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Abstract: This paper proposes a three-phase Photovoltaic (PV) inverter, with Active Power Filtering (APF) capability,
that allows for Maximum Power Point Tracking (MPPT) and a nearly unitary Power Factor (PF) in the connection to the
Low Voltage (LV) grid. A single-stage Current Source Inverter (CSl), with an inductive DC link, connects the PV array to
the three-phase grid for reduced cost and improved performances, and the MPPT algorithm controls directly the power
of the PV array. Based on the power balance of the whole system, the grid current references are generated in a grid-
synchronized dq frame allowing for the mitigation of low-frequency current harmonics introduced by a non-linear load
connected at the Point of Common Coupling (PCC), without the need for additional measurements. Active damping is
used to minimise filter losses and reduce the high-frequency harmonics that result from the semiconductors switching.
Simulation and experimental results are presented in unloaded and loaded situations, and with varying irradiance, to

confirm the active filtering, PF regulation and MPPT operate correctly.

1 Introduction

With the growing development of renewable energies, grid-connected Photovoltaic (PV) inverters are being increasingly

used in domestic and industrial installations, usually connected to the Low Voltage (LV) or the Medium Voltage (MV)



grid. In this regard, generalised interest has arisen for new PV converter topologies with enhanced reliability and grid
capabilities.

The system characteristics of PV inverters, influencing the choice of the topology, can be summarised as follows
[1, 2]: matching the voltage level of the grid, nearly unitary Displacement Power Factor (DPF), Maximum Power Point
Tracking (MPPT) or power tracking, low ripple on DC and AC sides using adequate filtering, reliability influenced by the
filtering components and the stress on the switches, high efficiency, compactness by reducing the number of stages of
the converter and minimising the filtering requirements, and low cost even though the inverter only represents a limited

percentage of the total system cost [3].

According to international standards [4], PV inverters should minimise their harmonic impact on the grid while also
guaranteeing nearly unitary Power Factor (PF). The standards in force for interconnecting distributed resources, for
current harmonic limits for currents up to 16 A, and for PV systems connected to the utility interface are IEEE 1547
(2003), IEEE 61000-3-2, and IEC 61727 (THD < 5% and PF > 0.9), respectively. Also, standards requiring the
distributed generation units to support the grid are being developed. For instance, the standard VDE-AR-N 4105 is now
applicable in Germany for low-voltage units and requires an active power reduction or reactive power support in case of
over-frequency or voltage rise, respectively. However, these functionalities are not the target of this paper even though
they are easily compatible with the power-controlled system developed.

In recent years, Power Quality (PQ) has become an important issue given the increasing number of non-linear loads
connected to the LV grid. Solutions to overcome the limited possibilities of passive filtering include series and parallel
Active Power Filters (APFs) [5]. They allow mitigating voltage and current harmonics, thus reducing the Total Harmonic

Distortion (THD) and voltage imbalance, increasing PF, minimising losses, and improving overall grid performances.

In this context, PV inverters can be provided with enhanced functionalities as they are usually not used to their full
potential [6]. The concept of using the PV inverter as an APF as well so as to deal with some PQ issues has received
quite little attention in the literature; still, interesting solutions have been developed for single- and three-phase systems
[7].

In [8-10], the grid current harmonics are mitigated with a single-phase Pulse Width Modulation (PWM) Voltage
Source Inverter (VSI), using an additional DC/DC converter for MPPT while the MPPT is integrated in the single-stage
inverter control in [11], regulating the DC bus voltage. The system in [10], although transformerless, has the clear
disadvantage of requiring the measurement of the load currents.

In [12—16], the grid current harmonics are mitigated using a three-phase VSI. The solution proposed in [12] has
the drawback of requiring the measurement of the distorted load currents. Also, the MPPT algorithm assumes that the
voltage at Maximum Power Point (MPP) is nearly constant and known, which is generally not the case. In [13], which
only presents simulation results, the MPPT is performed by controlling the DC bus voltage. The grid current references

are then generated using the power balance of the system. In [14—-16], a hysteresis current controller is used. Again,



[14] has the drawback of requiring the measurement of the load currents while experimental results are presented for
the single-stage system developed in [15] only. In [16], the current imbalance can also be compensated, thanks to the

four-wire connection including the use of the neutral.

