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Abstract: Power electronic-based interties in the distribution system are considered an important element for the integration of
distributed energy resources. They can provide a series of network services such as active and reactive power control, voltage
regulation and harmonic and imbalance compensation that facilitate the integration of these new resources. Despite dc links are
usually proposed for this purpose, it is also possible to interconnect radial distribution feeders by means of ac links with direct
ac/ac power conversion. This study presents the experimental validation of a current control loop based on feedback
linearisation for an ac-link shunt-series power flow controller based on a vector switching matrix converter. The experimental
results demonstrate the effectiveness of the proposed control in both steady-state and transient conditions.

1 Introduction

Power electronic devices have become the key to efficiently
integrate distributed energy resources (DERs) such as photovoltaic
power plants, electric vehicles or energy storage systems [1].
Particularly, the use of flexible links or interties in distribution
networks to interconnect adjacent radial feeders, commonly
referred to as distribution flexible ac transmission systems (D-
FACTS) [2], have demonstrated their potential to maximise the
integration of DERs and the efficiency of the distribution network
[3]. Among other functionalities, these allow controlling the active
and reactive power flows between the interconnected feeders [4],
voltage control at the point of common coupling (PCC) [5], active
filter functionalities [6] and imbalance compensation in the
distribution network.

The most common topologies for this type of interconnections
are those based on back-to-back voltage source converters using a
dc link. However, some alternative topologies based on direct ac
links, e.g. those using a vector switching converter (VeSC) as the
constituent power electronic building block, are also of interest
owing to their simplicity, the absence of large dc capacitors and
lower power rating of the power electronic devices [7]. Among
them, the ac-link shunt-series power flow controller (ac-link
ShSPFC), presented in [8] and shown on the circuit schematic at
the top of Fig. 1, has proven to be the best performing arrangement
in terms of increased DERs penetration and reduction of power
losses in distribution networks [9]. Several publications have
addressed control strategies for VeSC-based D-FACTS. In [10], a
modified particle swarm optimisation algorithm is used to obtain
the optimal control parameters of an ac-link ShSPFC. Although a
fast dynamic response is obtained with a simple control strategy,
the active and reactive power flows have a high coupling degree. In
[8], two control strategies for independent control of active and
reactive power flows between two interconnected buses through an
ac-link ShSPFC are presented: classical PI controller and feedback
linearisation. Both control strategies are based on the nonlinear
averaged model in the dg coordinates. However, there are
important differences between them that lead to a better
performance of the feedback linearisation strategy over the
classical PI controller, which are analysed below.

The first strategy decouples and linearises the dg model around
an operating point. For this, two new duty ratios called dp and dy
are defined from the original ones: [d),d,, d;]. These new duty
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ratios are strongly related to the power flows managed by the ac-
link ShSPFC. In [8], it is shown that dp mainly affects the active
power flow while dy, affects the reactive power flow in networks
with a high X/R ratio. From this relationship, the dg model can be
linearised, obtaining two single-input single-output (SISO)
systems: one for active power (dp) and the other one for reactive
power (dp). In this way, a classic proportional-integral (PI)
controller can be applied to each SISO system allowing to control
the active and reactive power flows managed by the ac-link
ShSPFC.

The second control strategy, namely feedback linearisation, is
based on controlling the power flows through the VeSC currents
formulated in the dg axis, i4 and i¢. For this purpose, an algebraic
transformation is proposed in the dg domain using two auxiliary
variables [u¢,u9] that allow us to obtain two SISO systems fully
decoupled for currents [i¢, i7]. Thus, a PI controller can be applied
to each system and the gains are computed to obtain a first-order
response for the closed-loop control system [11]. In order to
eliminate the coupling of the currents in the dg model, the
cancellation of cross-coupling terms is added to the control
strategy. Moreover, the injected series voltages by the ac-link
ShSPFC are also added to the controller as a feedforward signal to
improve its dynamic response. Note that this controller is
independent of the X/R ratio because it is designed considering
only the ac-link ShSPFC model and controlling the PCC active and
reactive power. Based on this discussion, the feedback linearisation
strategy is considered to be superior, and is selected for
experimental validation. The inner current control loops of this
strategy are depicted on the block diagram at the bottom of Fig. 1.

