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Abstract: This paper proposes an Indirect Matrix Converter (IMC)-based grid-tied Photovoltaic (PV)
system for Smart Grids (SGs). The PV array injects current in the ‘dc link” of the IMC through an inductive
link, and is connected to the SG with shunt and series connections, allowing for the compensation of
current- and voltage-related Power Quality (PQ) issues, respectively, for the sensitive loads and the
SG connection. A direct sliding mode-based controller is proposed to guarantee nearly sinusoidal
currents in the connection to the SG, and sinusoidal voltages guaranteeing compliance with international
standards, when supplying the sensitive loads. Additionally, a novel control approach for the ‘dc link’
voltage is synthesised to allow for the control of both the PV array current and the power flow to the SG.
To guarantee the semiconductors safe commutation an asynchronous commutation strategy is derived.
Simulation and experimental results show that the proposed system significantly improves PQ in the SG,
minimizing the total harmonic distortion of the currents injected in the SG, and guaranteeing the quality
of the voltage supplied to the sensitive loads, even in the occurrence of voltage sags or overvoltages.

Keywords: Indirect Matrix Converter; photovoltaic systems; Power Quality; Smart Grids; sliding mode
control; Unified Power Quality Conditioner

1. Introduction

The increasing penetration of Distributed Energy Resources (DERs), in particular Photovoltaic (PV)
systems in the Low-Voltage (LV) and Medium-Voltage (MV) grid and the growing use of power-electronics
based equipment are leading to new challenges for distribution system operators (DSOs) and critical
consumers. These include Power Quality (PQ) issues such as low-order current harmonics, due to the use
of non-linear loads, resulting in additional losses and voltage distortion in the point of connection to the
grid (Point of Common Coupling—PCC) [1]. Also, voltage-related disturbances on the LV grid, such as
voltage sag/swell and permanent undervoltage/overvoltage, are PQ issues that are of great concern for
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most critical loads, as they may lead to equipment malfunction and degradation, short-time interruptions
and an overall decrease in efficiency [2-5].

In this context, energy management schemes for integrating different DERs, such as PV and energy
storage systems, into Smart Grids (SGs) with conventional and controllable loads have been proposed [6,7],
and new concepts such as demand side management have emerged, whereby consumers can modify their
energy demand (e.g., through financial incentives or changes in consumption habits), becoming an active
part of the energy management process. As for DERs, the active and, to a lesser extent, reactive power
production should be controllable to increase the flexibility of the system, solving some PQ issues, and
working towards an enhanced SG [8,9].

Following these emerging challenges, international standards have been proposed and harmonised
to guarantee PQ enhancement, and to improve overall grid performance [8]. In particular, PV inverters
are expected to minimise their harmonic impact on the grid to guarantee compliance with the current
harmonic limitations in the LV grid, set by standard IEC 61000-3-2 [3,10]. Also, the distribution voltage
quality is regulated by standards IEC 61000-3-3 and EN 50160, which bound the voltage rms value and
harmonic content [2,11].

In order to comply with the abovementioned regulations and limit the PQ issues on the LV
grid, new PV inverter topologies and control methods have been proposed to act as Active Power
Filters (APFs) with current and voltage compensation, overcoming the limited possibilities of passive
filtering and guaranteeing a better integration into the emerging SG [7,12]. The common shunt-connected
PV inverters can be used to compensate low-order current harmonics produced by non-linear loads.
This has been proposed either with load current measurement [13] or with grid current control, using
Voltage-Source Inverter (VSI)-based [14] or Current-Source Inverter (CSI)-based topologies [15]. Grid
voltage sag/swell and undervoltage/overvoltage can also be mitigated at the PCC to a certain extent using
active power control and reactive power compensation [16-18]. However, the voltage compensation
using a shunt converter is limited through the network impedance [9]; thus, alternative methods
have been proposed with additional inverters or capacitor banks [19], or a series-connected inverter
instead [9,20]. With the latter solution, the PV system injects series voltages on the grid to control the
voltages at the PCC, where the sensitive loads are connected. This naturally leads to a Unified Power
Quality Conditioner (UPQC) topology including current and voltage compensation with shunt and series
converters, respectively [1,5,21-23].

