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Abstract
Sensorless strategies become very popular in modern control techniques because they increase the system reliability. Besides,
they can be used as back-up control in case of sensor failure. In this paper, a DC-link sensorless control approach is developed,
which is suited for grid-connected PV systems. The studied system is a two-stage PV scheme, where the DC–DC stage
(boost converter) is controlled using an adaptive step-size perturb and observe (P&O) method. Further, the inverter control
is accomplished by voltage oriented control (VOC). Generally, the VOC is implemented with two cascaded control loops,
namely an outer voltage loop and an inner current loop. However, in this work, the outer loop is avoided and the reference
current is generated using a losses model for the system. The losses model accounts for the most significant losses in the
PV system. Moreover, particle swarm optimization (PSO) is utilized to compensate for the unmodeled losses. The PSO is
executed offline for the purpose of calculation burden reduction. The proposed approach simplifies the cascaded VOC strategy
and eliminates the DC-link voltage sensor, which in turn decreases the cost of the system. Finally, the proposed technique is
compared with the conventional one at different atmospheric conditions and validated using MATLAB simulation results.

Keywords Sensorless DC-link control · PV systems · Adaptive MPPT · VOC

1 Introduction

The energy production from conventional sources is sub-
jected to reduction, and the current trend is directed to
utilizing renewable energy systems (RESs). RESs provide
an excellent alternative due to the expected lack of fossil
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fuel [1,2]. Additionally, the environmental issues encour-
ages many organizations to employ such sources in different
power applications, especially for grid-integration [3]. Hydro
energy, wind energy and solar energy are the most popular
systems to be utilized. The RESs provided nearly 26.5% of
the total energy world’s consumption by end of 2017 [4].
Different countries like China, USA, Germany, Spain, etc.
play an important role in the energy market [5]. The vision
of Germany is to reach 65% of its gross energy consumption
by 2030 only from renewable energies [6]. Literally, pho-
tovoltaic (PV) energy is the most abundant source among
renewable energy sources. It reaches the earth in different
forms like light and heat [7].

PV systems are widely integrated into the grid. They
provide a clean, silent and efficient energy profile. The
grid-connected PV systems can be mainly classified into
single-stage and two-stage topologies [8,9]. In the single-
stage, themaximum power point tracking (MPPT) operation,
the active and reactive power control are included in the
inverter control. However, in the two-stage topology, the
MPPT is decoupled from the inverter control and imple-
mented separately in the DC–DC converter stage [10]. The
two-stage topology provides several merits including flexi-
ble arrangement of the PVmodules [9]. Besides, the DC–DC
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converter increases the PV voltage to a proper level for
grid connection and decouples the MPPT function from the
inverter control [10,11]. Furthermore, the boost converter
minimizes the need of low-frequency transformer at the
inverter output. Thus, the overall control structure is sim-
plified and the cost is reduced [11].

In the literature, many techniques are investigated to con-
trol active and reactive power for grid-connected inverters
[12,13]. However, the most commonly methods are the volt-
age oriented control (VOC) and the direct power control
(DPC) [14]. The DPC technique is formulated according
to the error between the instantaneous values of the active
and reactive power and their references knowing the posi-
tion (angle) of the grid voltage [15]. Hence, the switching
actions of the inverter can be directly obtained using a look-
up table without the need of modulator. As a result, the DPC
presents variable switching frequency; also the power wave-
form exhibits a significant ripple content. The VOC depends
on two cascaded loops to manage the inverter control. The
outer loop or voltage loop is linked to the DC-link capac-
itor voltage, where a PI controller is employed to generate
the reference current for the inner or current loop. Then, two
PI controllers are used to control the currents, and hence, the
active/reactive power control can be achieved [16]. Recently,
predictive control techniques are getting more interest due to
good transient response [17]. Additionally, some conditions
and constrains can be added to the algorithm to impose cer-
tain tasks [18,19]. However, the large computation burden
and variable switching frequency are major drawbacks of
this control strategy [20,21].