The topology of the converter is chosen in function of the abovementioned system characteristics. The PV system
proposed in this paper uses a single-stage Current Source Inverter (CSl), which has some advantages when compared
to the most common VSI systems. In the former topology, the DC link current is filtered by an inductor for improved
robustness and lifetime [17] compared to the electrolytic capacitor used in the latter, which is widely considered to
be the least reliable component in PV systems [17, 18]. Also, the filtered DC link current is to be preferred for a PV
application [17, 19], and the unidirectional current flow in a CSI removes the need for the series diode usually placed
by the manufacturer at the output of the PV array in VSI systems [2]. The CSI acts as a voltage-step-up converter,
which makes it easier to match the level of the grid voltages without the need for an additional conversion stage and with
lower PV voltage [18-21]. The smallest admissible transfer ratio is 1.155 [2], and the MPPT voltage range is full as long
as the maximum string voltage does not exceed the limit. For a single-stage VSI topology, however, the minimum DC
voltage must be higher than the peak grid voltages, leading to safety issues [2] and limiting the MPPT voltage range.
In order to widen the range and lower the minimum DC voltage, an additional step-up converter is needed, resulting in
a two-stage topology with reduced reliability and potentially higher losses and cost [3, 17, 22]. In addition to that, the
little energy storage on the DC side of CSls is suited to three-phase topologies due to the constant power flow from
the generator to the grid [2, 18]. In the VSI topology, the shoot-through issue also reduces the reliability of the system
while it is a normal state of operation in the CSl-one [3, 19]. Also, the use of reverse-blocking Insulated Gate Bipolar
Transistor (IGBT) switches would eliminate the series diode and therefore decrease the conduction losses of the CSI
and improve the overall system efficiency. Even though these components are still expensive and uncommon, they are

expected to become more familiar and accessible in the near future [2, 17].

This paper combines the functionalities of harmonics compensation, MPPT and unitary DPF using a single-stage
CSl topology for a three-phase system. Even though the prices of the converter module in itself and the DC link filtering
component are expected to be higher than for an equivalent two-stage VSI, the absence of a boost DC-DC converter
would make it an overall cheaper alternative. No measurement of the non-linear load is required and active damping [23,
24] is added to the system in order to avoid stability problems in the grid-side filter and reduce the high-order harmonics
and filter losses for better efficiency. Also, the power of the PV array is directly controlled and is used for MPPT, which is
done inside the single-stage inverter, together with the PF control.

Simulation and experimental results confirm the proper operation of the proposed system.
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Fig. 2 Characteristic curves of the PV array under rated conditions
2 Description of the system

The complete three-phase single-stage PV system with a grid-connected CSI and a non-linear load connected at the

Point of Common Coupling (PCC) is presented in Fig. 1 and is detailed in the next sections.

2.1 PVarray

The PV array is modeled using the Single Exponential Model (SEM) of a solar cell, taking into account the influence of
temperature and irradiance [25], with the voltage Vpy computed from the current ly.. Fig. 2 displays the characteristic
Current-Voltage (I-V) and Power-Voltage (P-V) curves of the PV array. These are delimited by three remarkable points,

namely Short-Circuit (SC) (/sc), Open Circuit (OC) (Voc) and MPP (Vupp & Ivpp).



2.2 Current Source Inverter

The DC/AC converter in Fig. 1 is made of six switches Sy, k € {1,2}, j € {1,2,3}, each having a value Sy; of 1 when

closed and 0 when open [26]. The states of the switches can be represented by the matrix

S S S
g |5 S Si| )
So1 S Spz

Nine switching states are allowed since there should be strictly one switch conducting among the three upper ones,
and one switch among the three lower ones to assure the continuity of the DC current and avoid short-circuiting the AC

voltages, i.e. ZL Sy=1, ke{l,2}.

Based on (1), the relations between the AC and DC sides are the following:

Vsi ls1

=S e, |ie| =S" , (2)
Ve . —lge
Vs3 Is3

Vb

with Vg = Vp — V¢ and the grid-side currents directly obtained from the DC current. This is summarised in Table 1,
where the grid currents are also represented as space vectors in the two-axis non-rotating frame «3 using the Concordia

transform [27]. In particular, vectors 7, 8 and 9 are null.

