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Abstract--In this paper, a new three-phase wind
energy inverter (WEI) with flexible AC transmission
system (FACTS) capability is presented. The
proposed inverter is placed between the wind turbine
and the grid, same as a regular WEI, and is able to
regulate reactive power transferred to the grid. The
goal of this paper is to introduce new ways to increase
the penetration of renewable energy systems into the
distribution systems. This will encourage the utilities
and customers to act not only as a consumer, but also
as a supplier of energy. Moreover, using the new
types of converters with FACTS capabilities will
significantly reduce the total cost of the renewable
energy application. In this paper, modular multilevel
converter is used as the desired topology to meet all
the requirements of a three-phase system such as
efficiency, and total cost of the system. The
simulations for an 13-level inverter have been done in
MATLAB/Simulink.

Keywords: Modular multilevel converter (MMC),
Distributed Generation (DG), Voltage-Source Inverters
(VSls).

1. Introduction

The increasing prevalence of distributed generators
(DGs) has raised serious concerns about the impact
of such units on the operation of distribution
systems. One of the most critical challenges is
related to fault conditions, during which DGs as
well as the grid contribute to the fault current, with
the result that, when DGs are connected to the
system, the fault current detected by the protective
devices is greater than the original fault current
without the DGs. This increase in the level of the
fault current identified by the protective devices
may result in the malfunction or miscoordination of
the protective devices [1]-[3].

A variety of solutions have been offered as a means
of eliminating the effects of DGs on fault currents.
IEEE Standard 1547 [4] requires DGs to be
disconnected from the power system at the moment
of fault detection. Such a response, however,
decreases the reliability of the system and may
cause synchronization problems when the DGs are
reconnected.

Some researchers have proposed a DG capacity
threshold in order to avoid the modification of the
protection system [5]-[7]. The literature contains
suggestions for determining the optimal location of
the DGs as a way of reducing their effect on the
operation of the protective devices [7], [8].
Although these solutions may work well
technically, the requirements associated with the
protection system entail size and location
restrictions with respect to the connection of the
DGs.

The study of fault current characteristics of the
IBDGs requires a comprehensive reevaluation of
various protection design aspects. A voltage-source
inverter (VSI) typically has a dc-link capacitor that
is sized to decouple the prime-mover dynamics
from those of the network. Accordingly, the effect
of the prime-mover itself on fault current can be
neglected, and only the dynamics of the inverter
with its associated controller(s) are considered [9].
Moreover, the IBDGs have their own internal
protection to ensure safety of semiconductor
devices against large over currents flowing through
them [10]. Usually, this current is in the range of
two to three times of the rated load current [11],
[12]. The effect of such an internal protection needs
to be considered in the overall network protection
scheme since the inverter internal protection cannot
detect fault currents with levels lower than its
settings.

There are principally two types of control schemes
that generally govern IBDGs, viz., voltage control
and current control [9]. This paper conducts a
detailed investigation of network protection
schemes for a typical industrial and commercial
power distribution system, shown in Fig. 1,
containing IBDGs with both control types. In
addition, it also includes a comprehensive analysis
of the fault current contributions of various DGs, as
well as the impact of changes in inverter control
between the current control mode and the voltage
control mode on the associated feeder protection.
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The effect of the IBDG controller on protection
was earlier studied in [13]-[17]. The authors in
[13]-[15] proposed adding fault current limiters in
series with feeders containing DGs in order to limit
the current contribution fed from them. Adaptive
relaying algorithms were proposed in [16] and [17]
to solve the detection problems of the IBDGs. In
[18], the authors studied the effect on fuse saving
schemes, whereas in [3], the authors introduced a
flywheel energy storage system in parallel with the
DG. While these schemes showed promising
results, they are expensive solutions requiring extra
equipment to be installed in the network.
Furthermore, all of the aforementioned publications
[13]-[18] did not investigate the effects on
protection scheme caused by different types of
controllers employed in IBDGs. On the other hand,
in the few papers that considered the effect of
inverter controllers (viz., [19] and [20]), the authors
provided solutions that are limited in scope of
application. In this paper, a comprehensive analysis
was conducted to investigate the differences
between the voltage and current control modes for
IBDGs’ fault characteristics, and a novel protection
scheme for the distribution network was proposed.
In particular, an adaptive relaying algorithm has
been designed to protect the distribution network
shown in Fig. 1 from fault contributions of IBDGs
that can change their operational mode from
current control to voltage control or vice versa.
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Fig. 1 One-line diagram of a typical industrial and commercial
power system distribution network with IBDG installations