In spite of [8] has defined and simulated this control algorithm,
it lacks the corresponding experimental validation required to fully
assess its benefits and also limitations related to an actual
implementation. Therefore, the main objective of this paper is to
experimentally validate the current control strategy based on the
feedback linearisation strategy, which has not been previously
addressed in the specialised literature. A former study has
evaluated the closed-loop operation of an ac-link ShSPFC but
supplying a passive load and acting a dynamic voltage restorer
[12]. To the best of our knowledge, this paper reports the first
experimental validation of the closed-loop operation of an ac-link
ShSPFC interconnecting two power systems. Note that the current
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Fig. 1 Top: Single-phase circuit schematic of the ac-link ShSPFC based on the experimental prototype. Bottom: Feedback linearisation control strategy

implemented in a real-time platform OPAL-RT

control is essential for any higher control level devoted to
providing advanced functionalities such as power flow control,
voltage regulation or harmonic and imbalance compensation. As
depicted in Fig. 1, these functionalities block will provide the

o o
current references i¢ * and i * to the closed-loop current controller

addressed in this paper. The reference current computation by the
functionalities block is not within the scope of this paper and will
be investigated in future studies.

The remaining of the paper is organised as follows. Section 2
presents the ac-link ShSPFC experimental prototype assembled in
the laboratory to validate the current control loop. Section 3 depicts
and discusses the performance of the controller via experimental
results for the steady-state and transient regime. Finally, the
conclusions of Section 4 close the paper.

2 Ac-link ShSPFC experimental prototype

This section describes the experimental prototype of the ac-link
ShSFC used to validate the feedback linearisation control strategy.
The experimental setup assembled in the laboratory is depicted in
Fig. 2, which follows the single-phase circuit schematic shown on
the top of Fig. 1. The relevant parameters of the system are
collected in Table 1. Basically, this setup consists of one VeSC
connecting two points of the laboratory low voltage network
through a series transformer and an impedance, R; and X;, which
emulates a power line. The VeSC input is connected to a multi-
winding transformer consisting of a primary winding and three
secondary windings all connected in star. Additionally, ac
capacitors are added to the VeSC input, Cy,, and an LC filter, L
and C, connected to the output in order to improve the power
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quality of the voltage and current generated by the converter.
Connecting a series transformer requires additional security
protections. In the event that the secondary of this transformer
remains open, an overvoltage may occur damaging the series
transformer and the VeSC. To avoid this problem, a group of
thyristors are connected in parallel with the series transformer.
These are responsible for short-circuiting the secondary side of the
series transformer when the VeSC is not working or in the event of

a fault in the system.

Voltages, [v¢, vibe, vibe vibe vibe], and currents, i, are

measured using voltage transducers LV-25P and current
transducers HAS 50-S, respectively. These measurements are
centralised in an interface board, guaranteeing adequate isolation
and shielding, which is connected to the analogue inputs of a real-
time controller developed by OPAL-RT Technologies. Note that
v®¢ is computed from v{** and v§* as depicted in Fig. 1 to reduce
the number of transducers in the prototype. The control strategy
depicted on the block diagram at the bottom of Fig. 1 is executed
every 50 pus to compute a set of duty ratios d,;. These output
magnitudes are transformed into switching signals after applying a
PWM technique described in [8]. These output switching signals
are directly connected to the VeSC IGBT drivers using the high-
frequency optical digital outputs available in the OPAL-RT
platform.