In this paper the use of a UPQC with integrated PV array (PV-UPQC) is investigated [24-26]. Instead
of the more common shunt and series Voltage-Source Converters (VSCs) an Indirect Matrix Converter
(IMC) is proposed to form the UPQC, guaranteeing improved compactness [27] and higher reliability [28]
that result from the absence of a bulky dc link electrolytic capacitor [12,27,29,30] or an additional film
capacitor with increased system complexity. Even though the IMC lacks voltage-step-up capability
(input/output ratio of 0.86 for sinusoidal modulation) [28], it is an advantage in the proposed PV-UPQC
as the PV array voltage is usually lower than the grid voltage. The shunt part of the IMC acts as a
voltage-step-up converter with a minimum transfer ratio of 1.155, with no need for an additional dc/dc
converter and full operating point range as long as the PV system is sized so that the open circuit voltage
does not exceed the limit set by the converter modulation [15,31]. This limitation in PV array voltage may
increase the system losses but also reduces the safety issues and allows for lower power operation.

This paper describes advances in the technology of SG-connected PV systems by proposing a novel
IMC-based PV-UPQC system where the PV array injects current into the "virtual dc link” of the IMC. The
three-phase PV-UPQC system is modelled in Section 2. Then, the PV-UPQC controllers are investigated
in Sections 3 and 4 for the series converter to have adequate voltage at the PCC and the shunt converter
to guarantee quasi sinusoidal grid currents, respectively. A novel modulation method for the ‘dc link’
voltage is proposed in Section 4, allowing for a wider selection of switching vectors and better control
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of the grid currents while ensuring the proper operation of the IMC with positive ‘dc link’ voltage. The
laboratory setup is detailed in Section 5, and a novel switching strategy is proposed to guarantee that
the “dc link’ voltage is always positive. Simulation and experimental results confirm that the PV system
operates according to the SG integration requirements.

2. Model of the Grid-Tied PV-UPQC System

The proposed PV-UPQC system is presented in Figure 1. The shunt converter compensates the
low-order current harmonics injected by the sensitive non-linear loads and guarantee reduced current
THD; at the point of connection to the SG [14]. The series converter produces compensation voltages vapc
for supplying the sensitive loads with adequate voltages at the PCC, mitigating voltage PQ issues [9]. The
UPQC is formed with an IMC consisting of a VSC (series converter) and a 3 x 2 Matrix Converter (MC)
(shunt converter), which are connected through a direct ‘dc link” with switched current and voltage [27],
into which the PV array injects current. Therefore, the PV array is primarily used to provide power to the
load and the system configuration allows adding enhanced shunt and series active filtering functionalities.
This topology can be extended with any DC source replacing the PV arrays, however with adjusted control
and interfacing power electronics.
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Figure 1. Proposed Indirect Matrix Converter (IMC)-based Photovoltaic Unified Power Quality Conditioner
(PV-UPQC) with a Photovoltaic (PV) array injecting current into the ‘dc link” and corresponding control
circuit (encircled variables are measured).

2.1. Shunt Converter

The shunt converter is characterised by the switching matrix Syjc with the respective condition on
the switching states Sy;, k € {1,2}, j € {1,2,3}:

511 S12 513 >
Smc = , Spi=1. 1
M [521 S S ]; g M
The ‘dc link” voltage V3. = V4 — V. is obtained from the shunt converter ac voltages vgapc:

T
{Vd VC} = Smc [vsa Vgh vsc} . Similarly, the converter ac currents ig. are obtained from the ‘dc

T
link” current Iy.: [isa ish isc} = SE/[C [Idc _Idc}
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The switching states of the shunt converter (numbered 1 to 9) are presented in Table 1, with the
corresponding current ac vectors in function of the shunt converter dc current.

A time-invariant state-space model of the shunt side of the UPQC is obtained in the grid-synchronised
dq frame, neglecting the damping resistors:

diy ) 1 1 1,

Frie wig + Evsd + mvsq - fivd

dig _ —wiy — 1, + L — 1o

dt 2L 2L LT @)
dvsd . 1. ’

a Wogg 3G, <zd — \/gzq lsg + \@zsq>
dogg 1

1 . 1. .
= —Wlgy — == | —=ig +ig — —=I i
dt * 2Ci<\/§d+q \/§Sd+sq>
where iy, = {ig,is} are the grid currents, vy4, the capacitor line-to-line voltages, v/, g the load voltages,

isqg the converter ac currents (generated as functions of the converter dc current) and w the grid
voltage pulsation.

Table 1. Switching states of the shunt converter with the switches conducting on the upper (U) and lower
(L) branch, with their effect on ‘dc link” voltage and ac currents.