Sensorless control strategies are advantageous. In fact,
they bring numerous benefits to the system. From cost’s point
of view, the cost of the system is greatly reduced. Further,
from control perspective, the control structure is simplified
[22]. Actually, some efforts have been made to reduce the
number of required sensors, hence achieving sensorless con-
trol of the grid-connected inverter. Some researches focus
on eliminating the PV voltage and/or the PV current sensors
[23–26]. However, this may lead to the loss of maximum
power extraction and the system behavior will be deterio-
rated. Limited work realizes DC-link sensorless control of
PV systems. In [9], a single-phase two-stage grid-connected
system is implemented, where a compensating current is pro-
posed to account for the losses of the system. This current is
calculated using artificial neural network algorithm. A losses
factor is proposed for three phase grid-connected system in
[11]. This factor is applied to estimate an approximate value
of the DC voltage for the outer loop (voltage loop). Never-
theless, a constant value was set for this factor, though the
losses of the PV system are atmospherically dependent.

In this paper, a sensorless DC-link control approach is
proposed, where a simple but effective losses model for the
two-stage grid-connectedPVsystem is developed. The losses

Fig. 1 Single-diode equivalent circuit of the PV source

model considers the most notable losses in the PV system
to guarantee a stable voltage at the input of the inverter.
Furthermore, additional losses component was added and
tuned using particle swarm optimization (PSO) technique to
regard the unmodeled losses. Thus, the outer voltage loop is
removed and the reference current is computed directly from
the generated PV power and the developed losses model. The
current generation is based on the fact that the DC-link volt-
age will stabilize if the extracted power from the PV source
is fed into the grid, which guaranties balance of the energy.
Eliminating the outer loop (i.e., no need for voltage sen-
sor) not only reduces the cost but also enhances the transient
performance. Moreover, the overall control structure will be
simplified. To maximize the power generation, an adaptive
perturb and observe (P&O) technique is employed to mini-
mize the steady state oscillatory behavior of the conventional
MPPT algorithms. Finally, the proposed technique is com-
pared with the conventional cascaded structure of the VOC
at different atmospheric conditions and validated using sim-
ulation results.

The rest of this paper is organized as follows: Sect. 2
presents the model of the grid-connected PV system includ-
ing the losses. Section 3 explains the MPPT operation and
the conventional VOC for the PV scheme,while the proposed
sensorless DC-link control strategy with PSO is investigated
in Sect. 4. Section 5 provides the simulation results, and the
paper is concluded with Sect. 6.

2 Modeling of the grid-connected PV system

2.1 PV sourcemodel

Figure 1 shows the single-diode equivalent circuit of the
PV module, where the current–voltage (I–V) characteristics
of the PV generator can be expressed as [27]

ipv = iph − io[e(
vpv+ipvRs

nNsvt
) − 1] − vpv + ipvRs

Rsh
, (1)

where iph is the photovoltaic current, n is the diode ideality
factor, io is the saturation current of diode, Rs is the series
resistance, Rsh is the shunt resistance, vt = kT /q is the ther-
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Fig. 2 I–V characteristics of the PV module at different radiation con-
ditions and constant temperature
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Fig. 3 P–V characteristics of the PV module at different radiation con-
ditions and constant temperature

mal voltage, Ns is the number of series cells in the module,
ipv is the delivered current and vpv is the delivered voltage.
The PV module used in the simulation is KC200GT [28],
where its I–V characteristics and the power–voltage (P–V)
ones are displayed in Figs. 2 and 3, respectively.

2.2 Boost converter model

The boost converter is utilized as DC–DC stage to accom-
plish the MPPT task and increase the PV voltage to enable
the grid connection. The converter has two modes (states) of
operation based on the switch action OFF and ON. Figure 4
shows the boost converter circuit, where the most signifi-
cant losses are considered. To be more specific, the inductor
resistance, the voltage drop across the power switch and the
voltage drop across the diode are included in this model.

