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Abstract—This paper proposes a direct control method for a
three-phase Photovoltaic (PV) system integrated on the Low-
Voltage grid, using an Indirect Matrix Converter (IMC)-based
Unified Power Quality Conditioner topology. This topology
adds enhanced Power Quality functionality to the PV inverter
when connected to a sensitive non-linear load, such as load
current harmonics mitigation and voltage sags, swells and
harmonics compensation. The PV array is inserted in the DC
link of the IMC, which is controlled with a direct sliding mode
control method. This direct control allows using a specific
modulation method for the shunt converter that guarantees the
DC link voltage is adequate for the operation of the IMC.
Simulation results are presented to confirm the proper
operation of the system under a variety of operating conditions.

Keywords-photovoltaic  systems; power quality; matrix

converters; power harmonic filters; sliding mode control

I. INTRODUCTION

New challenges arise on the Low-Voltage (LV) grid due
to the increasing use of distributed resources and power
electronics-based equipment. Power Quality (PQ) issues such
as voltage sags, swells and harmonics are of high concern
when sensitive loads are connected to the grid. Also, the
increasing use of non-linear loads, mainly power electronics-
based equipment, results in low-order current harmonics which
contribute to increasing losses and distorting the voltages in
the Point of Common Coupling (PCC). In this context, active
power filtering-based solutions have been proposed to improve
PQ, either including series compensation, parallel compensa-
tion or both [1]-[3]. For distributed resources, new standards
regarding the active voltage support are being developed.

Specifically, the connection of Photovoltaic (PV) systems to
the LV grid is regulated by standards IEEE 1547, IEC 61727
and VDE 0126-1-1 (Germany), with particular attention to
the current harmonics production (IEEE 61000-3-2) and the
voltage quality with sags, swells and harmonics (EN 50160,
Europe) [4]. In this context, the active support of the grid
by distributed resources may be required (VDE-AR-N 4105,
Germany), with voltage support in addition to the proposed
current harmonics compensation in the point of connection to
the grid or PCC [1], [5].

Depending on the grid characteristics, a shunt converter
may be used for partially compensating both these current-
and voltage-related issues [3]. However, in order to allow
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for a better voltage compensation, the system developed in
this paper uses shunt and series converters for current and
voltage compensation, respectively, forming a Unified Power
Quality Conditioner (UPQC)-based topology [2], with a PV
array inserted in the DC link [3], [6], [7]. An Indirect Matrix
Converter (IMC) is used to form the UPQC, resulting in a
direct connection between the equivalent shunt and series con-
verters, without bulky DC-link storage capacitor, benefitting
from the common advantages of Matrix Converters (MCs) [8].

This paper proposes a direct control method for the whole
UPQC-based PV system, where sliding mode control is used
for the shunt and series converters for current and voltage
compensations, respectively. This contrasts with the non-direct
control method developed in [6] and leads to a simpler imple-
mentation with faster control—the choice of the best control
action is guaranteed regardless of the DC link variables. Still,
a specific attention is paid to the modulation of the DC link
voltage. Moreover, this topology has the advantage of acting
as a step-up converter for the PV array voltage, removing the
common DC/DC converter used at the PV array terminals,
but the DC link voltage needs to be modulated for directly
connecting the two converters and controlling the PV array
and power flow to the grid at the same time.

II. DESCRIPTION OF THE PV SYSTEM TOPOLOGY

The UPQC-based topology proposed for the connection of
the PV array to the LV grid is presented in Figure 1. The
Voltage Source Converter (VSC) (or series converter) and the
3x2 MC (or shunt converter) form the IMC, with a direct
connection through the DC link—which features switched
current and voltage [9]—where the PV array is inserted using
a filtering inductor L.

The series converter is connected to the grid through a series
transformer for compensating the voltage-related PQ issues,
such as voltage sags, swells and harmonics [2], [10], in order
to provide the sensitive load with adequate voltages vy abe at
the PCC. The compensation of the grid voltages v by the
series voltages vapc can be expressed by

Unlabe = Vabe — VABC- (D

The shunt converter is connected at the PCC in parallel
with the non-linear load for compensating its low-order current
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Figure 1. Detailed representation of the Indirect Matrix Converter-based Unified Power Quality Conditioner with the PV array inserted in the DC link

harmonics, and guaranteeing a nearly unitary Displacement
Power Factor (DPF) at the point of connection to the grid. The
compensation of the load currents %y 4o by the shunt converter
currents i;bc can be expressed by

2)

The IMC and its connection to the grid are detailed in
Figure 1, with the relevant notations. It has the same number
of switches (18 IGBTSs and 18 diodes) and similar features to
an MC; here, the shunt side is of the voltage-source type and
the series side of the current-source type. However, a DC link
is accessible for connecting the PV array due to the non-direct
AC/AC conversion [8], [9], [11]. The converter can therefore
be modelled as the combination of a 3x2 MC and a VSC.