5 ) ML) Vae  dsa i s 15l arg ()
1 S S23 —Usca Lac 0 —lqc V24 m/6

2 Si2 So3 Vsbe 0 I4c —I4c V214 /2

3 Si2 Sy —Vsap —lge I4c 0 V214 57/6
4 S13 Sa1 Usca —Iqc 0 T4 V214 —57/6
5 S13 S» —TUgpe 0 —Ige I4c V214 —7/2
6 Sut Sx Usab Lae —I4e 0 V24 —m/6

7-9 S11-3 Sr1-3 0 0 0 0 0 -

2.2. Series Converter

In the series connection, the converter is characterised by the switching matrix Sysc (3), where S kjs ke
{AB,C}, j € {AB}:

Svsc = Saa SBa  Sca isk:l. 3
Sap S ScB|’ = !

The series converter dc current [ é . is obtained from the converter ac currents i,apc:

T T
{I::lc 71&4 :SVSC {ioA Z.oB ioC} ’ (4)

and the series converter ac voltages v,apc are expressed with the ‘dc link” voltage Vg, = Vg — Vi

[UOA UoB UOC]T = S\TISC [Vd VC}T~ ®)
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The detailed switching states of the series converter (numbered I to VIII) are presented in Table 2, with
the corresponding voltage ac vectors in function of the ‘dc link’ voltage generated by the shunt converter.

Table 2. Switching states of the series converter with the switches conducting on the first (1), second (2)
and third (3) leg, with their effect on ‘dc link” current and ac voltages.

S (6)) @ ®3) I, ToaB oBc oca 7ol arg (vg)

I Saa S Sca —in Ve 0 —Vao V2/3V4 0

I Saa Spa Scs ic 0 Vae  —Vao  V2/3Vq m/3

I SAB Sga ScB g —Vie Vi 0 V2/3Vy4e 27t/3

v SaB Spa Sca —ipg Vg 0 Vae  V2/3Vqc T

v SaB SB Sca ic 0 Vo Voo V2/3V4q  —27/3

VI Saa SeB Sca B Vae —Vae O V2/3Vg4c —n/3
VIL() SAAG) SbAGB) Scay 0 0 0 0 0 -

The series converter is modelled by the following alpha-beta frame equations:

dion 1 1 1

dar ——Eva_mvﬁ+fovoa

dioﬁ _ 1 o Lv n iv

At~ 2yBL, © 2Le P Lo °F ©

do, 1 /. 1. , 1.

ar = ﬁ <lorx — \ﬁloﬁ —1p + \/gl/g>

dv’S:l(li +i —11'—1')

dr 2C0 \ﬁ o op \/g o B
where g = {ion,iop} are the series converter ac currents, v,s the capacitor line-to-line voltages,

iyp the series transformer currents and v,,p the converter ac voltages (generated as functions of the
‘dc link” voltage).
Similarly to the shunt converter, the equations are also obtained in the dg frame:

diop , 1 1 1
AT R T VTR L
di—oQ:—wi +#v — =7 +iv
dt P 0BL, D 2Le 2 Lo ° (7)
dZJD 1 . 1. . 1. ’
T wug + 2C, (zoD - %zOQ —ip+ \@ZQ>
dZ)Q

1 1. . 1. .
i —wup + 2C, (\@loD + 100 — %zp - 1Q>

where iopg = {io4, log} are the series converter ac currents, vpg the capacitor line-to-line voltages, ipg the
series transformer currents and v,pg the converter ac voltages. These equations will be further used to
design the PV-UPQC controllers.
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2.3. PV System

The PV system is governed by the PV array characteristics and the dc inductor equation:

dlpy 1 1

= Voy — —V,
dt — 2Lge TV 2Ly 9@

®)

where V. is the “dc link” voltage, Vpy and Ipy the PV array voltage and current, and Ly, the PV array
dc inductance. The PV array current adds up to the series converter dc current I;_ such that the shunt
converter dc current is Iy, = Ipy + I(’ic.

3. Control of the Shunt Converter

The shunt converter is used to guarantee quasi sinusoidal currents on the SG and also determines the
‘de link’ voltage that can be used for controlling the PV array operating point, considering that the array is
directly connected to the converter terminals.