Table 1: Switching states of the DC/AC converter with the switches conducting on the upper (1) and lower (2) branches,
with their effect on DC voltage and AC currents

S (1) (2 Ve i1 ke ks ||&] arg(i)
1 S41 S22 Vetiz e —lhe O V2l —30°
2 S12 Sy —Vs12 —he ke O V2l 150°
3 S12S: Vezzs 0 ke —le V2  90°
4 Si3Sp —Veez 0 —he ke V2 —90°
5 S11Sp3 —Veat e 0 —le V2  30°
6 Si3Sot Vest —le O ke V2l —150°
7 S11S 0 0 0 O 0 -
8 S512S» 0 0 0 0 0 -
9 Si3S,;3 0 0 0 0 0 -

A three-phase LC grid-side filter is used to attenuate the CSI high-frequency switching harmonics [26], with the use
of active damping for stability and minimization of filter losses (see Section 3.3), while two inductors Ly are used in the

DC link.



2.3 PV system dynamic model

In order to obtain the state-space equations of the system on the grid side, the state variables are identified: the grid
currents iy, i and i3, and the converter grid-side phase-to-phase voltages vg12, Vso3 and vszi. Also, ideal grid voltage
sources are considered:
. 2 ,
V,-=\/§Vrmscos<pv—(l—1);>, i={1,2,3} (3)
where p, = w,t + ¢, is determined by their constant pulsation w, and reference phase angle ¢,.

The equations for the grid currents and the converter grid-side phase-to-phase voltages are

dt B 3[_ac st 3Lac Sjk [—ac I (4)
dVS,'/' 1 ’

. 1 .
a - —3Cac(li — )+ fac(/si — Isj)
with (i,/, k) = {(1,2,3),(2,3,2),(3,1,1)}, and where Ly is the grid-side filter inductance, C,; the grid-side filter phase-
to-phase capacitance, and is;, i ={1,2,3} are the converter grid-side currents.
Also, the dynamics on the DC side are ruled by the PV array characteristics in Fig. 2 and the inductor equation:

dlge _ 1, 1
dt ~ 2Lge TV 2Lge

Vdc: (5)

where V. is the voltage at the input of the converter and Iy the current on the DC link.
To obtain a time-invariant state-space model of the PV system the Concordia-Park transform (6) is applied to (4), with

1T T
each variable x modified according to [Xd Xq| = T’ |:X1 Xo x3} .

CoSp —sinp

2 .
T= \@ cos(p — &) —sin(p— &)

cos(p— %) —sin(p — %)

IS S



with p chosen equal to p,. Thus, the state-space equations of the system in the grid-synchronized dq frame are

dig ig + 1 Veg + ! Ve ! V,
Jd _ _
dt q 2Lac sd 2\/§Lac sd ac ?
dig i ! Veg + 1 v 1 Vv,
o _ i — _
dt C 2VBlae 7 2L T Lae ¢
dVsa _ 1, LIRS B
=W —
dt 97 2Ca 7 2v/3Ch | -
+ ! i ! i ,
2Cxc sd 2v/3Cac o
dvsq y 1 ; 1 ;
= —W —_ —_
dt T 0V/3Cxk ¢ 2Cx?
1 , 1 .
+ g — i
2\/§Cac s ZCaC 5

where the grid currents iy and iy, and the capacitor voltages vsq and vsq are the state variables; the converter grid-side
currents isg and isq, and the grid voltages vy and v, are independent variables. This model will be further used to design

the controllers of the PV system.
In the dq frame, the instantaneous power p(t) and reactive power q(t) are given by
p(t) = vyig + tiq

(8)

q(t) = tid — Vdiq

Considering a reference frame synchronous with the grid voltages (p = p, in (6) and ¢, = 0°), the grid voltages become

time-invariant and are expressed by

Vd _ \/§Vrms . )
Vg 0
Therefore, the powers defined in (8) become
) = vyi
p(t) = Vaig ’ 10)
q(t) = —vqlg

where the variable iy determines the instantaneous grid power and should be kept nearly constant for a constant power

flow.

