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Abstract. A series compensation device employable in
a Low Voltage distribution grid is presented in the paper.
This compensator is connected in series with sensitive
loads in a distribution system and is able to inject into the
grid a controllable voltage to improve Power Quality. The
series compensator is employable for compensating
voltage dips, flicker and voltage variations. The
compensation device can be also used for limiting the
short circuit currents, in case of faults located downstream
the compensator. The performances of the proposed series
compensator and the associate control scheme are
demonstrated through digital batch simulations and
Control Hardware In the Loop (CHIL) real time
simulations.
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1. Introduction
The number of grid connected electronic loads (LED
lighting systems, electric vehicles, air-conditioners and
others) is continuously increasing. This type of loads
represent one of the main key points for the
implementation of demand-response mechanisms [1].
As known, electronic loads are both disturbing loads and
loads sensitive to grid disturbances (f.i. voltage
unbalances, voltage dips or interruptions).
Actual regulations impose to DSOs a continuous
improvement of distribution grids reliability in order to
guarantee:

e voltage regulation;

o high power quality (PQ) levels.
PQ levels can also be customized in accordance with the
specific needs of each sensitive load or group of loads.
An effective solution to these issues is offered by power
electronics. In particular this paper presents the study of a
compensation device connected in series to the
distribution line, in order to supply the sensitive loads
connected downstream the device with controlled
voltages, ensuring a desired Power Quality level.
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Such devices work as voltage generators injecting
controlled voltages into the grid which are added to
network voltages, ensuring the nominal voltages to the
loads, even during grid disturbances as voltage dips,
network unbalances and flicker [2][3]. These devices have
a “global” impact on improving the PQ so they are usually
installed at the beginning of a distribution feeder, or
before a group of loads.

Another possible function of series compensators is the
short circuit current limitation, in case of a grid fault
downstream of their connection point [4]+[8].

In this paper, different control modes, both linear and
non-linear, have been taken into account for the
compensator. The machine has been designed to
compensate for voltage dips with a minimum residual
voltage of 40% Vy and a maximum duration of 400 ms,
with a maximum downstream load of 150 kVA.
Simulation models have been developed for the
compensation device for all the considered configurations,
and the different voltage compensation functionalities and
current limitation have been verified by digital simulation
also in presence of distributed generation.

The feasibility of the control of the device and the
possibility of implementing it on a "general purpose"”
microprocessor has been verified by means of Control
Hardware In the Loop real-time simulations for one of the
considered non-linear control methods.

The paper shows the main results of this study.

2. The series compensation device

A schematic view of the considered series compensator
and of a distribution grid model with the series
compensator connected along a low voltage distribution
line are reported in Fig. 1, respectively (a) and (b).

The device mainly consists of an inverter with its output
AC reactances and three single phase transformers (Y/yn)
whose secondary windings are connected in series to the
distribution lines. The transformers winding ratio, Kyg, is
chosen to match the inverter output voltage to the line
voltage (Ktr = 1). The device is completed by an energy
storage (capacitor bank) on the DC side and passive filters
for lowering the harmonic content of the voltages injected
on the AC side. The main design parameters are reported
in Table I.
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Fig. 1. Schematic view of the series compensator (a) and of the
complete system configuration (b).

The device works independently on each electrical phase;
the injected controlled voltage (Vs) is added to the grid
voltage (Vr) in order to guarantee a phase-to-neutral
voltage without perturbation to the downstream load (\Vc).
The available regulation/compensation functions are:

e precise voltage regulation, when grid voltages are

at the steady state in the range of 0,9 Vy + 1,1
Vi

o flicker compensation;

e voltage dips and swell compensation;
Also, short circuit currents limitation in case of
downstream fault is implemented.
Voltage regulation/compensation  functionalities are
“always on” and they don’t need any identification
algorithms to be activated, avoiding possible delay in the
nominal voltage restoration at “protected” loads. The
short circuit current limitation is instead activated only
when a downstream fault is detected through the
simultaneous measurements of compensator currents (grid
side) and downstream grid voltages.