3.1. Control of the SG Currents

Direct sliding mode controllers are used for the SG currents [32-34] and generate the switching
vectors for the shunt converter. From Figure 1, the SG currents can be controlled acting on the IMC shunt
currents [15], as iz = i; 0 inl4q, the load currents being considered as a perturbation. Considering the
second-order dynamics of the IMC shunt currents, the sliding surfaces [15,32] for i; and i; will be one
order lower, and can be expressed as a linear combination of the current errors and their time derivatives:

. . d /. .
qu (6, t) =Ky (ldq,ref - qu) + KZa (ldq,ref - ldq) ’ )

where Kj and K; are positive-valued adjustable gains, iy, the d- and g-axis grid currents, and the respective
errors are

edq(t) = idq,ref - idq- (10)

The reference values are set to produce sinusoidal currents and mitigate harmonics on the SG, despite
non-linear loads connected to the PCC. The d-axis current reference is generated from the PV array current
controller (see Figure 1), while the g-axis current reference is set to control the Power Factor (PF).

According to the shunt filter state-space Equations (2), the grid currents can be controlled by acting
on the converter ac currents [15]. Therefore, these currents should be applied to modify the time derivative
of the sliding surfaces and to meet the stability criterion

S(e,t)S(e,t) <0, (11)

based on the sliding mode variables c;; produced by two- and three-level hysteresis comparators for iy
and i, respectively. The criteria to choose the state-space vectors should be:

o IfSgylet) <0(cgy = 0) then qu(e, t) > 0 and a vector that decreases iy, should be chosen

o IfSy(e,t) ~ 0(cqy = 1) then Sy(e, t) and a vector that does not significantly modify is, should be
chosen

e IfSy(et) > 0(cgy = 2) then qu(e, t) < 0and a vector that increases i, should be chosen

Considering these criteria, the space vectors should be chosen to avoid short-circuits through the
series converter free-wheeling diodes, thus guaranteeing that the ‘dc link” voltage is higher than or equal
to zero.
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The grid voltages within a single grid period are shown in Figure 2 with a decomposition in 12 voltage
zones (from z; to z13), also representing the ‘dc link” voltage in function of the different switching vectors
(neglecting the voltage drops in the shunt filter inductors). In the odd zones, only two non-zero vectors
guarantee a positive ‘dc link” voltage while there are three in the even zones. For example, in zone z3 (see
Figure 2), only vy, and —v¢, can be applied by the shunt converter to the ‘dc link’, which corresponds to
vectors 1 and 2, respectively (see Table 1). All the non-zero vectors that can be applied in the different
zones are gathered in Table 3.

400F T T 1 L T T T 1 L L
Zl‘ Z2 | z3 | Z4 | 75 | Z6 | z7 | Z8 | Z9 | ZIO‘ 711 ‘212 ‘21
200 B <L o< o7 = <
”
~ | | RSN \ | PR | \ PRI
< oK N 7L I~ NI 1~ A NI ™
jcgn SOV w>,r Nt
S —200F 47N PRGN L7NL i
> + —+ 4= — |~ ~l= ==
—400—‘ ! | Vab Ubc Uca | I I
L1 1 T T y——  — —  — — L1 1

0 T/12 T/4 5T/12  7T/12 3T/4 11T/12T
Time

Figure 2. Decomposition of the grid period T in 12 zones in function of the line-to-line grid voltages (full
lines) and their opposite (dashed lines).

Table 3. Non-zero allowed switching vectors of the shunt converter for each voltage zone considered.

Zone z V4] z3 Zy Zs5 Zg zy zg Zy Z10 711 Z12
Vectors 1,6 1,2,6 1,2 1,2,3 2,3 234 34 34,5 4,5 4,56 5,6 56,1

The space vectors are also shown in Figure 3a in the stationary a3 frame, considering that the current
Iy (Figure 1) is positive, as it will be mainly set by the PV array power. Also, the same decomposition in
voltage zones as in Figure 2 is represented, and in each voltage zone the d- and g-axis converter ac currents
isg and ig,, respectively, are controlled by selecting the most appropriate shunt converter switching vector:
one of the non-zero vectors or a zero vector. An example is given in Figure 3b for zone z, where the space
vectors that are allowed (1,2,6) are represented. All selectable non-zero vectors would increase igz, while a
zero vector (7,8,9) must be used to decrease it. Vectors 2 and 6 would increase and decrease is;, respectively,
while vector 1 would keep it nearly constant.

The switching vector is selected among the possibilities identified in Table 3, in function of the control
variables ¢4, and the voltage zone; this results in the selection in Table 4. The ‘dc link” current Iy, must
remain positive for control logics, which is the case as long as the PV array current compensates the
switched component I, from the series converter.
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ve

e

(b)

Figure 3. Current space vectors of the shunt converter with 12 zones (dashed lines). (a) All vectors and
zones. (b) Vectors that can be applied in zone z;.