3 Control of the system

The control circuit of the system is presented in Fig. 3. The regulation of the PV power is used to generate the grid
current references which aim at a unitary PF and current harmonics mitigation. The time-invariant state-space model of

the system developed in the previous section is used to establish the grid current reference values.
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Fig. 3 Control circuit of the complete system

3.1 Sliding mode control of the grid currents

The dg components of the grid currents are controlled using sliding mode control [27, 28], which aims at providing
the control laws for the power converter through variables Sp and Sg. They constitute the necessary information for
choosing the most adequate switching vector.

Considering the second-order grid-side filter, first-order sliding surfaces should be used for iy and iy [27-29]. The

general expression for the surfaces is
. ) d . ,
SDQ(es t) = KO (’dq,ref - ’dq) + Ki a (’dq,ref - /dq) ) (1 1)

where Ky and K; are positive-valued adjustable gains that affect the switching frequency of the converter, e(t) = it — i is
the current error, and iy, corresponds to the d and g components of the grid currents.

From (10), to guarantee a nearly unitary DPF, iyt = 0. In order to mitigate the harmonics and have quasi-sinusoidal
grid currents, the instantaneous power of the system defined in (10) should be controlled in addition to the control of the
instantaneous reactive power through the variable iy. This is done by controlling the current reference ig,res.

In order to verify the stability criterion S(e, t)S(e, t) < 0, the time derivatives of the sliding surfaces are obtained [27],
using the state-space equations (7):

Pigq
de

di qu

SDQ(e! t) - KO K1

1 1
—Ko | awi +a=—V v,
0 ( qd — 2 \F Lac sdq D) La sqd — Lac dq>

+ K W2+ ) g — aiv
1 (( sLaC Cac) @ "La
1

W
————lsgg + —V,
\/§Lac dq 3Lac Cac qu La qd>

; (12)

where o = 1 for Sp(e, t) and —1 for Sp(e, t). The only variables that can be directly controlled by the switching vector,
at the output of the converter, are the currents isy and isq. Their modifications are applied to help meeting the stability

criterion and should be high enough to affect the derivatives of the surfaces as required.



Using three- and two-level hysteresis comparators for iy and iy outputting the discrete variables Sp and Sq, respect-
ively, the conditions are:
« If Spol(e, t) < 0 then Spg = 0 and Spa(e, t) > 0 is needed, i.e. lsaq Should be decreased
« If Sp(e,t) ~ 0 then Sp = 1 and Sp(e, t) should not be significantly modified, i.e. isy should not be modified in
average
 If Spg(e, t) > 0 then Spg =2 and SDQ(e, f) < 0 is needed, i.e. is4y should be increased
Finally, the system is expected to guarantee a nearly unitary PF, through both the control of the DPF and the har-

monics mitigation.

3.2 Space Vector Choice

The current space vectors defined in Table 1 are represented in Fig. 4a, where they also delimit the different voltage
zones shown in Fig. 4b. These switching vectors can be applied to modify is; and isq in function of the discrete variables
Sg and Sp, respectively. In Fig. 4a, for instance, the voltages are in zone 2 (position of axis d); thus, the current vectors
2, 3 or 6 would increase isq While vectors 1, 4 and 5 would decrease it. When taking into account the control of both
currents, the number of adequate switching combinations is reduced to 1; the results are shown in Table 2 which is used

as a look-up table in the control circuit.
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vectors (1 to 9, with the vectors 7, 8 and 9 being zero) delim- imum reached successively for —vsi, Vs, —Vi2, Va1, —Vog,
iting the six voltage zones vi2, from left to right)

Fig. 4 Representation of the state-space vectors

3.3 Active damping

A second-order filter with active damping is used for good attenuation of the switching harmonics while avoiding reson-

ance and power losses [23, 24]. The method of virtual resistor is used, with a feedback of the inductor voltage, in order



Table 2: Switching vectors to apply to the converter in function of the sliding mode controls of iy and iy, i.e. in function of
the discrete variables Sq and Sp, and the voltage zone

