” , the
controller in (16) is received

dy 1 Up VPV +Up 4 2 o8

— == —7——7 —epv(Cikpy — +

dt e [ 1n L (ke 01)

d*vpvret  dipy
+ €y, (kPV — ki, )’7 - C 12 — + dt (16)

The time integral of this equation returns the duty cycle that
controls the dc—dc converter to obtain the maximum power reg-
ulating the dc—dc converter input voltage. As expected, the
backstepping technique provided a virtual control 7+ . + and the
controller has to go back through an integrator.

B. DC-AC Power Converter Control

In the dc—ac inverter/rectifier, the control objective for the
backstepping controller is to regulate the inverter input voltage,
so that a telecom load can be supplied, as well as to source or sink
ac sinusoidal current from the grid. The backstepping controller
also needs two loops, an inner fast dynamics ac current loop
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and an outer slow dynamics dc voltage loop. In order to keep
the dc voltage nearly constant, from (4) the square of the input
voltage must track a reference voltage squared to guarantee the
energy balance within a grid voltage period, transferring the
PV array excess power, if available, to the grid side, or sinking
power from it in sunless or shadowing conditions. To source (or
sink) ac current to the grid, the inductor current should track a
sinusoidal reference current to ensure low harmonic injection
into the electrical network ensuring low harmonic distortion.
To apply the backstepping method, the error of the outer
loop voltage v, must be defined as the difference between the
square of voltage average value vz at the converter dc side
and the square of its reference vgref value. This reference must

be reached by the control to enforce vgref to v7 to make any
deviation vanish

2 2
€y2 = Upref — Up- (17)

. . . . de v 2 . .
The time derivative of the input voltage error —* considering

dt
4)is

de,» dvgrcf ) )
d_tp == 2(iyvy, —ig,vR)/Co. (18)

As in the de—dc converter, a similar Lyapunov function for
the inverter input voltage is chosen and its time derivative is

dV.,. de,>
W ey —2 = —k,, €2, (19)
dt vodt »
d‘(;—f‘ is negative if k,, is constant and positive. Taking into

account this derivative and (18), a stabilizing function I, can
be obtained

dv?
o . pref
I, = | 2ipv, — Czk'vperﬁ —Cy——

I / (2ug) .

(20)

To separate the converter dynamics, this stabilizing function
must relate the systems energy balance to the amplitude value
I of the i75 current. Since I7ornMs 1S the control parameter
for the inner ac current loop, the fast dynamics trajectory can be
foreseen considering that 77, ,.s must be a sinusoidal current in
phase with vy for I, > 0, or with opposite phase for I, < 0.
This sinusoidal current reference can be written as iz,yef =
11, vRpy being a grid-synchronized unity amplitude sinusoid.
To track this reference, the loop error is defined as

2n

€iry = Z'Lgl‘ef - Z.LQ .

A control law must be obtained using the time derivative of
the error in (21)

deiL2 dZL ref
e SR

The Lyapunov function for the dc—ac converter inductor cur-
rent is defined as
dei L2

d‘/;L‘Z _ _
a g e

(22)

2

(23)

av,
- will be negative if k;,, is constant and positive. Taking

into account this derivative and (22), the modulation waveform

Buck-Boost+dsPIC

Fig. 4. Lab setup of the self-consumption PV system.

TABLE I
ELECTRICAL PARAMETERS OF SOLAR MODULE SIMULATOR AT 1000 VV/M2

Parameter Values

Maximum power (P, 4x ), in W 54 (+10%/—5%)

Maximum power voltage (Vyrpp ), in V 18.2
Maximum power current (/y;pp ), in A 3

Open-circuit voltage (Vo ¢ ), in V 21.7
Short-circuit current (Isc =1, ), in A 3.31
Equivalent series resistance R, in 0.2
Equivalent shunt resistance Ry, , in 200

[ is obtained

d‘ re
B = (LZM g+ kv-,“Lzeq-,,‘Q) fu, (24

dt
where v, # 0.