2. Current and Voltage Controlled IBDGs

Many commercial DGs utilize a three-phase VSI
based on pulse width modulation (PWM) as the
utility/load interface. The controls of these IBDGs
enable them to meet the wide-ranging demands of
their integration with the existing distribution
network. The advances made in the control of
applications like uninterruptible power supplies
(UPS) and ac motor drives gave impetus to the
design of controllers for IBDGs. For all practical
purposes, there are chiefly two types of control
schemes for regulation of the inverter output [19] a
voltage controller that will enable it to produce a
three-phase ac voltage and a current controller that
will force the current supplied to follow a reference
signal that is locked in phase with the grid voltage
by means of a phase-locked loop.

Current controllers for VSIs have become attractive
in various power electronic applications including
UPS, active power filters, ac motor drives, high
power factor ac/dc converters, and grid-connected
inverters [21]. The current controller type and
structure can be precisely tailored for each
application as it plays a significant role in the
performance of the converter as well as the power
quality of its output. Many types of current
controllers were suggested in the literature for
various applications [21], [22]. However, current-
controlled DGs suffer from the major disadvantage
of inability to independently maintain their terminal
voltage to the distribution network levels.

They rely on the utility grid or other voltage-
controlled DGs for maintenance of voltage, and in
the absence of such a voltage support, the current-
controlled DG terminal becomes vulnerable to
under voltage faults. On the other hand, voltage
controllers have also been applied for VSIs in
applications such as parallel-connected stand-alone
inverters [23] and plug and-play operation of micro
grids [24]. IBDGs under voltage control mode have
become indispensable as they help in regulating the
voltage of micro grid especially during the islanded
conditions. IBDGs operating in voltage control
mode are unable to precisely regulate their output
current, and these are therefore highly susceptible
to over current faults upon a short circuit.
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Fig. 2 Conditional analogy of an IBDG, based on the employed
control scheme, to (a) current source or (b) voltage source.

Fig. 2 illustrates the conditional analogy of an
IBDG to a current source or voltage source that is
dependent upon the employed control scheme-
whether it is operated in the current control mode
or voltage control mode. The generic block
diagrams of both current-controlled and voltage-
controlled inverters in DG applications are
illustrated in Fig. 3(a) and (b), respectively. These
controllers are generally implemented in a digital
signal processor. It is to be noted that the purpose
of the protection analysis carried out in this paper is
to highlight the key problems caused by a broad
range of commercially available DGs used in
industrial power systems. Therefore, Figs. 2 and 3
contain only representative block diagrams even
though numerous variations are known to exist in
the exact methods of controller implementation (as
noted in the literature [21]-[24]).

Multifunction inverters are also commercially
available from various manufacturers like SatCon,
SMA, Xantrex, etc. They are generally installed in
industrial sites where uninterrupted operation is
desired in both grid-connected and stand-alone
(islanded) conditions. Such IBDGs are frequently
used with renewable sources like solar/PV and
wind power together with energy  storage.  For
instance, SatCon  Technology  Corporation
manufactures inverter products from low kilowatt
to megawatt ratings with functionalities that
include stand-alone and grid connected modes,
synchronization, power factor correction, and
utility outage ride-through. The operation of these

inverters is known to transition between the current
control mode and the voltage control mode based
on system requirements and the state of
interconnection [25], [26]. The protection schemes
at industrial sites employing such DGs need special
attention, and a detailed investigation is carried out
in the following section.
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Fig. 3 Generic block diagrams illustrating the operation of
IBDGs during (a) current control and (b) voltage control modes.