Sq=0 Sg=2
Sp 0 1 2 0 1 2
Zone 1 6 4 1 2 3 5
2 4 1 5 6 2 3
3 1 5 3 4 6 2
4 5 3 2 1 4 6
5 3 2 6 5 1 4
6 2 6 4 3 5 1

to avoid extra measurements and components.
The single-phase equivalent block diagram of the system is presented in Fig. 5 where the current reference in the
control is modified by the feedback of the grid-side filter inductor voltage v; (full line). The modulator and converter are

taken into account in the sizing and are approximated by the transfer function

_k(s) A sty G
G =g =G =T

ref

(13)

where Ty, usually considered to be half the switching period Ty, = 0.2ms, is the average delay introduced by the
converter between a control action on j;(s) and the resulting value taken by is(s) [23, 28], and G is the converter gain.
The inductor-voltage feedback gain H(s) should be adjusted for the system to match the equivalent passive damping
circuit, while removing the zero in the transfer function for a better attenuation of high frequencies. However, H(s) is
considered constant since no analytical match can be found between the two system transfer functions. In order to use
the grid currents for feedback and avoid extra measurements (see the dotted line in Fig. 5), the grid-side filter inductor

voltage is obtained with v, = sL./, resulting in new feedback gains for the grid currents:

K(s) = H(S)SLac = kSLqc, (14)

where k is a constant gain adjusted to 0.04 for a proper damping, and s is implemented as a discrete derivative. The
derivative term cannot be avoided here if the grid currents are to be used for feedback and thus additional measurements
avoided.

The active damping feedback is applied for both d and g components of the grid currents. In this approach, the cross

terms due to dg components and the triangle connection of the grid-side filter capacitors are not considered [23, 24].

10
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Fig. 5 Block diagram of the single-phase equivalent system with active damping: feedback of the inductor voltage (full
line) or the grid current (dotted line)

3.4 Power control

The reference current iy e, determining the power flow to the grid, directly influences the PV power Ppy and can thus
be used to regulate it. In [13], where a VSI is used, this reference is obtained from a Proportional-Integral (Pl) controller
regulating the voltage Vpy; similarly, with a CSlI, the DC link current could be regulated. However, in this work, it is the
PV power itself which is input to the Pl controller, as shown in Fig. 3, to generate the d component of the grid current

reference.

3.4.1 Pl controller

To control the power in the DC link and to establish the references for the grid currents, a PI controller is chosen:
: (15)

where K, and K are the proportional and integral gains, respectively, which are sized based on the block diagram of the
system in Fig. 6. The modulator and converter are modelled similarly to (13), obtaining a transfer function that links the

DC and AC sides of the system:
PPV(S) G‘c

- = . 16
laref(s) 1+ Tays (16)

The time constant Ty, should be slower than the theoretical dynamics of the CSI module, i.e. the combination of the
converter and grid-side filter, but faster than the grid dynamics [8] — it is here taken equal to 2.5ms. The gain G; is

obtained using the power balance of the system, neglecting the losses:

PPV ~ idVd = GC = Vqg, (17)

where vy = v/3Vims, from (9).

The system has two poles and one zero. The modulator and converter transfer function determines the location of
one of the open-loop poles while the other one is zero due to the Pl controller. Then, the controller gains can be varied
to adjust the location of the zero and the closed-loop poles in the root locus of the system, aiming at stability and a fast

step response. The resulting gains are K, = 0.05 and K = 0.2s'.

11
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Fig. 6 Block diagram of the power-controlled system

Table 3: Influence of 4P /4v on the power balance of the

system
S Va? M ke Vv §0 0 i Pey
>0 + +
2 >VWVey <O — +
<0 + —
>0 - -
0 < VPV >0 + —
<0 — +

4See Table 1, Fig. 4b, and (5) for the relation between V. and
va.

3.4.2 Sign modification

The PI controller gains are sized considering that the instantaneous powers on the DC and AC sides are equal, with iz =0
on the grid. This implies that to increase Ppy, the reference current iy is increased and thus the grid instantaneous
power as well. This is verified as long as the system works in the zone where 9”/av > 0 in the power curve in Fig. 2.
However, when 9P/qv < 0, the same switching state of the CSI which makes Vpy either increase or decrease has an
opposite effect on Ppy, as summarized in Table 3.

Thus, in the left zone of the power curve, iy should be decreased to decrease Ppy, while in the right zone of the
power curve, fqref Should be increased to decrease Ppy. The solution is to modify the signal of the reference current by

considering the sign of 9¢/av at the input of the Pl controller.