IV. EXPERIMENTAL SETUP AND RESULTS

Experimental tests have been developed in order to validate
the proposed backstepping control under different conditions.
An experimental platform [see Fig. 4] containing a subset of the
distributed PV system has been built including one KC50TPV
panel simulator [29] for a precise selection of the PV injected
power. At nominal irradiance, the KC50T simulator outputs
nearly 54 W. The panel simulator electrical parameters are listed
in Table I.

The panel simulator feeds a buck—boost converter built using
the MOSFET CSD19536KCS driven by FOD3180 driver, the
diode MBR10200, C = 1000 puF, Cy = 5700 pF, and Ly =
20 mH. The single-phase full-bridge inverter (4 CT60M-18F
driven by IR2130, Ly = 13.1 mH) is used to check the per-
formance of the backstepping control. A transformer has been
included between the dc—ac converter output and the weak LV
230-V 50-Hz grid due to the use of the telecom load. The tele-
com equipment has usually a nominal voltage of 48 V, although
it can range from 36 to 75 V, and it needs a transformer to adapt
the inverter ac output voltage to the grid voltage. LEM sensors
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Fig. 5.  MPPT operation.

were used in order to measure the required voltages and cur-
rents. The backstepping controller for the dc—dc converter and
the inverter has been implemented in a low-cost dsPIC30F4011
microcontroller. The dsPIC was programmed to implement the
constant frequency buck—boost modulator, the three level dc—
ac converter modulator, the sampling of the voltages vpv, v,
vg, and currents i1, ¢19, 10 kHz, the grid synchronization,
and the calculations needed in (16), (20), and (24). The values
of the controller gains are: kpy = 5, k;; = 75, k,,, = 4.7, and
ki, , = 4600.

The dsPIC is supervised, via a local Internet connection using
a EM203 serial-to-Ethernet module, by a pc computer where
a virtual instrument has been programmed using Visual Ba-
sic, to monitor the PV system operation and to generate the
MPP reference voltage vpvyyer, using a method modified from
[29] ensuring MPP voltage under changeable environmental
conditions.

At the irradiance level of 1000 W/m?2, the measured input
current and voltage at the input of the dc—dc converter were,
respectively, 2.95 A and 18.2 V. Therefore, the power extracted
from the PV simulator is 53.7 W. The maximum power the
PV simulator outputs is 54.6 W [29]; therefore, the MPP is
reached within a power efficiency of 98.3%. The buck—boost
output voltage is 48.5 V and the output current is 1.02 A. The
book—boost efficiency is 92% and the inverter output power
at zero-telecom load is 43.2 W (88% inverter efficiency). The
converter efficiencies are in the low side, especially the inverter,
since it was not optimized for the telecommunication voltage
operation range, but the backstepping MPPT efficiency is very
good. The injected ac current total harmonic distortion (THD)
is 1.6%. Fig. 5 shows the real MPPT operation, where the buck—
boost input voltage vpy tracks the changing reference voltage
Upvret at nearly 18.2 V.

A second steady-state condition has been tested at the ir-
radiance level of 600 W/m?. The buck-boost input current is
1.76 A and its input voltage is 18 V. The calculated MPP power
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Fig. 6. Voltage and current waveforms when there is a change from inverter
to rectifier.

is 31.7 W, being the efficiency of the backstepping MPPT near
99.9%. With no dc load, the inverter output power is 26.52 W
and the efficiency of the whole system is about 84%. The ac
grid current THD in this case is 1.7%.

In order to check the system dynamic performance, two differ-
ent telecom type loads have been connected in parallel through
switches to modify the power required by the load. Closing and
opening of switches, the dc—ac converter can be changed from
inverter operation to rectifier operation. If the power required
by the load is chosen to be 25 W and the PV setup system out-
puts nearly 43 W, then the dc—ac converter must operate as an
inverter, whereas if the telecom load needs 64 W, then the dc—ac
converter must change to rectifier operation.

