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Abstract: Abstract: The dual unified power quality conditioner (iUPQC) is an active filter that has been
studied to be applied as utility interface in microgrid applications. It regulates the voltage of the microgrid
side and controls the power flow between the grid and microgrid side. Besides that, ancillary functions to
grid side have been proposed to extend its power quality compensation. This paper presents a detailed
analytical and numerical analysis of the power flow of an iUPQC, which operates as an utility interface in
microgrid applications with the extended function of STATCOM. It can compensate not only the
disturbances at the load or microgrid side but also provides an RMS voltage regulation at the Point of
Common Coupling (PCC), thus, providing reactive power to the grid. Moreover, the iUPQC power flow
was evaluated considering the implementation of the power angle control (PAC), a technique used to share
and equalize the power processed by each converter allowing the optimization of this conditioner. In
addition, a test setup to validate this analysis was proposed and built. Therefore, this study can support the
understanding of the power flow of the iIUPQC operating as STATCOM, to share and optimize the available

power in the iUPQC converters using PAC.

Keywords: iUPQC, microgrids, STATCOM, Power Angle Control (PAC), Power flow analysis.

1. INTRODUCTION

Distributed energy resources based on renewable energy
source and the microgrid concept has been proposed as a
solution to have electrical energy generation with less
environment impact (Saeed et al. 2021) (Rezaei et al. 2021).

However, due to intermittence characteristic of renewable
energy resources, microgrids topologies, control and
operations strategies have been developed to ensure stable
operation of microgrids (Espina et al. 2020).

In this sense, Utility Interfaces (UIl) converters have been
proposed for microgrid applications to make easier the
controlling of the power system (Shubhra and Singh, 2020)
(Tenti et al. 2014) (Machado et al. 2017). Ul converter is
connected between the grid and microgrid buses where the
main function is to control the power flow between the buses
(Shubhra and Singh, 2020) (Tenti et al. 2014). It makes easier
the control of the power system once the control of a group of
loads and generation is centered in the Ul converter. In
addition, it can be used to provide a regulated voltage in the
microgrid side, improving the microgrid energy quality, and to
provide ancillary functions to enhance the energy quality in the
grid side (Shubhra and Singh, 2020) (Tenti et al. 2014)
(Machado et al. 2017) (Khan et al. 2021).

The iUPQC originally is an active power filter (APF) and it is
composed of a series active filter (srAPF) and a shunt active
filter (ShAPF) connected at the same DC bus in a back-to-back
configuration. This configuration allows the conditioning of
grid voltage and the load current simultaneously (Aredes and
Fernandes, 2009) (Santos et al, 2014).
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For the reason of iUPQC features, it is a converter topology
that can be used as Ul in microgrids, controlling the power
flow between the grid and microgrid side, regulating the
microgrid bus voltage and compensating the microgrid load
disturbances (Paithankar and Zende, 2017) (Franca et al.
2015).

Besides that, the STATCOM functionality can be
implemented in the iUPQC to auxiliary in regulation of the
RMS voltage at the PCC by providing reactive power to the
grid side (Franga et al. 2015). This functionality allows to
optimize the use of the converter when there is available power
to be processed in the converter, extending its functionalities
and improving its viability. The operation of iUQPC as Ul for
microgrids and with the STATCOM functionality is called in
this paper as multifunctional utility interface iUPQC (M-
iUPQC).

In the iUPQC, the srAPF compensates the grid voltage
disturbances while shAPF needs to compensate the load
current disturbances. It means that under normal operation,
with the PCC voltage around 1.0 pu, the power processed by
shAPF is quite bigger than srAPF (Santos et al, 2014). This
condition makes the srAPF underused, increases the
conditioner losses and make difficult the modularization of the
converters. This power unbalance issue is even more critical in
an M-iUPQC because the shAPF needs to provide the reactive
power to the microgrid and grid side while srAPF does not
have power process (Franga et al. 2015).

To reduce the power unbalanced in the iUPQC, Fagundes
(2016) and Fagundes (2021) proposed the Power Angle
Control (PAC) technique. PAC consists of to impose a phase
delay between the fundamental term of PCC voltage and load
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voltage in such a way the allow the power sharing between the
converters of iIUPQC. However, there is a lack of studies
providing either numerical or experimental evaluation of PAC
technique considering iUPQC operating as STATCOM either
for this conditioner operating as active filter or as Ul in
microgrids applications.