3 Ac-link ShSPFC experimental results

The performance of the controller is evaluated on the experimental
prototype in steady and transient states. In addition, a comparison
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Fig. 2 Photo of the laboratory experimental test bench

Table 1 Parameter of the experimental ac-link ShSPFC
ac-link ShSPFC parameter Actual value
low voltage laboratory network 400V

rated power of systems 1 and 2 20 kVA
multi-winding transformer YyOyOy0
multi-winding transformer rated voltages 400/170/170/170 V

15.5/4.5/4.5/4.5 kKVA
Y/open winding

multi-winding transformer rated power
series transformer connection group

series transformer rated voltages 100/50 V
series transformer rated power 4.5/1.5/1.5/1.5 kVA
VeSC rated current/voltage 30 A/100 V
VeSC switching frequency 5 kHz

input capacitance filter Cy, 30 uF
output filter Ly/C; 1.1 mH/10 pF
line R/X; 0.086 ©/0.125 Q@

is made between simulation and experimental results in a steady
state.

3.1 Steady-state performance

The steady-state performance is evaluated using the following

current references: i9* =7A and i/* = —7A. These setpoints

have been selected because they correspond to a half of the ac-link
ShSPFC rated power, being acceptable values to study the
harmonic content of the currents. The currents in the abc
coordinates are illustrated in Fig. 3, where the top and bottom plots
present simulated and experimental waveforms, respectively. Note

2 2 .
that the peak value of the currents must be equal to Vif + i which

is 4/98 according to the references. This is in consonance with the
simulation and experimental results depicted in Fig. 3. In addition,
it is also important to highlight that the simulation and
experimental currents are practically in phase considering the same
voltage reference. The only main difference between these results
is that the experimental currents are distorted due to the voltage
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harmonic distortion of the laboratory network. However, the total
harmonic distortion of the current remains below 2.9%, which can
be considered as usual in this kind of power electronic applications.

The series voltages injected by the VeSC ShSPFC to achieve
the reference currents are shown in Fig. 4. Again, there is a good
matching between the simulated and experimental results in the
peak and phase values of these magnitudes. However, it can be
noticed a higher frequency harmonic content in the voltages
generated by the experimental results due to the non-ideal
switching of the actual prototype IGBTs.

Finally, the duty ratios computed by the current control loop are
shown in Fig. 5 is possible to notice the similarity between
simulation and experimental results. The difference between them
is the oscillation that appears in the experimental duty ratios due to
the harmonic content of the input voltages [vibe yibe yabel  which
are proportional to the laboratory network voltage.
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3.2 Transient-state performance

This subsection presents the transient response of the feedback
linearisation controller for a step change on the reference current.

Initially, the reference currents if* and il * are set to zero and after

that i* is changed to 5 A.
The top plot of Fig. 6 shows the reference and measured

currents, i99* and %9, respectively, injected by the VeSC. As

expected, a first-order dynamic response and good tracking of i
occurs according to the designed control strategy. In addition, the
system presents a high degree of decoupling since i is hardly

disturbed when the reference current i * changes.

Finally, the evolution of i’ and v®* is also shown in Fig. 6.

Note that the currents are null initially according to the established
reference. After the reference change, the currents evolve
exponentially until reaching a steady state with a peak value of 5
A. In the same way, the voltage v¥° injected by the series

transformer evolves with a first-order dynamics.

4 Conclusion

Experimental validation of a current control loop using feedback
linearisation for an ac-link ShSPFC has been presented in this
paper. The objective is to control the currents i and 7 transferred
between two interconnected systems linked by this device. The
validation of this control loop is key to assure new functionalities
provided by additional high-level control algorithms such as
regulation of active and reactive power flows between both
systems, PCC voltage support and imbalanced and harmonic
mitigation.

The experimental results allow us to validate the control
algorithm due to the excellent matching with the simulations in
terms of currents, series voltages and duty ratios. These good
results have been obtained both in steady-state and transient
conditions where a controlled first-order dynamic with uncoupling
of the dg components has been achieved.
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