3. Proposed configuration of MMC for DG:

MMC has gained increasing attention recently. A
number of papers were published on the structure,
control, and application of this topology [27], [28],
but none has suggested the use of that for inverter +
D-STATCOM application. This topology consists
of several half-bridge (HB) sub modules (SMs) per
each phase, which are connected in series. An n-
level single phase MMC consists of a series
connection of 2(n — 1) basic SMs and two buffer
inductors. Each SM possesses two semiconductor
switches, which operate in complementary mode,
and one capacitor. The exclusive structure of MMC
becomes it an ideal candidate for medium-to-high-
voltage applications such as wind energy
applications. Moreover, this topology needs only
one dc source, which is a key point for wind
applications. MMC requires large capacitors which
may increase the cost of the systems; however, this
problem is offset by the lack of need for any
snubber circuit.
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Fig. 4 Structure of a single-phase MMC inverter structure

The main benefits of the MMC topology are:
modular design based on identical converter cells,
simple voltage scaling by a series connection of
cells, simple realization of redundancy, and
possibility of a common dc bus. Fig. 4 shows the
circuit configuration of a single-phase MMC and
the structure of its SMs consisting of two power
switches and a floating capacitor.

The output voltage of each SM (vo) is either equal
to its capacitor voltage (vc) or zero, depending on
the switching states. The buffer inductors must
provide current control in each phase arm and limit
the fault currents. To describe the operation of
MMC, each SM can be considered as a two pole
switch. If Sui, which is defined as the status of the
ith sub module in the upper arm, is equal to unity,
then the output of the ith SM is equal to the
corresponding capacitor voltage; otherwise it is
zero. Likewise, if Sii which is defined as the status
of the i th sub module in the lower arm, is equal to
unity, then the output of the i th lower SM is equal
to the corresponding capacitor voltage; otherwise it
is zero.

Generally, when Sui or Sii is equal to unity, the ith
upper or lower SM is ON; otherwise it is OFF.
Therefore, the upper and lower arm voltages of the
MMC are as follows:

n—1

VupperArm = Z (Suivei) + Vi1 (1)
i=1
n—1

ViowerArm = Z (Siivei) + vi2 (2)

i=1

where v11 and vi2 are the voltages of the upper and
lower buffer inductors, n is the number of voltage
levels, and vci is the voltage of the i th SMs
capacitor in upper arm or lower arm. A three-phase
13-levelMMC inverter consists of 20 SMs which
translates to 40 power switches, 20 capacitors, and
2 buffer inductors. In this paper we have used 13-
level dc-ac converter configuration.

4. Investigation of Current-Controlled and
Voltage-Controlled DGs on Distribution
Network

In order to examine the effects of current- and
voltage controlled IBDGs on a distribution
network, they have been modeled in
MATLAB/Simulink together with the Thevenin’s
equivalent for the rest of the system in Fig. 1.
Subsequently, a fault was created across the nearby
load, and the contribution of the IBDG to fault
current was evaluated. The operation parameters
for IBDG were as follows: three phase, 50 kW, 60
Hz, 480 Vac (line-line), and IGBT-based VSI-
PWM inverter operating at 3.6-kHz switching
frequency with a 750-V dc bus.

The most critical issue to control MMC is to
maintain the voltage balance across all the
capacitors. Therefore, the SMs’ voltages are
measured and sorted in descending order during
each cycle. If the current flowing through the
switches is positive, so that capacitors are being
charged, n upper Arm and n upper Arm and of the
SMs in upper arm and lower arm with the lowest
voltages are selected, respectively. As a result, ten
capacitors with lowest voltages are chosen to be
charged. Likewise, if the current flowing through
the switches is negative, so that capacitors are
being discharged, n upper Arm and n upper Arm of
the SMs in upper arm and lower arm with highest
voltages are selected, respectively. As a result,
twelve capacitors with highest voltages are chosen
to be discharged. Consequently, the voltages of the
SMs’ capacitors are balanced.