Therefore, this paper presents an analytical and numerical
analysis of the power flow in the M-iUPQC with the PAC
applied. The contribution of current study resides on to provide
a numerical assessment of the power flow in a M-iUPQC. In
addition, a test setup to validate experimentally the power flow
analysis of a M-iUPQC was built and validated.

2. M-iUPQC POWER FLOW ANALYSIS

The main objective of this analysis is to obtain equations that
describe the power flow between the converters of the M-
iUPQC in function of 0, which is the angle displacement of
fundamental term of PCC voltage (vipc) and fundamental term
of current (i), and 3, which is the angle displacement
between microgrid voltage (viu) and Vi, as are shown in.Fig.
1.

Grid

E loads

Grid bus)

Fig. 1 Connection of a M-iUPQC bhetween the grid and
microgrid bus

2.1 Features of M-iUPQC and simplifications used in this
analysis

In a closed-loop controlled iIUPQC, the shAPF operates as a
controlled voltage source and it imposes the load voltage to be
sinusoidal and in phase with the PCC voltage (Vip). In
contrast, the srAPF operates as a controlled current source and
maintains the PCC current (ic) balanced, with low distortion
and in phase with vi,c.. Moreover, as stated by Santos et al.
(2014), the iUPQC ideally does not have active power
consumption and the amplitude of i is defined by the active
power of the microgrid loads.

The M-iUPQC can provide reactive power to the grid side in
order to auxiliary in the amplitude regulation of the PCC
fundamental term voltage. This is done by controlling the
fundamental quadrature term amplitude of the PCC current
(i1pc) (Franca et al. 2015). The sum of the direct and quadrature
components of the current in the PCC results in an equivalent
current that has an angular displacement of 6° regarding to
fundamental PCC voltage (visc). Consequently, iipc amplitude
is not only defined by the loads active power of the microgrid
loads as in the conventional iUPQC.

As previously stated, PAC technique consists of to impose a
phase delay between microgrid and grid voltage. This phase
displacement is represented by the § angle.
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In addition, the power losses in the iIUPQC as well as switching
frequency harmonic components were ignored. Finally, the
fundamental term of PCC voltage (vip;) was defined as the
reference voltage so that its phase angle is 0°.

To calculate the power flow of each converter, the concepts
defined by IEEE 1459-2010 were adopted. This standard has
definitions for measuring electric power quantities that were
used in this paper as reference to evaluate each power term of
the M-iUPQC converters that are fundamental active, reactive
and apparent power, nonfundamental power and total apparent
power. This methodology makes easy the understating of the
effect of variation in each variable in the power flow in this
conditioner. The polarities of voltages and currents are shown
in Fig. 1.

2.2 Fundamental Power terms

To calculate the power in each converter, the amplitudes and
angles of fundamental terms of current and voltage of srAPF
and shAPF needed to be obtained.

The current of the C, capacitor was ignored because it is
designed as a high-pass filter and, for grid frequency scale,
this capacitor has a high impedance. Therefore, the srAPF
current of M-iUPQC (isr pin Fig. 1) was considered equal to
PCC current (i1 in Fig. 1) and the amplitude of fundamental
term of srAPF current can be obtained in function of
microgrid active power, the fundamental term of PCC voltage
and the angle 6.

The amplitude and angle of srAPF voltage can be obtained by
the difference between the fundamental term of PCC and the
microgrid voltage.

The sum of the currents in node 1 was made to obtain the
amplitude and angle of the shAPF current fundamental term.
Lastly, the amplitude and angle of shAPF voltage are the
microgrid voltage itself.

The fundamental power terms equations are given by (1) to

(6).

Prsrx(6,8) = —ur

Viper-cos(6)
Pyir

(lecX- c0s(0) — Vyy;.cos(0 — 8)) )

Qsrx(8,06) = Vipercos®)” (V1u15in(9 -08)— V1pcx5in(9))(2)

SlsrX(e: 8) = \/Plsr(er 8)2 + er(e' 8)2 (3)
PtV 111.€05(8—8

Pronx(8,8) = 2urau oD _y 1 xcos(@uy) ()

Vipcr-cos(0)

PuirViusin(6-8) (5)
Vipcr-cos(6)

Qsnx (6,6) = Vi IlulXSin((PulX) -

SlShX (e' 8) = \/Plsh (9, 8)2 + Qsh (6, 6)2 (6)

Where suffix X indicates the respective phase, Pur is the total
active power of the microgrid loads, Vipex is the fundamental
PCC voltage in the respective phase, Viper is sum of the
amplitudes of the fundamental PCC voltages in phases A, B
and C, Vy is the amplitude of microgrid voltage, liux and @uix
are the amplitude and angle of fundamental term of microgrid
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load current in the respective phase where @uix is the difference
of the angle of microgrid voltage and current.