The DC link voltage and current are determined by the 3x2
MC AC voltages and VSC AC currents, respectively. Thus,
the VSC voltages voapc are obtained based on the 3x2 MC
voltages vgpe (3), and the 3x2 MC currents i, are similarly
obtained based on the VSC currents i apc (3).

[isabe] = S287 [ionnc] (3)

S; and S, are the 3x2 MC and VSC switching matrices,
respectively:

S, — S11 Sz
! So1 Sao

’
Tabe = Yype — Unlabe-

[voaBc] = 8187 [vsabe] »

513] — [SAA Sas SAC] @
Sos |’ Sea S Sec|’

where the states S;, k € {1,2}, j € {1,2,3} of the 3x2
MC switches and the states Si;, k€ {AB}, j € {AB,C}
of the VSC switches (1 when closed and 0 when open) must
meet the common conditions 2?21 Sk =1, ke{l,2}and
ZE:A Sk =1, j € {AB,C}, respectively.

The grid voltage sources are considered ideal with

2
Vi = V2Vis COS (pv —(i— 1);),

where p, = wt + ¢, is determined by their constant
pulsation w and reference phase angle ¢, and (k,i) =
{(a, 1), (b,2), (c,3)}. The system variables will be represented

(&)

as space vectors in the two-axis non-rotating o3 frame, using
the power-invariant Concordia transform, and in the rotating
dg frame, using the Concordia-Park transform. The latter is
considered synchronous with the grid voltages (p = p, in the
transform and ¢, = 0°), such that the instantaneous power
p(t) and reactive power ¢(t) are given by

p(t) = vqiq
q(t) =

The dynamics of the shunt- and series-side filters will be
detailed when developing the controllers of the converter.

(6)

—Udiq

III. MODULATION OF THE INDIRECT MATRIX CONVERTER
DC LINK VOLTAGE

The modulation of the DC link voltage is essential as it is
used at the input of the series converter, for controlling the
PV array current and for controlling the amplitude of the grid
currents through the modulation of the shunt converter. The
instantaneous DC link voltage has to meet two conditions: it
must be equal to or higher than zero for the proper operation
of the series converter and it must be equal to zero at some
point for the proper control of the PV array current (see
Section IV-C).

A specific modulation method is proposed here for the
shunt converter in order to allow for the control of the d
and ¢ components of the grid currents while meeting the
abovementioned conditions on the DC link voltage.

The switching states of the shunt converter are presented
in Table I, based on the notations in Figure 1. The space
current vectors corresponding to each of the switching states
are represented in Figure 2a in the a3 frame, where different
zones corresponding to the location of the d component of the
synchronously rotating dq frame are also specified. These are
defined in Figure 3 in function of the grid line-to-line voltages.

The space vectors that are allowed for selection are a func-
tion of the zone considered. Considering the more common
decomposition in 6 voltage zones delimited by the 6 non-
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Figure 3 [1], only 2 non-zero space vectors can be applied
per zone in order to guarantee a positive DC link voltage.
For example, in the time interval between 7'/4 and 57'/12
in Figure 3, considering the grid period T, or in the zone
between vectors 2 and 3 in Figure 2a, voltages vp. and —uvy
should be applied to guarantee a positive DC link voltage.
According to Table I, this corresponds to applying the space
vectors 2 and 3. They would have to be applied alternatively
with a zero vector in order to meet the two conditions and the
control of the grid currents would determine which vector to
apply: the d component would be increased by both non-zero
vectors and the ¢ component would be increased by vector
3 and decreased by vector 2. This is true as long as the
projection of the space vector 3 on the ¢ axis 3, is larger
than the ¢ component of the actual converter output current
vector 4gq, considering it is positive due to the reactive power
consumption of the filter capacitors. However, as shown in the
example in Figure 2b, this is usually not the case close to the
edges of the zones where a third vector could be considered
for optimizing the grid currents control—vector 4 could be
considered for increasing i, in this case as its projection on
the ¢ axis Q is larger than ig,.