Table 4. Switching vector selection for the shunt converter in function of the voltage zone and the
sliding variables.

Zone VAl V4] z3 Zy Z5 Zg zy zg Zg Z10 711 Z1>

{00-2y789 789 789 789 789 789 789 789 789 789 789 789
5 2,00 6 6 1 1 2 2 3 3 4 4 5 5
3 21} 1 1 2 2 3 3 4 4 5 5 6 6

22} 1 2 2 3 3 4 4 5 5 6 6 1

3.2. PV Array Current Control

The PV array is directly connected to the IMC ‘dc link’, therefore the switching vector applied to
the converter has an impact on the PV array operating point. In particular, the PV array current can be
controlled provided that the ‘dc link’ voltage is either higher or lower than the PV array voltage (depending
on the switching vector selected). Considering the positive ‘dc link” voltage restrictions in the selection of
vectors (Tables 1 and 3), V. is guaranteed to be lower than Vpy only when applying zero vectors, which is
thus a necessary condition for controlling Ipy. In order to guarantee that V. is higher than Vpy otherwise,
for non-zero vectors, the PV array must be sized so that the open circuit voltage meets the following
condition: Voc < 0.5 v/6 sin % Urms (see Figure 2 and Table 3).

As shown in Figure 1, the Proportional-Integral (PI) controller of the PV array current Ipy generates
the d-axis grid current reference ij,.f. The block diagram in Figure 4 is used to size the PI controller
proportional and integral gains K, and Kj, respectively.

The shunt converter transfer function that links the dc and ac power flows in the system is

Gi(S) _ Vdc(s) Gi

- — , (12)
igref(s) 14 Tqys

where Ty, is the average delay introduced by the shunt converter and grid-side filter, V. o the voltage at
the input of the converter averaged over a switching period and G; the transfer function gain determined
from the average power balance of the system.
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Using the ITAE (Integral of time-weighted absolute error), the following gains are obtained:

k. - 215L4
P 1752 Ty, Gy
dc ’
K‘ =
'173 T G

(13)

where Ly, is the dc link inductance. This results in proportional and integral gains K,, = 1.38 and
K; = 184.14 57, respectively [15,35].

va(s)
Tov et () 7] awer(s) @] Vaels) H Vi) T Iev(s)
_T_H/* P + s 1+5Tq4y U 2sLgc

Figure 4. Block diagram of the PV array current closed-loop control.

4. Control of the Load Voltages

To guarantee sinusoidal load voltages with preset rms value the voltages vapc at the series transformer
converter-side terminals (primary) should be controlled, through the control of the series converter ac
currents ioABcC-

4.1. Series Converter ac Current Control

Direct sliding mode controllers are used for the converter ac currents [32], generating the switching
vectors for the series converter. The dynamics of the converter ac currents i,,p are directly dependent on
the converter ac voltages vy, as shown in the state-space Equation (6).

As the converter ac currents have a strong relative degree of one, the sliding surfaces will depend
directly on the current errors (14) [32].

Szxﬁ (6/ t) =Ko (ioaﬁ,ref - ioaﬂ) ’ (14)

where K is a positive-valued adjustable gain and iy, the a- and B-axis converter ac currents.

According to (6), the currents io,p can be controlled directly by the converter ac voltages vo,p.
Three-level hysteresis comparators are used for S,5 producing the control variables ¢, that will be used to
choose the most adequate switching combination to control the currents ioyg.

The ac voltage vectors of the series converter are defined in Table 2 in function of the switching
states and represented in Figure 5 in the a3 frame. The selection of the space vector to apply is shown in
Figure 5 in function of the sliding variables. For example, vector III decreases v,, and increases Uoﬂ—it is
thus chosen when {cq, cg} = {0,2}. The “dc link’ voltage generated by the shunt converter periodically
takes null values, which may increase the ripple of the series converter ac currents but does not alter the
control logics.
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Figure 5. Voltage space vectors of the series converter (for non-zero ‘dc link” voltage) in the ap frame with
the corresponding sliding variable values {cs, cg} they are used for.

4.2. Series Voltage Control

As shown in Figure 1, the references of the dg-axis capacitor voltages vpg are obtained from the
error between the balanced grid voltages v, and the references of the load voltages vé/ref = /3 Urms and
¢ = 0, considering the turns ratio n of the series transformer: vpg ref = n(v"i g vdq).