The experimental results of Fig. 6 show this change from
inverter to rectifier. Fig. 6 presents the buck—boost input current
ipv , the buck—boost input voltage vpy, the buck—boost output
voltage v,,, and the dc—ac input dc current i, respectively. It is
shown that the values of the converter input voltage and current
and output voltage remain constant and the dc—ac converter dc
current ¢, changes from positive to negative when the inverter
becomes a rectifier.

Fig. 7(a) shows the inverter ac output voltage vy (at the line
transformer secondary side) and the ac current i1 Fig. 7(b) is
a zoom of (a) at the time change from inverter to rectifier. As
can be seen, the ac voltage and current are in opposite phase in
inverter operation, while they are in phase in rectifier operation.
The ac voltage maintains its amplitude, but the current changes
its amplitude and phase.

Fig. 8 shows the transformer ac voltage and current
secondary-side waveforms and their values measured with a
power quality analyzer Fluke 435. The dc—ac converter is op-
erating in the inverter mode as the buck—boost supplies 48 W,
and the load requires 25 W. Therefore, the excess 23 W can be
injected in the grid at 30.9 V and 0.55 A, the inverter efficiency
being 74%.

If the telecom load requires 64 W, then the dc—ac converter
must operate as a rectifier. In this case, the grid injects 21 W
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Fig.7. (a) Voltage and current waveforms when there is a change from inverter
to rectifier. (b) Center part zoom of (a).
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and the buck—boost supplies the maximum power nearly 43 W.
Fig. 9 shows the ac voltage and current waveforms in phase,
where the voltage is 30.7 V and the current is 0.7 A.

Fig. 10 shows the evolution of real-time power when the
telecom load changes from 26 to 64 W and the PV supplies the
maximum power 43 W. When the load requires 26 W, the dc—ac
converter is working as an inverter and the PV excess power, in
this case 17 W, is injected in the smart grid (—17 W in Fig. 10
inverter input power). Otherwise, the dc—ac converter works as
a rectifier when the telecom load requires 64 W and the grid
supplies 21 W [see Fig. 10] to the telecom equipment.

The current THD in all the cases is around 1.6% 4= 0.1%. Prac-
tical robustness of the control concerning parameter changes has
been also verified. The backstepping controller maintains its
performance with capacitor C5 ranging from 650 to 51000 uF,
whereas the Lo inductor can have values in the range from 4 to
40 mH.

V. CONCLUSION

This paper proposes a novel backstepping controller for a
PV panel feeding a buck-boost converter, and dc linked to
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a telecom load and a single-phase ac—dc converter connected
to a smart grid, configuring a subset of a distributed hybrid
photovoltaic power supply for telecom equipments within the
self-consumption concept. This setup absorbs/injects nearly si-
nusoidal (THD = 1.6%, lower than the 3% required by the
standards) grid currents at near unity power factor and the self-
consumption can contribute to the smart grid peak power shav-
ing strategy.

New nonlinear backstepping control laws were obtained for
the input voltage of the buck—boost converter, thus achieving
MPP operation (MPPT efficiency between 98.2% and 99.9%)
and for the dc—ac converter regulating the dc telecom load volt-
age and controlling the ac grid current. All the control laws,
fixed frequency converter modulators, voltage and current sam-
pling, and grid synchronization have been implemented using a
low-cost dsPIC30F4011 microcontroller.

Obtained experimental results show the performance of the
PV self-consumption system using the backstepping control
method. Results show the system dynamic behavior when the
dc—ac converter changes operation from inverter to rectifier to
adapt itself to the telecom load requirements. The robustness
of the control laws has been tested as well. Capacitance of real
capacitors can vary almost ten times around the rated value,
while inductances can vary from 30% to nearly 300% of the
rated value.
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