The consideration of a third non-zero vector does not
interfere with the positive DC link voltage condition as long as
the d axis is located close to the edge of one of the 6 zones, i.e.
close to the full lines in Figure 3. Thus, it is here proposed
to decompose the period in 12 zones instead, as shown in
Figure 2a and Figure 3 with the dashed lines: only the two
closest vectors are considered in the middle of the initial 6
zones (odd zones) but three vectors are considered in the zones
around the edges (even zones) where they are guaranteed to
result in a positive DC link voltage. This results in the vectors
in Table II that meet the two conditions on the voltage and
offer more possibilities for the control of the grid currents. In
the example in Figure 2b, the use of vector 4 is enabled by
the location of the d axis in zone 6.

(a) All vectors and zones

(b) Vectors to apply in zone 6

Figure 2. Current space vectors of the shunt converter with 12 zones
(dashed lines)

IV. DIRECT CONTROL OF THE UNIFIED POWER QUALITY
CONDITIONER-BASED PV SYSTEM

The control of the system can be divided into three main
objectives: controlling the grid currents to be sinusoidal

Voltage (V)
=}
A\l

Vab

! ! = —— —— —1—|
0 T/12 T/4 5T/12 7T/12 3T/4
Time

| |
11T/12T

Figure 3. Decomposition of the grid period in 12 (dashed vertical lines)
and 6 (full vertical lines) zones in function of the line-to-line grid voltages
full lines) and their opposite (dashed lines).

TABLE I. SWITCHING STATES OF THE SHUNT CONVERTER WITH THE
SWITCHES CONDUCTING ON THE UPPER (1) AND LOWER (2) BRANCHES,
WITH THEIR EFFECT ON DC LINK VOLTAGE AND AC CURRENTS

S M @ Vi o da dw  de |7l arg(il)

1 S11 S23  —Usa  Jac 00—l V24 w/6

2 Si2 S23 vsne 0 Lie =l V2 /2

3 Si2 Sa1 —vay —lee ac 0 V2I4 5m/6

4 Si3 S21 Usea —dae O Tae V2l — —57/6

5 Sz Sz2 —vwe 0 —Tie lee V2l  —7/2

6  Si1 S22 v Ioe  —Iac O V214 —n/6

7 S11 So1 0 0 0 0 0 -

8 Si12  Sag 0 0 0 0 0 -

9 Si13  Sa3 0 0 0 0 0 -
TABLE II. NON-ZERO SWITCHING VECTORS OF THE SHUNT CONVERTER

THAT CAN BE APPLIED IN FUNCTION OF THE VOLTAGE ZONE CONSIDERED

Zone 1 2 3 4 5 6 7 8 9 10 11 12
Vectors 1,6 1,26 1,2 1,23 23 234 34 345 45 456 5,6 5,6,1

through the current harmonics compensation of the shunt
converter, controlling the voltages at the PCC through the
series transformer voltage compensation of the series converter
and controlling the PV array current to guarantee the proper
power flow of the system through the generation of the grid
current reference. Also, the PV array current reference can be
generated so as to perform Maximum Power Point Tracking
(MPPT). The control circuit is shown in Figure 4 where a
direct sliding mode control method is used for both converters
[10], [12] and generates the switching matrices S; and S, to
apply to the shunt and series converters, respectively.

A. Sliding mode control of the shunt converter

The control of the shunt converter is based on the modu-
lation of the DC link voltage described in Section III. The
control laws for the power converter will be provided through
discrete variables Sp and Sq, corresponding to the respective
control of the grid currents in the dq
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Figure 4. Control circuit of the shunt and series converters

the necessary information for choosing the most adequate
switching state among the possibilities in Table II.

Considering the second-order grid-side filter, first-order slid-
ing surfaces should be used for ¢4 and i, [1], [12]:

) ) d . .
Spole,t) = Ko (tagrer — tdg) + K1& (tdgref — tdg), (7)

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

In order to guarantee a nearly unitary DPF, the reference for
the ¢ component of the grid currents is set to igrr = 0. The
current harmonics mitigation will be guaranteed by following
a constant reference for the d component of the grid currents,
whose actual value will result from the control of the PV array
and the instantaneous power it generates.