3.4.3 Maximum Power Point Tracking

The most common MPPT methods control the PV voltage and current for VSI and CSI systems, respectively. However,
as shown in the control circuit in Fig. 3, the active power produced by the PV array Ppy is here controlled. A simple and
accurate algorithm is developed based on the perturb and observe principle common in MPPT methods, using three
constant parameters—A, B and C—and the computational step At.

The MPPT algorithm outputs the reference Ppy re(f + 1) by comparing the previous reference Ppy ¢(t) and the meas-
ured power Ppy(t) = ly.(t) Vpy(t). As shown in Fig. 7, the comparison results in 3 main cases:

1. In this case, the reference Ppy re1(t) is higher than the measured power Ppy by more than B. In general, it implies

that the system is working at the MPP (the power cannot increase more) with an amplified ripple at the input of the PI

12
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Fig. 7 Different cases of the MPPT algorithm, with C > B > A and APpy et = Ppyret(t + 1) — Ppyres(f)

controller that can distort the grid current reference. This is why the power reference is decreased in that case by a
constant depending on the amplitude of the error. For instance, if the available maximum power suddenly drops, the
error is large and the reference decreases by steps of —C (case 1.a) to approach the new MPP. Thus, the maximum
tracking speed in this case is 2P /ad|.... = —C/at [Ws~'], considering an algorithm period At.

2. The second case corresponds to the steady state. In order to make sure that the MPP is reached, the reference is
kept constant at a value higher than the measured power by a constant between A and B. If the power does not increase
more, the MPP is reached. The ripple at the input of the PI controller is kept low by choosing relatively small constants
Aand B.

3. In this third case, the error is around zero and the reference needs to increase in order to try to raise the power.
The reference increases by steps of A (case 3.a) or B (case 3.b), until the power reaches its maximum and case 2 is
reached. Thus, the tracking speed for a power rise is given by APev/at| = B/at [W s”].

In practice, due to the measurement errors, cases 1.b, 2 and 3.a can happen during steady state. Still, as the
reference is always higher than the actual power in steady state, the accuracy is optimal and the real MPP is reached.

The parameters A, B, C and At can be adjusted for specific MPPT requirements.

4 Results

The set-up presented in Fig. 1 was implemented in the laboratory using an isolation transformer in the connection to the
grid, and simulated in the MATLAB/Simulink environment, using the parameter values listed in Table 4. As previously
emphasised, the single-stage step-up converter limits the maximum voltage allowed at the output of the PV array and,
in order to have a full voltage range for MPPT, the following condition applies: Voc < v/3sin 3V =254.5V. In order
to optimise the system regarding cost and losses, the CSI should work at full amplitude modulation index with the PV
array designed such that Voc = 254.5V [2]. That way, the installed semiconductor powers would be similar for this CSI
topology and the two-stage VSI-one.

The experiments are performed using the fast-prototyping software and hardware dSPACE ds1103 and its Con-
trolDesk interface. A PV emulator is used at the input of the converter and its parameters, such as the irradiance, can
be varied on the ControlDesk interface. A programmable power supply—with maximum values of 1500 W, 360V and

15 A—is used for this purpose. The results are taken at Vypp ~ 62.5V and lypp ~ 8 A.

13



Table 4: Parameter values

Sym. Description Value Units
Ts Sample time 14 us
% Grid phase rms voltage 120 \
fy Grid frequency 50 Hz

Ppy PV array nominal power? 500 W
Voc PV array OC voltage? 78.34 \Y
Isc PV array SC current? 9.08 A
Lgc DC link inductance 12 mH

C.c  Grid-side filter capacitance 10 pF

Lac Grid-side filter inductance 4 mH

= Non-linear load power 100 w

21t is taken at nominal atmospheric conditions, i.e. for an
irradiance G = 1 kW/m? and a temperature T = 25 °C.

Without load When no load is connected to the system, the full THD of the grid currents in simulation is 2.46 %,
meeting the standard requirements. If only the first 40 harmonics are considered, thus removing the influence of the
switching harmonics, THD4o = 2.17 %. The latter confirms the proper operation of active damping and is used further
on. The experimental grid currents are presented in Fig. 8a, with a THD of 4.47 % and a DPF of 0.965.