The inverter transfers the whole active power of the
wind, excluding its losses, to the grid. The amount
of reactive power is dictated by the target PF.
When the active power from the wind turbine
increases, the controller increases the power angle ¢
in order to output more active power to the grid in
order to decrease the dc link voltage. The
modulation index m is also increased when the
inverter is supposed to inject more reactive power
to the grid. The transient response of the PI
controllers used to control the modulation index
and delta can be adjusted by changing the
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proportional and integral coefficients of the
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Fig. 5 Simulation Configuration of Inverter based DG
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Fig. 10 DG Inverter Output Waveforms

6. CONCLUSION

In this paper, the concept of a new multilevel
inverter with FACTS capability for small-to-mid-
size wind installations is presented. The proposed
system demonstrates the application of a new
inverter with FACTS capability in a single unit
without any additional cost. Replacing the
traditional renewable energy inverters with the
proposed inverter will eliminate the need of any
external STATCOM devices This shows a new
way in which distributed renewable sources can be
used to provide control and support in distribution
systems. The proposed controller system the
reactive power is controllable by the modulation
index m. The simulation results for an 13-level
inverter are presented in MATLAB/Simulink. The
proposed system has produced the better
performance.

REFERENCES

[1] N. Jenkins, R. Allan, P. Crossley, D. Kirschen,
and G. Strbac, EmbeddedGeneration, Inst. Eng.
Technol., London, U.K., 2000.

[2] A. Girgis and S. Brahma, “Effect of distributed
generation on protective device coordination in
distribution system,” in Proc. Large Eng. Syst.
Conf. Power Eng. (LESCOPE), Halifax, NS,
Canada, Jul. 2001, pp. 115-119.

[3] T. K. Abdel-Galil et al., “Protection
coordination planning with distributed generation,”
CETC Varennes Energy Technol. Programs Sector,
Qualsys Engco. Inc., Waterloo, ON, Canada, Tech.
Rep. 2007-149, Jun. 2007.

[4] IEEE Standard for Interconnecting Distributed
Resources With Electric Power Systems, IEEE
Standard 1547, 2003.

[5] S. Chaitusaney and A. Yokoyama, “Prevention
of reliability degradation from recloser-fuse
miscoordination due to distributed generation,”
IEEE Trans. Power Del., vol. 23, no. 4, pp. 2545-
2554, Oct. 2008.

[6] S. Chaitusaney and A. Yokoyama, “An
appropriate  distributed  generation  sizing
considering recloser-fuse coordination,” in Proc.
IEEE Power Eng. Soc. Transmiss. Distrib. Conf.
Exhibit., Dalian, China, 2005, pp. 1-6.

[7] A. El-Zonkoly, “Optimal placement of multi-
distributed generation units including different load
models using particle swarm optimisation,”Swarm
Evol. Comput., vol. 1, no. 1, pp. 50-59, Mar. 2011.

[8] V. R. Pandi, H. H. Zeineldin, and W. Xiao,
“Determining optimal location and size of
distributed generation resources,” IEEE Trans.
PowerSyst., vol. 28, no. 2, pp. 1245-1254, Aug.
2012.

[9] M. Baran and L. El-Markaby, “Fault analysis
on distribution feeders with distributed generators,”
IEEE Trans. Power Syst., vol. 20, no. 4, pp. 1757—

1764, Nov. 2005.

[10] C. J. Mozina, “Ilmpact of green power
generation on distribution systems in a smart grid,”
in Proc. IEEE/PES PSCE, Mar. 2011, pp. 1-8.

[11] H. Nikkhajoei and R. H. Lasseter, “Microgrid
protection,” in Proc. IEEE Power Eng. Soc. Gen.
Meet., Jun. 2007, pp. 1-6.

[12] T. Loix, T. Wijnhoven, and G. Deconinck,
“Protection of micro grids with a high penetration
of inverter-coupled energy sources,” in Proc.
CIGRE/IEEE PES Joint Symp. Integr. Wide-Scale
Renew. Resour. Power Del. Syst., 2009, pp. 1-6.

[13] W. El-Khattam and T. Sidhu, “Restoration of
directional over current relay coordination in
distributed generation systems utilizing fault
current limiter,” IEEE Trans. Power Del., vol. 23,
no. 2, pp. 576-585, Apr. 2008.