The converter ac currents i,p( are linked to the series voltages vpg and series transformer currents
ipg using the state-space Equation (7). The series transformer currents can account for the perturbation

/
vq,re

from the grid currents and they are replaced by intermediate variables. When isolating the converter ac
current references i,pQ ref, it comes:

Z‘oD,ref = Id - \/gco(UUD — 3COOJZ)Q (15)
ioQ,ref = Iq —3Cowvp — \@Cova/

where the series voltages are directly considered and I; and I, represent the perturbation from the grid
currents. These variables are obtained from the control of the capacitor voltages, using the ITAE criterion
to size the PI controller. Considering a switching frequency of approximately 2 kHz, the proportional and
integral gains are K, = 0.17 A V- land K; = 179.16 AV~ 1571, respectively [35].

5. Simulation and Experimental Results

The proposed PV-UPQC (Figure 1) has been simulated in the MATLAB/Simulink environment and
implemented in the laboratory (Figure 6). The setup is here detailed, in particular the switching procedure
of the shunt converter to avoid negative ‘dc link” voltage.

5.1. Setup Description

The experimental setup is shown in Figure 6 and the parameter values are presented in Table 5. The
fast-prototyping software and hardware DS1103 (dASPACE GmbH, 33102 Paderborn, Germany) (c) is used
with its ControlDesk interface to run the experiments at a sample time Ts = 18 ps.
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Figure 6. Experimental setup: (1) shunt converter or 3 x2 Matrix Converter (MC), (2) series converter or
Voltage-Source Converter (VSC), (3) series transformer, (4) series filter capacitors, (5) series filter inductors,
(6) shunt filter capacitors, (7) shunt filter inductors, (8) load resistor, (9) non-linear load diode full-bridge
rectifier, (a) three-phase LV grid, (b) PV array emulator link, (c) dSPACE interface, (d) measurement board,
(e) FPGA, (f) “dc link’, (g) isolation transformer.

The IMC is built by connecting a VSC module from Semiteach (series converter, (2)) with a MC
prototype (shunt converter, (1)). In order to allow for a direct ‘dc link” connection (f) and the use of a
switched ‘dc link” voltage, the VSC electrolytic and snubber capacitors were removed.

The PV array emulator is built with a programmable power supply (maximum values of 1.5 kW, 360 V
and 15 A) and connected to the “dc link” (b). The system operates at rated conditions, with Ipy = 8.7 A and
Vpy = 115V.

The switching signals are sent to the converters from dSPACE (c) and an FPGA (e) is used to guarantee
the safe switching of the MC bidirectional switches. The series transformer (3) has a turns ratio of 3.31 from
primary (converter-side) to secondary (grid-side) and has been designed for a maximum compensation of
25% of the grid voltages. The 250 W non-linear load is built with a three-phase full-bridge diode rectifier
(9) with capacitive dc filtering and a resistive load (8), which generates high harmonic currents and is
representative of electronic industrial equipment.
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Table 5. System parameter values.

Symbol  Description Value Units

Ts Sample time 18 ps

Urms Grid line-to-ground rms voltage 110 \Y%
fe Grid frequency 50 Hz
n Series transformer turns ratio 3.31 -
G Shunt filter line-to-line capacitance 6.6 pnF
L; Shunt filter line inductance 4 mH
p Shunt filter damping resistance 40 @)
Co Series filter line-to-line capacitance 20 pnF
Lo Series filter line inductance 6 mH

5.2. Semiconductors Switching Strategy

The shunt converter is controlled to switch between the non-zero vectors in Table 3 and any of the
three zero vectors. The states of the switches of the MC prototype are modified sequentially due to the
pre-built 4-step commutation process and when the conducting switches on both the upper and lower
branches differ during a transition, an intermediate switching vector is applied to the converter. This may
be a problem, as this intermediate switching vector may result in a negative voltage in the virtual dc link,
thus leading to a short-circuit through the series converter diodes. For example, in zone z, vectors 2 and 7
have different conducting switches on both the upper and lower branches (see Table 1). In order to switch
only one branch at a time, the sequence would be S1,—-51,-511 on the upper branch and S»3—S5;1-5;1 on
the lower branch. This would result in vectors 2-3—-7. However, from Table 1, in zone z,, vector 3 is not
allowed as it would produce an unacceptable negative ‘dc link” voltage spike.