According to [1], the shunt converter output currents 254 and
154 should be applied adequately to modify the time derivative
of the sliding surfaces and help meeting the stability criterion
S(e,t)S(e,t) < 0, based on three- and two-level hysteresis
comparators for ig and i, respectively:

o If Spo(e,t) < 0 then Spg = 0 and Spg(e,t) > 0 is

needed: i444 should be decreased

o If Sp(e,t) =~ 0 then Sp = 1 and Sp(e,t) should not

be significantly modified: is4 should not be modified in
average

o If Spole,t) > 0 then Spg = 2 and Spg(e,t) < 0 is

needed: 754, should be increased

Considering the available vectors in Table II, the selection
of the switching vector to apply to the shunt converter in
function of the voltage zone and the sliding surfaces is based
on Table III. As mentioned in Section III, decreasing ¢4 is only
possible using zero vectors.

B. Sliding mode control of the series converter

The series converter aims at producing the adequate voltages
vapc at the series transformer ends, across the capacitors Cj.
These voltages are governed by

dv . .
Co (%BC = 9ABC — %oABC- ¥

TABLE III. SWITCHING VECTOR SELECTION FOR THE SHUNT CONVERTER
IN FUNCTION OF THE VOLTAGE ZONE AND THE SLIDING VARIABLES

Zone 10 11 12

(0,0}
{01}
S {02}
S {20
RENERY!
{2,2} 1 2

N (99

[ NN R N R S B
[ NN N SR

[N IRV RN SN RN

—
—_

S B G G IR M
Wlw| 9|99 wn
Elw (w99
I O BV G G G Y
b w9 9]
[0 IRV I S G NG BRG JV-
|l |99

a|loa|wv|w|w]w

After transformation, the converter output currents can be
expressed in the dq frame with

3 3
tod = Ug + —=Cowvg — = Cowry

2v/3 2

3 3
toqg = Uq + §C(,wvd + 2—\/§C’vaq
where the variables Uy and U, result from the Proportional-
Integral (PI) control of the series voltages, as shown in the
control circuit in Figure 4 [13]. The converter output current
references are then used for sliding mode control, based on
the filter equation:

; ©))

Odzz% = UoABC — VABC; (10)

which can also be expressed in the a5 frame by
odld"?ﬂ = Voap — Vaps (11)
These first-order dynamics lead to zero-order sliding surfaces:
Saple, t) = Ko (foaB.ref — foag) s (12)

where K> is a positive-valued adjustable gain and i, corre-
sponds to the o3 components of the converter output currents.

The current references are obtained from (9) considering
vg = V3Vims and vy, = 0 for balanced sinusoidal grid
voltages as defined in (5). The switching states of the series
converter are detailed in Table IV and the resulting output
voltage vectors are represented in Figure 5 in the o frame.
Considering the dynamics in (11), the controlled currents i,
and i,g are increased when the v and 3 components of the
output voltage vector in Figure 5 are increased, respectively,
and vice versa. This leads to the switching vector selection in
Table V in function of the sliding surfaces.

C. PV array control

The use of zero vectors in the modulation of the DC link
voltage allows controlling the PV array current Ipy with

df
Vov — Vae = de%.

The condition V. < Vpy used to increase Ipy is met by apply-
ing zero vectors. In order to meet the condition V. > Vpy used
to decrease Ipy we need to guarantee that the DC link voltage

(13)
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TABLE IV. SWITCHING STATES OF THE SERIES CONVERTER WITH THE

SWITCHES CONDUCTING ON THE FIRST (1), SECOND (2) AND THIRD (3) LEGS,

WITH THEIR EFFECT ON DC LINK CURRENT AND AC VOLTAGES

TABLE VI. SIMULATION PARAMETER VALUES

Symbol Description Value Units
/ T S le ti 16 5
S M @ B I, vas vec veca (W] arg(w) s >ample ime Hs
- v Grid phase rms voltage 230 \%
1 Saa S ScB  —ia Vi 0 —Vac 1/2/3V4 0 -
fe Grid frequency 50 Hz
2 San Sea Scs 'c 0 Vae  —Vae \% 2/3Vee /3 a Series transformer turns ratio 1:2 -
3 Sap Spa S B —Vae Vae 0 /2/3Vg 27/3 Ppy PV array nominal power 15 kW
4 Sap Sea Sca  —ia Ve 0 Vi /2/3Vee o« Lgc PV array output inductance 12 mH
. C; Shunt filter line-to-line capacitance 10 F
5 S Ses Sca ic 0 —Vae Vae 1/2/3Vi —27/3 ‘ P 2
L Shunt filter phase inductance 4 mH
6 S S, S ; Vae -V 0 —7/3
AA DB DCA ‘B o o 2/3Vae —m/ T Shunt filter parallel resistance 40 Q
7 Saa Sea Sca 0 0 0 0 0 _ Co  Series filter line-to-line capacitance 10 uF
8 Sas Sss Scs 0 0 0 0 0 _ Lo Series filter phase inductance 4 mH
Akﬂ
3 9 . T T T
P A <
P i 7: N < I m -
‘ ”\ g |y
/ \\ g 0 —
\ 3 / \VP<
L 1 g =-20 :M,/
4 T > St
\ oo | o i W i
\ ,/" 0 0.01 0.02 0.03 0.04
\ / Time (s)
B 6