Table I. — Series compensator and transformer design parameters
Series compensator

Max dip
compensable 40% Vy
depth
Max dip
compensable 400 ms
duration
Nominal power Ay 90 kVA
DC voltage Vpe 800V

AC phase
voltage Vac 152V

https://doi.org/10.24084/repqj15.220

Nominal

In 197 A
current
Imax 700 A RMS
Max current i 1500 A ok

DC capacitors Coc 0.6 mF

Inductance Leomm | 0.28 mH | X =11.5%

Filter 1 1m0
capacitor Cn 411 uF | Q =10% Ay,

Filter 1 resistor R 04152 Q3

Switching freq fow 4266 Hz

Transformer

Nominal power
(single phase Antr | 30 kVA

transformer)
Primary
voltage (grid Ver 152 V Star.
Side) grid side connection
Secondary Vet Star to
voltage converter 152V ground
(converter side) side connection
Windings ratio Krr 1

Inductance Lyass | 0.098mH Xee = 4%

3. Possible control schemes

Different control strategies have been considered:

e multi-loops  linear control with PWM
modulation, based on Proportional-Integral (PI)
regulators (Fig. 2);

mod.
—» Regl £ Reg2 —>|

Tt Eis abe abe
Regl [— )—b_ Reg2 [
Jie.

Fig. 2. Linear control scheme

e  “hybrid” sliding mode control with a linear loop
for generating three current references and a non-
linear inner control loop based on sliding mode
control (Fig. 3):
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Fig. 3. “Hybrid” sliding mode control scheme

e “pure” sliding mode control, consisting of a non-
linear loop that directly controls the generated
voltages (Fig. 4):
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Fig. 4. “Pure” sliding mode control scheme

Both the sliding mode controls are based on the direct
comparison of the references quantities and measurements
(current or voltage depending on the specific approach)
[9].

Considering Fig. 4, the references Vs q are calculated as
the error between the grid voltages (Vq4) and the nominal
ones (Vnomaq) bOth expressed in park components. These
references, transformed into a,b,c system (Vipc), are
compared with the series compensator actual injected
voltages Veompabe. These errors, each representing the
sliding surface (o) for one different electrical phase, are
used for defining the inverter switches states, according
to:

STATE Sliding Upper L(_)wer
surface switches switches

STATE1 if 6>0 ON OFF

STATE2 if 5<0 OFF ON

A fixed frequency triangular signal is added to the errors
(“tri” in Fig. 4) in order to allow fixed switching
frequency operations of the power converter.

The “pure” sliding mode strategy allows to avoid the
dynamics of linear regulators, resulting in better dynamic
performances if compared to those obtained with linear
control and “hybrid” sliding mode control. For
comparison, Fig. 5 shows a three phase voltage dip
compensation, in presence of DGs, with “hybrid” (a) and
“pure” (b) sliding mode control. In case of the hybrid
solution, the internal PI regulator is designed to obtain a
closed loop bandwidth of 700 Hz and 80° of phase
margin. As indicated in the figure, the “pure” control
presents a better performance during the beginning of the
dip compensation and the grid restoration since the
response of the compensator is not related to the time
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Fig. 5. Comparison between “hybrid” (a) and “pure” (b) sliding
mode control performances (voltage dip detection signal —
magenta curve)

For these reasons, all simulation results reported in the
next sections refers to the “pure” sliding mode control.
For all the considered control approaches, it was supposed
that an external power converter, with its own control,
manages the recharge of the DC side capacitors directly
from the grid voltages.

4. Simulation results

A simulation model of a 90 kVA series compensator
device, connected in series to the LV distribution grid, has
been implemented within the ATPDraw" digital simulator
environment, in accordance to the scheme shown in Fig.
1b. Different simulations have been developed to
characterize all the features offered by the device.

A. Flicker compensation

In case of a flicker phenomenon, with voltage variations
at frequency 5 Hz and of amplitude 5% Vy, the calculated
short term flicker? Py of the grid side voltages is equal to
23,44 (Fig. 6). Thanks to the voltages injected by the
series compensator device (Fig. 7) the load is supplied
with a voltage close to the nominal one and the residual
P is equal to 1,1459 (Fig. 8).

400

i

Fig. 6. Grid voltages with ﬂicker

! ATPDraw 5.9 p4.