[14] M. M. R. Ahmed, G. Putrus, L. Ran, and R.
Penlington, “Development of a prototype solid-
state fault-current limiting and interrupting device
for low-voltage distribution networks,” IEEE
Trans. Power Del., vol. 21, no. 4, pp. 1997-2005,
Oct. 2006.

[15] H. Yamaguchi and T. Kataoka, “Current
limiting characteristics of transformer type

Available online: http://internationaljournalofresearch.org/

Page | 126



International Journal of Research

International Journal of Research

Available at https://edupediapublications.org/journals

~Z

‘e

August 2016

superconducting fault current limiter with shunt
impedance and inductive load,” IEEE Trans. Appl.
Supercond., vol. 18, no. 2, pp. 668-671, Jun. 2008.

[16] H. Wan, K. K. Li, and K. P. Wong, “An
adaptive multi agent approach to protection relay
coordination with distributed generators in
industrial power distribution system,” IEEE Trans.
Ind. Appl., vol. 46, no. 5, pp. 2118-2124, Sep./Oct.
2010.

[17] P. Mahat, Z. Chen, B. Bak-Jensen, and C. L.
Bak, “A simple adaptive over current protection of
distribution systems with distributed generation,”
IEEE Trans. Smart Grid, vol. 2, no. 3, pp. 428—
437, Sep. 2011.

[18] H. Yazdanpanahi, Y.W. Li, andW. Xu, “A
new control strategy to mitigate the impact of
inverter-based DGs on protection system,” IEEE
Trans. Smart Grid, vol. 3, no. 3, pp. 1427-1436,
Sep. 2012.

[19] Y. Pan, W. Ren, S. Ray, R. Walling, and M.
Reichard, “Impact of inverter interfaced generation
on overcurrent protection in distribution systems,”
in Proc. PEAM, Sep. 2011, vol. 2, pp. 371-376.

[20] C. Mozina, “Impact of green power inverter-
based distributed generation on distribution
systems,” in Proc. Georgia Tech Annu. Protective
Relaying Conf., Atlanta, GA, USA, May 2013, pp.
264-278.

[21] M. Kazmierkowski and L. Malesani, “Current
control techniques for three-phase voltage-source
PWM converters: A survey,” IEEE Trans. Ind.
Electron., vol. 45, no. 5, pp. 691-703, Oct. 1998.

[22] D. Zmood and D. Holmes, “Stationary frame
current regulation of PWM inverters with zero
steady-state error,” IEEE Trans. Power Electron.,
vol. 18, no. 3, pp. 814-822, May 2003.

[23] M. C. Chandorkar, D. M. Divan, and R.
Adapa, “Control of parallel connected inverters in
standalone ac supply systems,” IEEE Trans. Ind.
Appl., vol. 29, no. 1, pp. 136-143, Jan./Feb. 1993.

[24] R. H. Lasseter, “Microgrids,” in Proc. IEEE
Power Eng. Soc. Winter Meet., 2002, vol. 1, pp.
305-308.

[25] T. C. Underwood, W. B. Hall, and T. C.
Matty, “Integrated control system and method for
controlling mode, synchronization, power factor,
and utility outage ride-through for micropower

generation systems,” SatCon Technol. Corp.,
Boston, MA, USA, U.S. Patent 6 316 918, Nov. 13,
2001.

[26] T. C. Underwood, W. B. Hall, and T. C.
Matty, “Integrated control system and method for
controlling mode, synchronization, power factor,
and utility outage ride-through for micropower
generation systems,” SatCon Technol. Corp.,
Boston, MA, USA, U.S. Patent 6 380 719, Apr. 30,
2002.

[27] R. K. Varma, S. A. Rahman, V. Sharma, and
T. Vanderheide, “Novel control of a PV solar
system as STATCOM (PV-STATCOM) for
preventing instability of induction motor load,” in
Proc. 25th IEEE CCECE, May 2012, pp. 1-5.

[28] R. Marquardt and A. Lesnicar, “New concept
for high voltage—Modular

multilevel converter,” in Proc. PESC, Jun. 2004,
pp. 1-5.

Available online: http://internationaljournalofresearch.org/

p-1SSN: 2348-6848
e-ISSN: 2348-795X
Volume 03 Issue 12

Page | 127