Figure 5. Voltage space vectors of the series converter in thea3 frame

TABLE V. SWITCHING VECTOR SELECTION FOR THE SERIES CONVERTER IN

FUNCTION OF THE SLIDING VARIABLES

Sa 0 1 2
Sg 0 1 2 0 1 2 0 1 2
Vector 4 7 3 5 7 2 6 7 1

is larger than the PV array voltage for any non-zero vector.
As shown in the control circuit in Figure 4, the control of the
PV array current generates the reference for the d component
of the grid currents with the following dynamics: increasing
Ipy results in increasing the on-time of the zero vectors, i.e.
in decreasing the amplitude of the AC current vector, and vice
versa [1].

V. SIMULATION RESULTS

The PV system developed in this paper is simulated in the
MATLAB/Simulink environment, with the parameter values
in Table VI. The series transformer turns ratio is 1:2 with
the primary connected to the grid. The PV array operates at
rated conditions, with Ipy = 65 A and Vpy = 231 V. The grid
currents obtained in these no-load conditions, with all the PV
array power flowing to the grid, are shown in Figure 6 and
have a Total Harmonic Distortion (THD) of 3.01 %.

121

Figure 6. Grid currents in no-load operation — THD= 3.01 %

In order to test the current harmonics compensation, a three-
phase full-bridge diode rectifier non-linear load consuming
a power of 5kW is connected at the PCC. The currents
consumed by the load are shown in Figure 7a with a THD of
22.38 % and particularly high 5" and 7" harmonics of 20.49 %
and 7.6 % of the fundamental, respectively.

The currents inserted in the grid from the shunt converter
(Figure 7b) compensate the load current harmonics such that
the grid currents in Figure 7c have a THD of 4.78 %, which
is reduced to 2.45% when considering only the first 40
harmonics (THD4). Harmonics 5 and 7 are attenuated to
1.43% and 1.87 % of the fundamental, respectively.

A phase grid voltage is presented in Figure 8 with a
balanced 20 % sag in the grid voltages from 0.04s to 0.16s
and then a 10 % swell from 0.24 s to 0.36s. The PCC or load
phase voltage is shown in the same figure and keeps a constant
amplitude thanks to the series voltage compensation. During
the sag compensation, the PCC voltages have a THD of 1.96 %
and the grid currents remain unaffected with a THD of 2.75 %.

Realistic grid voltages are considered in Figure 9, where the
phase grid voltage has 5" and 7 harmonics of 5% and 3 %
of the fundamental, respectively, and a THD of 5.83 %. The
harmonics are compensated by the series converter voltages to
result in nearly sinusoidal PCC or load voltages with 5% and
7™ harmonics of 1.27 % and 0.78 %, respectively, and a THD
of 2.55%.
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Figure 7. Current harmonics compensation of a 5kW non-linear load
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Figure 8. Compensation of voltage sags (from 0 04sto 0 16s ) and swells
(from 0.24s to 0.36 s) — Phase grid (dashed line) and PCC (full grey line)

with the amplitude reference (horizontal full line)

VI. CONCLUSION

A direct control method for a PV system integrated in
a UPQC-based topology with the use of an IMC has been
developed in this work. The availability of separate shunt and
series converters allows mitigating both current- and voltage-
related PQ issues with non-linear load current harmonics
and voltage sags, swells and harmonics compensation for
supplying sensitive loads. A specific modulation method is
proposed for the shunt converter to properly control the DC
link voltage, which is critical in this particular topology. That
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Figure 9. Compensation of voltage harmonics — Phase grid and PCC
voltages

allows for direct sliding mode control of the whole IMC.
Simulation results under these various abnormal conditions
confirm the system operates properly.
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