The measured efficiencies of the developed CSI system are presented in Fig. 8b, resulting in European and CEC
efficiencies [4, 30] of 94.3 % and 94.1 %, respectively. The measured power losses, obtained as the difference between
the input and output measured power, are shown as well. Also, for comparison purposes, the theoretical efficiencies and
power losses [4, 30] were computed considering the characteristics of semiconductors and filtering components with the
same ratings as the ones used in the laboratory. In this case, the computed European and CEC efficiencies are 95.4 %
each. When considering the likely future trend of RB-IGBTSs or a full amplitude modulation index, the efficiencies of this

CSl system are similar to those obtained for different VSI-based topologies in [4, 22, 31].

With load The non-linear load connected at the PCC is reproduced using a full-bridge diode rectifier connected to
the grid using three line inductances L, = 13.1mH. The DC filtering capacitor is C, = 440uF. The experimental
load currents are particularly distorted and are shown in Fig. 9a with a load of 785, resulting in an average voltage

Viio = 280V, and consuming a power of 100 W. The THD is 80.42 % with particularly high 5" and 7" harmonics.
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(a) Experimental grid currents without load — THD = 4.47 % (b) Theoretical and measured efficiencies and power losses

Fig. 8 Results of the system operating in regular conditions

The experimental grid currents with the non-linear load connected at the PCC and harmonics compensation are
presented in Fig. 9b with a THD of 6.07 %. The 5" and 7! harmonics in particular are strongly attenuated to 1.3 % and
3 % of the fundamental, respectively. The compensation currents are presented in Fig. 9c while the grid current and
voltage of phase 1 are shown in Fig. 9d to confirm that the DPF is nearly unitary. The converter output currents have
a THD of 15.76 %, which is equivalent to that of the grid currents without active filtering. The simulation results in the
same situation are also shown in Fig. 9. In particular, the THD of the grid currents is 3.59 % with a strong reduction of
the 51" and 7" harmonics, the PF equals 0.999, and the results are similar to the experimental ones.

Also, in case the PV power is lower than the load power, the harmonics mitigation is still efficient such that sinusoidal

grid currents supply the load.
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(c) Converter output currents — THDs of 15.64 % and 15.76 %
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(d) Grid current iy and voltage v — PF of 0.999 and 0.968

Fig. 9 Simulation (left) and experimental (right) results of the PV system in nominal conditions with a 100 W non-linear
load connected at the PCC
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Varying irradiance The experiments are here performed by applying steps up and down of 0.1 kW /m? in the irradiance
(between 0.9kW/m?2 and 1kW/m?), i.e. power steps of approximately 50 W, to test the MPPT algorithm—the period At
is 0.01s and the constants A, B and C are equal to 0.5W, 1 W and 25W, respectively. The variables are recorded on
an oscilloscope with a 4 W precision and without digital filtering.

Fig. 10a shows a succession of steps up and down to confirm the proper dynamics and operation of the MPPT
algorithm. The zoom over the step up in Fig. 10b shows that the power reference increases by constant steps of
amplitude B. Thus, approximately 50 MPPT periods of 0.01 s are necessary for a change of 50 W, as shown in the figure
where the new MPPT is reached after approximately 0.5s. A similar situation is shown in Fig. 10c for a step down: the
reference is decreased by steps of value C, and the new MPP is tracked in a few time steps in order to limit the error

with the actual power which cannot be higher than the maximum available power, no matter the reference.

The experimental results validate the system and the control strategy developed in this work. In particular, the
harmonic content of the grid currents is reduced by more than half in the loaded situation and without load the THD of

the grid currents is below the 5% limit set in the standards [4].
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Fig. 10 Experimental MPPT results of the PV power for steps of 0.1 kW/m? in the irradiance

5 Conclusion

This research developed a CSl-based PV system that guarantees MPPT and unitary PF in the connection to the grid, and
allows the capability of acting as an APF to mitigate grid current harmonics. The MPPT has been achieved controlling

directly the power on the PV array, and the active power filtering capability is obtained without measuring the non-linear
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load currents. Active damping has also been added to the control of the system to reduce the grid current switching

harmonics and minimise losses. Simulation and experimental results confirm the system operates as expected in both

dynamic and steady states: the non-linear load current harmonics are mitigated on the grid and the PV inverter tracks

the maximum power with changing atmospheric conditions.
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