Based on this configuration, the circuit behavior when the
switch is OFF can be described as follows [29]

dil
dt

= − Rl

L
il + 1

L
(vpv − vd − vdc), (2)

dvdc
dt

= 1

cdc
(i − iinv), (3)

where il is the inductor current, vdc is the capacitor voltage,
L is the boost converter inductance, Rl is the inductor par-

(a)

(b)

Fig. 4 Boost converter equivalent circuit when: a switch is OFF, and b
switch is ON

asitic resistance, vd is the drop across the diode when it is
conducting, iinv is the inverter current and cdc is the cou-
pling capacitor value (between the boost and the two-level
inverter). Further, when the switch is ON:

dil
dt

= − Rl

L
il + 1

L
(vpv − vs), (4)

dvdc

dt
= − 1

cdc
iinv. (5)

where vs is the drop across the switch at ON state. Using
the state space averaging technique, the boost model can be
finalized as

ẋ = Ax + Bu,

y = Cx + Du,
(6)

where x = [il vdc]T is the state vector, u = [(vpv − vs) iinv]T
is the input vector, y = vdc is the output and assume vs =
vd . Further, A, B, C and D are the system matrices and are
expressed as follows

A =
[
− Rl

L − 1−d
L

1−d
cdc

0

]
,B =

[ 1
L 0
0 − 1

cdc

]
,C = [

0 1
]
,D = 0, (7)

where d is the duty cycle of the boost converter. At steady
state, the voltage gain of the boost converter and the efficiency
can be evaluated as

Gv = vdc

vpv
= (1 − d)vdc

(1 − d)2vdc + (1 − d)vs + idcRl
, (8)

ηb = (1 − d)2vdc

(1 − d)2vdc + (1 − d)vs + idcRl
, (9)

where idc is the average value of iinv. Figures 5 and 6 show
the gain and the efficiency of the boost with the duty cycle
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Fig. 6 Efficiency with the duty cycle variation at different parasitic
resistances of the inductor

Fig. 7 Two-level inverter interfaced with RL filter for grid connection

variation. Notably, the voltage gain (Gv) and the efficiency
(ηb) drop significantly at high duty cycles. Further, the more
the parasitic resistance, the more the losses become; this can
be observed by shifting the peak point of the gain curve to the
left. The same happens for the knee point of the efficiency
curve.

2.3 Modeling of the two-level inverter with grid
connection

The invertermanages the active and reactive power control
and converts the DC voltage to AC one for grid connection.
Figure 7 presents the configuration of the two-level inverter

tied to the utility.ApplyingKVL in this scheme, the following
results [30]

vabc = uabc + L f
d

dt
iabc + R f iabc, (10)

where vabc are the grid voltages, iabc are the injected currents,
uabc are the inverter side voltages, L f is the filter inductance
and R f is the filter resistance. Further, the output voltages of
the inverter are given by

uabc = 1

3
(vdc − 2vs)TabcSabc, (11)

where vdc is the coupling-capacitor voltage, vs is the drop
across the switches, Sabc is the switching state vector and
∈ {0, 1} and Tabc is the transformation matrix, which is
expressed as

Tabc =
⎡
⎣ 2 −1 −1

−1 2 −1
−1 −1 2

⎤
⎦ . (12)

In the stationary reference frame (α-β), Eq. (10) can be
rewritten as

vαβ = uαβ + L f
d

dt
iαβ + R f iαβ, (13)

where iαβ are the injected currents in αβ reference frame.
Furthermore, the rotating reference frame (d-q) components
of the voltages can be expressed as

vd = ud + L f
d

dt
id + R f id − ωL f iq ,

vq = uq + L f
d

dt
iq + R f iq + ωL f id , (14)

where idq are the injected currents in dq reference frame,
and ω is the grid frequency. Finally, the active and reactive
power in d-q reference frame are obtained as

P = 3

2
(vd id + vq iq),

Q = 3

2
(vq id − vd iq). (15)

At steady state, the conversion efficiency of the inverter is
calculated as

ηinv = vdcidc − 2vs idc
vdcidc

= 1 − 2vs
vdc

. (16)
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3 MPPT and inverter control

MPPT is an essential operating regulation for PV systems.
The extracted power from the PV source will be injected
into the grid by inverter control. The details of the MPPT
and the inverter control will be investigated in the coming
subsections.

3.1 MPPT

As presented in Fig. 3, the P–V curve exhibits a unique
maximum power point at uniform radiation condition. The
location of this point keeps changing as the atmospheric con-
ditions change. Hence, to track this point, P&O algorithm is
utilized. In this technique, the duty cycle (control parameter)
is perturbed in one direction. For example, it is increased,
and if the power increases, the duty cycle is further increased.
Otherwise, the duty cycle will be decreased [31].