2.3 Nonfundamental and total power terms

In the M-iUPQC, the srAPF current and microgrid voltage,
ideally, do not have harmonic distortion. Furthermore, the
nonfundamental terms of microgrid load currents are
compensated by shAPF. Therefore, the nonfundamental power
term of shAPF (Snsn) is given by (7).

Snsn(8,8) = Viyix- liuix- THDjux (7)

Where THDiyix is total harmonic distortion of the current in the
respective phase.

The nonfundamental power of sTAPF (Sysr) is shown in (8) and
is given by the product of nonfundamental PCC voltage and
SrAPF current.

Pu
Snsr(8,8) = Viyux. THDypcx. leTCZS(S) (8)

Where THDypcx is total harmonic distortion of the PCC voltage
in the respective phase.

Finally, (9) and (10) give the total apparent power STAPF (Ssr)
and shAPF (Ssp).

Ser (6,8) = \/Slsr (6,8)2 + SNsr(e: 8)? (9)
Ssh (9, 5) = \/Slsh (er 8)2 + SNsh (9, 8)2 (10)

With these equations, it is possible to evaluate the power flow
of each phase in the M-iUPQC using PAC.

3. SIMULATIONS AND EQUATIONS VALIDATION

To validate the previous mathematical analysis, numerical
simulations using the software PSIM 9.0 were performed. The
simulated system consists of an M-iUPQC operating as a
microgrid interface converter, as shown in Figure 1, where the
grid is providing active power to the microgrid loads. The
design of the power elements and control strategy of the
conditioner was made as is presented by Santos et al. (2014).
The microgrid was modeled as a load set composed by a linear
RL, a three-phase rectifier with capacitive filter and a RL load
supplied by a single-phase full-wave rectifier. A balanced
microgrid loads and PCC voltages scenario was evaluated.

The simulations were performed using the following
specifications:

Nominal apparent power of iUPQC: 2.5 kVA.
Microgrid bus line voltage: 220 V.

Fundamental PCC line voltage: 220 V.

PCC voltage total harmonic distortion (THD): 11.6%.
Total apparent power of microgrid loads: 1.71 kVA.
Fundamental apparent power of microgrid loads: 1.68
kVA.

Fundamental power factor of microgrid: 0.89, lag.

e THD of microgrid load current; 20%.

The PCC voltage and microgrid current signals is shown in
Fig. .
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Fig. 2 (a) Microgrid load current (2 A/div, 10 ms/div) and (b)
PCC voltage (50 V/div and 10 ms/div) signal of balanced
scenario.
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The simulations were performed varying 6 and d angles in a
range of 0°, £20° and 40°. The single phase calculated and
simulated results of fundamental active, reactive and apparent
power terms of srAPF shared and shAPF are shown in Fig.3
(a) to Fig. 3(e), respectively, where the marked points are the
simulated results and the line graphs are the calculated results.
As are shown in Fig. 3, the simulated and calculated results of
fundamental terms converged to the same values for all
simulations performed, validating the equations obtained in
this analysis.

Additionally, with 8 ¢ & in 0°, the reactive power of srAPF
(Fig. 3(b)) is around zero while the reactive power of shAPF
(Fig. 3(d)) is equal to the reactive power of microgrid loads. It
is caused because the fundamental PCC voltage is equal to the
load voltage and there is no voltage across srAPF transformer.

Consequently, there is not power in srAPF. However, in the
M-iUPQC, all current from grid to microgrid side flow by
SrAPF. For this reason, srAPF has power losses in function of
the current however it does not compensate the load
disturbances. Keeping & equal to 0° and for positive 8 angles,
iUPQC is providing reactive power to the grid. However, the
SrAPF voltage is kept in 0 V and the shAPF needs to supply
the reactive for grid and load, increasing shAPF power as
previously stated. It increases the unbalanced power
compensated by each converter.