To solve this problem, a new switching strategy is proposed considering that at least two zero vectors
must be available in each zone to guarantee a smooth operation when changing zone. The available
non-zero vectors in Table 3 together with the two zero vectors are shown in Figure 7a for voltage zone z;.
The vectors that can be applied successively are linked such that for example a transition from vector 1 to
8 is done by applying first vector 6 and then vector 8. The same example is given for zone z, in Figure 7b;
the transition from vector 2 to 7 is done by first applying vector 1 and then 7. This can be generalised for
the 12 voltage zones.

® 5T
Py

(@) (b)

Figure 7. Transitions between successive shunt converter vectors in a voltage zone. (a) Example for zone z;.
(b) Example for zone zj.

5.3. Results

Simulation and experimental results are obtained under different operating conditions: (1) no-load;
(2) linear and non-linear load; (3) voltage sag and swell with no load. Different power flows are considered,
with either active power flowing from the SG (Ppy < Pjgaq) or to the SG (Ppy > Ploaq)- Ideal switches are
used to model the MC for faster simulations.
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5.3.1. No-Load Conditions

The system is operated at rated conditions, with all the PV array power flowing to the SG.

The “dc link’ variables obtained with simulation and experiments are shown in Figure 8a,d, respectively.
In both results, the “dc link” voltage V. is never negative, showing that the IMC setup is working properly.
Also, the pulse of six times the grid frequency, which is characteristic of three-phase IMCs, is clearly visible.
The higher variation in the experimental voltage results from stray inductance dynamics and non-ideal
semiconductor switching characteristics that have not been considered in simulation. Both in simulation and
experimental results, the PV array current Ipy is controlled to its reference (8.7 A) and the shunt converter dc
current I4. has a switched component coming from the series converter.

One grid line-to-ground voltage and the corresponding line current flowing to the SG are shown
in Figure 8b,e for simulation and experimental results, respectively, and the PF is nearly unitary. In the
experimental results the grid voltage presents 5th harmonics, which is common in non-ideal grids. The
experimental grid line current presents a slightly higher ripple than in simulation, which is mainly due to
the non-modelled switching characteristics of power electronic semiconductors.

The dynamic behaviour of the PV array current control is observed with irradiance steps between
1kW/m? and 0.9 kW /m?, for worst case scenario. The simulation and experimental results in Figure 8c,f,
respectively, show a variation of about 10 % in the PV array current operating point. The grid currents
(same figures) present a similar amplitude variation.

i ”J\n‘]ﬂf‘ il \ii"f\h‘h\mlﬁ i NH'“W”W b
N LM

0 10 20 30 40 50 0 10 20 30 40 50 0 0.2 04 0.6 0.8 1
Time (ms) Time (ms) Time (s)

@ (b) (c)

1 1 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50 0 0.2 0.4 0.6 0.8 1
Time (ms) Time (ms) Time (s)

(d) (e) (f)

Figure 8. Simulation and experimental results in no-load conditions. (a,d) ‘dc link” voltage V4. [100 V/div],
PV array current Ipy and shunt converter dc current [5A/div]. (b,e) Grid line-to-ground voltage v,
[60 V/div] and current i, [5 A/div]. (¢ f) Irradiance steps up and down between 1 kW / m? and 0.9 kW /m?2:
PV array current Ipy [2 A/div] and grid currents i [3 A/div].
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5.3.2. Load Conditions

A 250 W non-linear load (see Section 5.1) is first connected at the PCC to observe the low-order
harmonic compensation from the shunt converter (Ppy > Pjoa4). The simulation and experimental results
(for phase a) are shown in Figure 9: the non-linear load current iy ,, the shunt converter ac current i; and
the grid current i, = i; —inla-

*
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Figure 9. Simulation and experimental results with a 250 W non-linear load. (a,b) Grid line current i,,

L 1 ) L ! 1 ! ! 1

! L L 1 1 1 J
20 30 40 50 0 10 20 30 40 50
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shunt converter ac line current i, and load line current inla [0 A/div]. (c) Experimental grid line-to-ground
voltage v, [60 V/div] and line current i, [5 A/div].

The load currents present high 5th and 7th harmonics that are compensated by the shunt currents
such that nearly sinusoidal currents are injected in the grid. This is confirmed by the results where the
low-order harmonic content of the converter ac line current is clearly visible. In particular, in the laboratory
the Total Harmonic Distortion (THD) of the load line current is 43.53%, with harmonics 5 and 7 of 39.12%
and 14.91% of the fundamental, respectively, and the THD of the grid line current is 10.83%. A PF of 0.997
is measured, as shown in Figure 9c with the SG line-to-ground voltage and line current nearly in phase.
The simulation currents present similar harmonic contents.