A remarkable drawback of this method is the continuous
oscillations of the power at steady state. However, including
adaptive step-size will limit the oscillations and enhance the
efficiency [32]. This adaptive step can be refined as

d(k) = d(k − 1) ± N

∣∣∣∣dPdV
∣∣∣∣ , (17)

where d(k) is the current duty cycle, d(k−1) is the previous
one, N is a factor to be tuned anddP/dV is the slope of thePV
power with respect to the PV voltage. Figure 8 summarizes
the steps for maximum power extraction using P&Omethod.

3.2 Grid-connected inverter control usingVOC

TheVOC is implemented in the d-q reference frameby align-
ing the grid voltage vector with the d axis. In this case, the
active and reactive power (Equation (15)) can be rewritten as

P = 3

2
vd id ,

Q = −3

2
vd iq . (18)

As a result, the active and reactive power is decoupled from
each other. Thus, the active and reactive power can be directly
and independently controlled by controlling id and iq , respec-
tively. Figure 9 shows the whole system control structure
using adaptive MPPT and the VOC.

4 Proposed sensorless DC-link control with
PSO

The VOC has two cascaded loops for active and reactive
power control. However, in the suggested sensorless DC-link

Fig. 8 P&O method for MPPT with adaptive step-size

strategy, the outer loop is eliminated and the reference current
(idre f ) is generated according to the power balance technique
at the DC-link. To guarantee this balance, the losses of the
system are investigated based on a developed losses model
of the system.

4.1 Losses of the PV system

The power balance at the DC-link must be achieved to assure
constant DC-link voltage. This can be executed by injecting
the extracted power from the PV source into the grid. How-
ever, the losses of the system must be compensated. Ideally,
if the maximum generated power is injected into the grid,
then the reference current is calculated as

idre f = 2

3

Ppv
vd

. (19)

In practice, a portion of this power (Ppv) is lost in the system.
Thus, injecting all the power into the grid causes reduction in
theDC-link voltage. Such reductionmay lead themodulation
index of the pulse width modulated signals to cross unity.
Hence, the total harmonic distortion (THD) of the currents
will go beyond the limits and the output voltage of the inverter
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ω

ω

Fig. 9 Control structure of grid-connected PV inverter

will be distorted. Furthermore, the quality of the injected
power will be deteriorated. Thus, it is crucial to account for
the PV system losses. These losses can be sorted to converter
losses and inverter losses, and they can be evaluated as

P1
loss = Pconv + Pinv. (20)

According to the developed losses model, this can be further
investigated as

P1
loss = i2l Rl + ilvs + 2vs idc (21)

where il ≈ ipv and idc is the average value of iinv.

4.2 Further losses compensation using PSO

To guarantee power balance at the DC-link, another losses
was added to the system to account for the unmodeled losses.
It is assumed that the additional losses is proportional to the
generated PV power at different radiation levels as follows

P2
loss = klossPpv, (22)

where kloss is the proportionality constant. For accurate esti-
mation, PSO is used to tune this factor. It worth mentioning
that the tuning process was adopted offline to reduce the
computation burden. Furthermore, the tuning process con-
siders different atmospheric conditions. PSO is a powerful

optimization technique, which is used to solve different non-
linear engineering problems. Initially, PSO chooses a set of
random values of the unknown parameters and each set is
defined as a particle [33]. The fitness corresponding to each
particle is calculated. Then, the particle with the best fitness
is chosen and stored after each iteration of the algorithm, and
lastly, the global optimum solution is obtained [34]. The flow
chart of the PSO is shown in Fig. 10. Furthermore, the fitness
function which is applied to choose the optimal parameter’s
value (kloss) is

minkloss =
∑

| vdcre f − vdc | (23)

Finally, the complete system’s losses is expressed as

Pt
loss = i2l Rl + ilvs + 2vs idc + klossPpv. (24)

Based on this approach, the outer voltage loop is removed
and the reference current is computed as

idre f = 2

3

Ppv − Pt
loss

vd
. (25)