2 The short term flicker index is calculated on 1 s of
simulated time, instead of 600 s, for shortening
simulations.
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B. Compensation of a three phase RL load variation

The device is able to regulate the load voltages to the
nominal values also in case of grid voltage variation due
to the connection of a load. Fig. 9 e Fig. 10 show main
simulation results in case of insertion of a RL load of 120
kVA and cos¢=0,9 downstream the compensator.
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Fig. 9. Load active and reactive power (negative power is
absorbed)
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Fig. 10. Load voltages: without (a) and with (b) compensator
device

C. Voltage dips compensation

The compensator can improve the power quality level
“seen” by the downstream loads thanks to its capability to
compensate symmetrical and asymmetrical voltage dips
caused by a fault in the MV or LV distribution grid. In
particular, in the example reported hereafter a LV grid
fault is considered: the fault is located in a feeder next to
the one in which the compensator is installed (underlying
the same busbar).

Even though this fault causes an unbalanced voltage dip
(Fig. 11), load voltages (Fig. 12) are regulated at the
nominal values, resulting in symmetrical load currents.
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Fig. 11. Grid voltages (Vr) and voltage dip detection signal
(magenta curve)
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Fig. 12. Load voltages (a) and currents (b) with the voltage dip
detection signal (magenta curve)
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D. Short circuit current limitation

In case of downstream faults, as shown in Fig. 13, it’s
possible to use the series compensator device to limit the
short circuit current to a desired value. The value of the
current limit should be chosen lower than “natural” short
circuit current of the grid, but high enough to maintain
selectivity of grid protections installed all along the
distribution feeder.

Vs
RC FILTER
" j |
comp
N _— 2
SERIES TRANSF
(¥Y/yn)
Lv Lv
GrD | | Vr Vel | Loap
SERIES
COMPENSATOR
90 kvA INVERTER
DV=60%
Dt=600ms J

Fig. 13. Schematic representation of the system in case of grid
fault downstream the compensator

To guarantee the current limitation function it’s necessary
to make a proper design of the device, in particular in
terms of the maximum currents that can flow through the
device components. Two conditions should be verified
simultaneously:

e RMS load voltage less than 90% Vy;

e A compensator current higher than a given
threshold, defined taking into account possible
temporary overloads (in the example Iymax = 800
A= 231 IIoad,nominal)-

As reported in Fig. 14 e Fig. 15 the series compensator
allows to limit the short circuit current at a defined value
in accordance with its capabilities.
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Fig. 14. Short circuit current (a) and grid and load voltages (b):
without the device
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Fig. 15. Short circuit current (a) and grid and load voltages (b):
with the device

5. Real time simulations

To verify the feasibility of the compensator in terms of
implementation of the control strategies on a real
microprocessor, Control Hardware in the Loop (CHIL)
simulations have been developed with a Real Time
simulator.

The “pure” sliding mode control has been implemented on
a general purpose microprocessor (ARM CORTEX M4)
with a suited number of digital and analog /O channels.
The used microcontroller, though cost effective, offers
good performances in terms of computational speed
compared to the switching frequency of the series
compensator. In Fig. 16 the controller implemented ad-
hoc for CHIL simulations is shown.

All the functionalities presented in the first part of the
paper have been verified: in particular Fig. 17 shows the
unbalanced voltage dip compensation in case of a fault in
LV distribution grid, as presented in the section 4-C.

The behaviors of the system with sliding mode are the
same obtained in batch digital simulations (Fig. 11 and
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Fig. 12), demonstrating the effectiveness of algorithms
implementation in the real controller.

Fig. 16. Real controller with ARM CORTEX M4

microprocessors
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Fig. 17. Voltage dip compensatlon. grid (a) and load (b) voltages
with the voltage dip detection signal

6. Conclusions

The paper presents the design and modelling of a 90 kVA
series compensator device for LV distribution grid. The
device is adopted for regulating/compensating voltages at
sensitive loads connected downstream in case of grid
voltage variations. Also, the compensator is used for
limiting short circuit currents in case of downstream grid
faults.

The study presented in the paper underlines the good
performances of the device (in particular for a “pure”
sliding mode control strategy) for voltage regulation
during steady state grid operations, for flicker phenomena,
and also in case of MV or LV upstream faults.

The results of Control Hardware In the Loop simulations,
developed with a Real Time simulator, have shown
similar behaviours as the ones obtained with batch digital
simulations, cross-validating the simulation models and
confirming the feasibility of the implementations of the
analysed control strategies on a real general purpose
microprocessor.
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