A second test is performed connecting an additional resistive load of 2kW (Ppy < Pjoaq), S0 that the
grid is providing power to the load as the PV power is not sufficient anymore. The grid, shunt and load
currents are shown in Figure 10a; the current flows from the grid to the load so it is in phase opposition
with the grid voltages. Also, the instantaneous active power flowing through the system is shown in
Figure 10b with the 300 Hz oscillation from the PV array power for compensating the load power as no
storage components are used for that purpose. The reactive power results in Figure 10c show that the
harmonics compensation comes from the shunt converter and the PF on the SG is equal to —0.999.

A potential decrease in PV power has no impact on the PQ compensation as the PV current provides
primarily the fundamental harmonic of the load current.

5.3.3. Voltage Sag/Swell Conditions

Simulation results for a 10% voltage sag with 10 degree phase-shift are shown in Figure 11a, in no load
conditions. The grid currents and PCC voltages are controlled to be in phase with the grid voltages at all
time in order to guarantee a nearly unitary PF even during voltage sags. The results for a zero phase-shift
sag of 15% and swell of 10% to the balanced grid voltages are shown in Figure 11b, in no load conditions.
The corresponding experimental results are shown in Figure 11c,d, respectively. The series transformer
injects voltages vgeri = Vjref — Vi, | = {a,b,c} that are in phase with the grid line-to-ground voltages during
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the sag and in phase opposition during the swell, to compensate the grid voltages. The load voltages have
bounded rms values.

‘ ; NN
[ inla | N K |
W\ | 10 Qload ]

L L L L L L L L L L L L L L L L L L L L L L L L
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Time (ms) Time (ms) Time (ms)
(a) (b) ()

Figure 10. Simulation results with a 2 kW resistive load and 250 W non-linear load. (a) Grid line current i,

shunt converter ac line current 7 and load line current i , [10 A/div]. (b) Instantaneous active power flow
from the grid Pgiq, the shunt converter Pyyynt, the load Pjyaq and the PV array Ppy [400 W/div]. (c) Reactive
power flow from the grid Qg;iq, the shunt converter Qghunt and the load Qjo.q [200V Ar/div].

B VAV AW oW o WP ‘o -.vawwmmxsq:-w
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UV S

Figure 11. Results with voltage sag and swell: grid line-to-ground voltage v,, series compensation
line-to-line voltage vge o and load line-to-ground voltage v} [125 V/div] and grid line current i, [10 A/div].
(a) Simulations: 10 % sag from 0.1s to 0.2s with 10 degree phase-shift. (b) Simulations: 15 % sag from
0.05s to 0.15s and 10 % swell from 0.25s to 0.45s. (c) Experiments with 15 % sag. (d) Experiments with
10 % swell.



Energies 2020, 13, 5405 16 of 18

Also, the instantaneous power is shown in Figure 12. Considering that here the PV array injects active
power on the grid (Ppy > Ploaq), active power is flowing from the grid to the ‘dc link” through the series
converter and from the ‘dc link” to the grid through the shunt converter. During voltage swell, active
power is flowing through the series converter to the grid. The active power injected on the SG remains
constant, with small transients due to the ‘dc link” controller dynamics. The flows are reversed in case
active power is flowing from the grid to the load in standard conditions (Ppy < Pjg,q)-

| Niiliiin

series

1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Time (ms)

Figure 12. Instantaneous power flow with 15% sag from 0.05s to 0.15s and 10% swell from 0.25s to
0.45 s—simulation results.

6. Conclusions

A new topology to integrate a PV system into a SG has been investigated. The PV array injects
current into the ‘dc link” of an IMC that provides series and shunt connections to improve PQ in
the SG. The proposed PV-UPQC guarantees the compensation of both low-order current harmonics
produced by non-linear loads, to inject quasi sinusoidal currents in the SG, and grid voltage sag/swell
and undervoltage/overvoltage, to supply the sensitive loads with bounded rms values. Direct sliding
mode controllers have been used to guarantee fast dynamic response, and a novel asynchronous ‘dc link’
voltage modulation (shunt converter) has been proposed to guarantee a positive voltage on the series
converter dc side and control both the SG currents and the PV array power. Simulation and experimental
results validate the enhanced PQ compensation functionality of the system: the SG currents low-order
harmonics are mitigated when sensitive non-linear loads are used and voltage sags/swells up to 15% are
compensated to supply these loads.
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