Figure 11 shows the modified outer voltage loop without PI
controller.
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Fig. 10 PSO algorithm

Fig. 11 Modified sensorless outer voltage loop

5 Simulation results and discussion

The grid-connected PV system consists of PV array of 15
kW, arranged in series parallel configuration. The PV source
is followed by a boost converter, which increases the PV
voltage to a convenient value for grid integration. Further,
the MPPT is implemented with an adaptive step-size perturb
and observe method, and compared with the fixed step one.
For active and reactive power control, the two-level inverter
is controlled with sensorless DC-link voltage approach; in
this technique the outer voltage loop is removed. Addition-
ally, the proposed scheme is compared with the conventional
VOC, which uses two-cascaded loop design. The details of
the PV system model are summed up in Table 1. It is worth
mentioning that the MPPT factor (N ) and the PI controller
parameters are also tuned using PSO technique.

Table 1 PV grid-connected system parameters

Parameter Value

PV array power (kW) 15

Boost inductance L (mH) 5

Parasitic resistance Rl (�) 0.01

Switch and diode drops (vs = vd ) (V) 1

Switching frequency fs (kHz) 10

DC-link capacitance cdc (µF) 100

Filter inductance L f (mH) 5

Filter resistance R f (�) 0.1

DC-link reference voltage vdcre f (V) 700

Grid frequency ω (rad/s) 2π × 50

Grid line-line voltage v (V) 400

Sampling time Ts [µs] 40
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40
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60

conv.
inv.

Fig. 12 Converter and inverter losses under different power levels

Table 2 Compensation factor value-basedPSOat different atmospheric
conditions

Rad. (W/m2) 400 600 800 1000

Ppv (kW ) 5.8110 8.8853 11.957 15.008

kloss × 1 · 10−3 0.94276 0.96103 0.98115 1.02544
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9.4
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9.8

10

10.2

10.4 10-4

Fig. 13 Compensation factor under different power values
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Table 3 Compensation factor values according to the power level

Rad. (W/m2) 400 700 1000

Power level (Ppv) Low Medium High

kloss × 1 · 10−3 0.94276 0.97135 1.02544

Figure 12 shows the converter and inverter losses at dif-
ferent power levels according to the developed losses model,
where the inverter losses behavior is linear. However, the
converter losses is varying according to quadratic func-
tion. Furthermore, the compensation factor (kloss) at different
atmospheric conditions is tabulated in Table 2 and shown in
Fig. 13. The behavior of the compensation factor is similar
to the losses behavior as expected. Moreover, its values are
limited to a narrow range. The reason is that the most sig-
nificant losses have been modeled. Thus, a single factor can
be used for the whole range of power generated from the
PV source. However, and for practical implementation, three
regions of power are chosen and defined as low, medium
and high power levels. The corresponding values of kloss are
computed at these power levels and given in Table 3. This
can be simply implemented by a look-up table based on the
PV power level, which is already known and extracted by the
MPPT algorithm.

Figure 14 shows the MPPT performance with fixed and
adaptive steps. The waveforms present the PV power, PV
voltage, andPVcurrent at different radiation conditions vary-
ing from400 to 1000W/m2 at constant temperature of 25 ◦C.
The results show that the fixed step suffers from higher under
shoots as depicted in the PV voltage waveform. Addition-
ally, the PV power exhibits higher ripple content. Adaptive
P&O has the advantage of online adjustment of the step size,

where the step-size is high far away from themaximumpower
point, and decreases as the algorithm approaches that point.
That phenomena decrease the oscillations at steady state, and
hence, the efficiency of the algorithm will be enhanced in
comparison with fixed step size.

Figure 15 shows the DC-link capacitor voltage with the
conventionalVOCand the proposed sensorlessDC-link strat-
egy at the same radiation conditions, described previously in
Fig. 14. The conventional VOC suffers from high overshoots
in comparison with the proposed technique. However, the
traditional VOC shows an enhanced start-up response in the
beginning of the simulation. That is because of PI controller
existence. In contrast, with the proposed approach, it elimi-
nates the outer loop PI controller. Nevertheless, the proposed
technique has a very fast response at different following radi-
ation step changes with a very low overshoots as shown in
Fig. 15. Furthermore, the proposed sensorless strategy has
a very small steady state error. Table 4 gives a comparative
analysis between the two techniques at different atmospheric
conditions.