Changing the angle 6, a voltage across srAPF transformer is
imposed. Consequently, the srAPF starts to have power
processing. For positive & angle, stAPF also supply reactive
power then shAPF supply less power, decreasing the power
that shAPF need to compensate. Even though, for § different
of 0°, active power circulates between srAPF and shAPF (Fig.
3(a) and Fig. 3(d)), the fundamental apparent power, of shAPF
decreases considerably, as show in Fig. 3(c) and 3(f). For this
reason, PAC is efficient to balance the power compensate by
each converter and for optimizing iUPQC, compensating more
power with the same hardware, increases the efficiency
because the current in shAPF reduces and make modular
projects easier as soon as the power processed by each
converter can be balanced.

DOI: 10.20906/CBA2022/3641



Sociedade Brasileira de Automatica (SBA)
XXIV Congresso Brasileiro de Automatica - CBA 2022, 16 a 19 de outubro de 2022

0.4 0.6
02 02 05
—_ ~
B 2 2 04
21 S &
— o A 03
=¥ «u v
0 02
02
0.1 04 ol
0.2 0.6 0
20 <10 0 10 20 30 40 20 410 0 10 20 30 40 20 <10 0 10 20 30 40
(a) (b) ()
02 05
1
0.1
0.8
5 L Z 0 =
0 2
5 = Sos
— (@4 A
B0l 0.4
0.5 -
02
02 —
0.3 -l 0
20 <10 0 10 20 30 40 20 <10 0 10. 20 30 40 20 <10 0 10 20 30 40
(d) (e) f)

Fig. 3 Calculated and simulated results of fundamental terms in balanced scenario. (a) fundamental term of active power
of srAPF, (b) fundamental term of reactive power of srAPF, (c) fundamental term of apparent power of srAPF, (d)
fundamental term of active power of shAPF, (e) fundamental term of reactive power of shAPF, (f) fundamental term of

apparent power of shAPF.
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Fig. 4 Calculated and simulated results of nonfundamental and total apparent power terms of balanced
scenario. (a) nonfundamental power term of srAPF, (b) nonfundamental power term of shAPF, (c) total
apparent power of srAPF, (d) total apparent power of shAPF.

For the nonfundamental power terms of srAPF and shAPF, as
shown in Fig. 4(a) and Fig. 4(b), respectively, there is a small
difference between simulated and calculated results. It is
caused by the harmonics of current and voltage in the
switching frequency, which was not considered in the
equations developed. Anyway, this noted difference did not
affect significantly total apparent power of sTrAPF and shAPF,
as are shown Fig. 4(c) and Fig. 4(d), respectively.

Besides that, the 8 variation does not imply in nonfundamental
power sharing between the srAPF and shAFP. The srAPF
compensates all the harmonic terms of PCC voltage and the
shAPF, compensates all harmonic terms of load current. It
means that using PAC is not possible to share the power
nonfundamental power terms between the converters of
iUPQC. In applications where the load harmonic content be
very high, the PAC technique may be not much useful to
balance the power of iUPQC converters. Anyway, in this
scenario and considering the advantages of balance the powers
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of IUPQC converters, the PAC technique can be applied to
balance the power between the converters of iUPQC

4. EXPERIMENTAL TEST SETUP

To validate experimentally the analysis and the equations
obtained in this paper, a test setup of a M-iUPQC was
proposed, assembled and validated. The main goal of this test
setup is to allow the validation of the power flow analysis of a
M-iUPQC proposed in this paper. Therefore, in the proposed
test setup, the & and 0 angles can be set by the user. Moreover,
to allow the evaluation of the impact of other variables in the
power flow of the M-iUPQC, rather than & and 6, sag and
swells can be controlled as soon as the load set can be selected
to change the microgrid’s loads characteristics.

The built M-iUQPC has the same specifications and values
used in the converter simulated to validate the equations, in the
previous section. The M-iUQPC assembled is shown in the
Fig. 5.
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Fig. 5 M-iUPQC built.

The identified parts A to G shown in the Fig. 5 are related to
SsrAPF which are (A) inverter module, (B) control board, (C)
reference signal generator and human machine interface
(HMT1), (D) inductors, (E) current sensors, (F) high frequency
capacitors and (G) coupling transformers. The parts H to L are
related to shAPF which are (H) inverter module, (1) control
board, (J) reference signal generator and HMI, (K) inductors
and (L) high frequency capacitors. The parts M and N are,
respectively, the contactors and resistors used in the precharge
of the DC link capacitors. At the end, the identified parts O are
the circuit brakes to protect against high currents at the input
and output of the converter.

The experimental tests were performed in a scenario where
the grid is providing active power to the microgrid, as were
made in the simulations performed. A balanced load set were
made using passive components as resistors and inductors
and nonlinear devices as three-phase rectifiers.

The M-iUPQC was fed by the lab grid through a three-phase
variable transformer that allow the simulation of sag and
swells. The output of the variable transformer was defined as
the PCC of the system. To introduce harmonic distortions in
the PCC voltage, a nonlinear load made by a three-phase
rectifier with a capacitor filter and resistive load were used.
Finally, the control of the 6 and & angles is made by the HMI
of srAPF and shAPF. This HMIs can generate a sinusoidal
reference signal with a selectable phase regarding the PCC
voltage. The HMIs generated signals is used as reference
signal to the srAPF current control and shAPF voltage control.
To keep the same phase between the PCC voltage and the
reference signal generated by the HMIs, a PLL strategy was
adopted.

Firstly, the 8 and 8 angles were set to 0°. The microgrid voltage
and current of the three phases were captured. The waveforms
captured are shown in the Fig. 6.

Using power analyzers, PCC voltage and microgrid voltage
current and active power were measured. The measured values
are shown in the Table 1, where is shown that the microgrid
voltage is balanced and with very low harmonic content.
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Fig. 6 Measured waveforms of microgrid voltage (CH1 phase
A, CH2 phase B, CH3 phase C, 100 V/div) and current CH4
(10 A/div) phase A, CH5 phase B, CH6 phase C, (7,5 A/div).

Table 1. Measured PCC voltages and microgrid loads

phase
Parameter A B C
RMS microgrid voltage (V) 126.5 126.9 126.3
THD of microgrid voltage (%) 0.92 0.60 0.58
RMS microgrid current (A) 7.22 7.56 7.50
THD of microgrid current (%) 20.7 21.9 22.1
Microgrid active power (W) 751 799 762
PCC RMS voltage (V) 115.9 114.3 114.7
THD of PCC voltage (%) 6.3 5.7 6.0

To validate the 8 and 0 control, a test with é and 0 set to 0° and
-20°, respectively, and another test with both 3 and 0 set to 20°.
The waveforms captured are shown in Fig. 7.

7 =

(b)

Fig. 7 Voltage waveforms (100 V/div) of PCC (CH1), srAPF
(CH2) and microgrid (CH3), and current waveforms of PCC
(CH4), shAPF (CH5) and microgrid (CH6). Angles setup (a)
8=0°,0=-20°and (b) 6=6=20°.
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Where the channels 1 to 3 are the measured voltage of PCC,
SrAPF and microgrid voltage, respectively. The channels 4 to
6 are the current of PCC, shAPF and microgrid, respectivelly.
All measured values of Fig.7 were measured in the phase A of
the system.

In the Fig. 7 (a) is shown that the PCC current is lagged related
to PCC voltage which means that the M-iUPQC is providing
reactive inductive power to the grid side. In the Fig. 7 (b) is
shown that PCC voltage is lagged regarding the PCC current
which means that the M-iUPQC is providing reactive
capacitive power to the grid side. It demonstrates that the 6
angles control is effective and the controllers of the M-iUPQC
are following the imposed reference.

Besides that, in the Fig. 6(b) is demonstrated that the microgrid
voltage is lagged regarding PCC voltage, which also
demonstrates the effectiveness of the & control.

Given these facts, the test setup was validated and it could be
used to experimentally validate the power flow analysis of a
M-iUQPC proposed in this paper.

5. CONCLUSIONS

In this paper, the power flow in the M-iUPQC using PAC was
evaluated through analytical and numerical simulation. It was
demonstrated that PAC is efficient to control and balance of
the power processed by each converter of M-iUPQC even with
the variation of 6 angle. In addition, with the balancing of the
power process by each converter, it was demonstrated that in
the scenario evaluated the total power that a M-iUPQC can
process increases because the use of SrAPF is optimized,
reducing the power processed by shAPF. This feature is
important to allow M-iUPQC to provide more power reactive
power to grid when it is operating as STATCOM.

Besides that, a test setup to experimentally validate the power
flow analysis of a M-iUPQC was built and validated through
preliminary experimental tests. The next steps, the authors are
considering the experimental evaluation using the current
proposed setup. In addition, the authors are considering the
development of a control strategy of PAC with the goal to
optimize the use of the converters of a M-iUPQC.
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