The active power, d-axis current (id ), reactive power and
q-axis current (iq ) are presented in Fig. 16, respectively. It is
worth mentioning that the atmospheric conditions are kept
the same.

The id of the conventional VOC exhibits a higher over
shoot in comparison with the proposed one, in spite of
the same PI controller’s parameters of the two methods for
the inner current loop. Furthermore, the conventional VOC
presents a little bit slower transient response at different radi-
ation conditions as revealed in Fig. 16. The active power also
suffers from a slower transient behavior inherited from the
d-axis current. Besides, it has slightly higher ripple content
in comparison with the sensorless proposed approach. The

Fig. 14 MPPT-based P&O
behavior with: a fixed step size,
and b adaptive step size
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Fig. 15 DC-link voltage with: a
conventional VOC and b
proposed sensorless DC-link
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Fig. 16 Active power, d-axis
current, reactive power, and
q-axis current behavior with: a
conventional VOC and b
proposed sensorless DC-link
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Table 4 Transient response
comparison for the conventional
VOC and the proposed
sensorless technique

Condition (W/m2) Conventional VOC Sensorless VOC

Overshoot (%) Settling time (ms) Overshoot (%) Settling time (ms)

Start-up at 400 35.71 20 23.00 80

Step change from 400 to 600 4.71 12 2.43 5.20

Step change from 600 to 800 4.57 14 1.86 5.10

Step change from 800 to 1000 4.57 13 1.57 5

reactive power response of the conventional VOC has some
higher ripple profile in comparison with the proposed one.
However, the reactive power waveform of the conventional
technique shows an enhanced transient performance in the
beginning of the simulation. Further, in the next intervals
(radiation changes), the transient behavior of the two meth-
ods is very similar. The same applies for the q-axis current,

where the reference current (iqre f ) is set to zero for unity
power factor operation.

Figure 17 shows the three line currents (iabc). The slow-
ness of the traditional VOC also is inspected in the current
profiles. Additionally, the overshoot is very obvious for
the conventional scheme. However, the overshoots of the
proposed sensorless DC-link strategy are small and at the
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Fig. 17 Three-phase currents
with: a conventional VOC and b
proposed sensorless DC-link
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Table 5 THD of the currents with the conventional VOC and the pro-
posed sensorless one

Condition (W/m2) THD
Conventional (%) Proposed (%)

400 4.55 4.49

600 2.93 2.98

800 2.24 2.26

1000 1.77 1.81

following step changes they further decrease. Table 5 summa-
rizes the THD of the currents for the two techniques, where
the two methods have quite similar THD values of the cur-
rents.

6 Conclusion

The detailed model of grid-connected PV system is inves-
tigated in this paper; even more the most significant losses
in the system are included. The MPPT is managed using an
adaptive step-size P&Omethod to reduce the potential steady
state oscillations, instead of using fixed step. The traditional
cascaded VOC loops are avoided in this research by elim-
inating the outer PI controller loop, and hence, sensorless
DC-link control strategy is achieved. The proposed approach
guaranties the power balance at DC-link by developing an
accurate losses model of the system, in which the power that
should be injected into the grid is calculated directly from the
MPPT scheme and the losses of the system. Thus, the refer-
ence current can be directly estimated without the need of the
outer PI controller. Furthermore, the PSO algorithm is used
to compensate for the unaccounted losses in the model and to
tune theMPPT factor and PI controller parameters. However,

the algorithm is implemented offline to reduce the computa-
tional load. The proposed technique eliminates the DC-link
voltage sensor. This in turn decreases the system cost and
increases the reliability. Besides, the overall control struc-
ture is simplified by avoiding the two cascaded loops of the
conventional VOC. The results show that the proposed sen-
sorless strategy has an improved transient response inmost of
the operating conditions as compared with the conventional
technique. Furthermore, the overshoots in the DC-link volt-
age are greatly reduced. Finally, the quality of the injected
power with the proposed technique is enhanced and the THD
of the currents is very similar.
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