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ABSTRACT

The main aim of project is a novel concept of utilizing a photovoltaic (PV) solar farm inverter as
STATCOM, called PV-STATCOM, for improving stable power transfer limits of the interconnected
transmission system. The entire inverter rating of the PV solar farm, which remains dormant during
nighttime, is utilized with voltage and damping controls to enhance stable power transmission limits.
During daytime, the inverter capacity left after real power production is used to accomplish the
aforementioned objective. Transient stability studies are conducted on a realistic single machine infinite
bus power system having a midpoint located PV-STATCOM using simulation software. Power transfer
increases are also demonstrated in the same power system for: 1) two solar farms operating as PV -
STATCOMs and 2) a solar farm as PV-STATCOM and an mverter-based wind farm with similar
STATCOM controls. This novel utilization of a PV solar farm asset can thus improve power transmission
limits which would have otherwise required expensive additional equipment, such as series/shunt
capacitors or separate flexible ac transmission system controllers.

Index terms: PV-STATCOM, Solar farm, Power quality, Wind system,

1.INTRODUCTION

This paper proposes novel voltage control, together with auxiliary damping control, for a grid-
connected PV solar farm inverter to act as a STATCOM both during night and day for increasing
transient stability and consequently the power transmission limit. This technology of utilizing a PV solar
farm as a STATCOM is called “PV-STATCOM.” It utilizes the entire solar farm inverter capacity in the
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night and the remainder inverter capacity after real power generation during the day, both of which
remain unused in conventional solar farm operation. Similar STATCOM control functionality can also be
implemented in inverter-based wind turbine generators during no-wind or partial wind scenarios for
improving the transient stability of the system. Studies are performed for two variants of a single-machine
infinite bus (SMIB) system. One SMIB system uses only a single PV solar farm as PV-STATCOM
connected at the midpoint whereas the other system uses a combination of a PV-STATCOM and another
PV-STATCOM or an inverter-based wind distributed generator (DG) with similar STATCOM
functionality. Three-phase fault studies are conducted using the electromagnetic transient software
EMTDC/PSCAD, and the improvement in the stable power transmission limit is investigated for different
combinations of STATCOM controllers on the solar and wind farm inverters, both during night and day.

2.PHOTOVOLTAIC TECHNOLOGY

Photovoltaic’s is the field of technology and research related to the devices which
directly convert sunlight into electricity using semiconductors that exhibit the photovoltaic effect.
Photovoltaic effect involves the creation of voltage in a material upon exposure to electromagnetic
radiation.

The photovoltaic effect was first noted by a French physicist, Edmund Becquerel, in
1839, who found that certain materials would produce small amounts of electric current when exposed to
light. In 1905, Albert Einstein described the nature of light and the photoelectric effect on which
photovoltaic technology is based, for which he later won a Nobel prize in physics. The first photovoltaic
module was built by Bell Laboratories in 1954. It was billed as a solar battery and was mostly just a
curiosity as it was too expensive to gain widespread use. In the 1960s, the space industry began to make
the first serious use of the technology to provide power aboard spacecraft. Through the space programs,
the technology advanced, its reliability was established, and the cost began to decline. During the energy
crisis in the 1970s, photovoltaic technology gained recognition as a source of power for non-space
applications.

The solar cell is the elementary building block of the photovoltaic technology. Solar
cells are made of semiconductor materials, such as silicon. One of the properties of semiconductors that
makes them most useful is that their conductivity may easily be modified by introducing impurities into
their crystal lattice. For instance, in the fabrication of a photovoltaic solar cell, silicon, which has four
valence electrons, is treated to increase its conductivity. On one side of the cell, the impurities, which are
phosphorus atoms with five valence electrons (n-donor), donate weakly bound valence electrons to the
silicon material, creating excess negative charge carriers.

On the other side, atoms of boron with three valence electrons (p-donor) create a greater
affinity than silicon to attract electrons. Because the p-type silicon is in intimate contact with the n-type
silicon a p-n junction is established and a diffusion of electrons occurs from the region of high electron
concentration (the n-type side) into the region of low electron concentration (p-type side). When the
electrons diffuse across the p-n junction, they recombine with holes on the p-type side.
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However, the diffusion of carriers does not occur indefmitely, because the imbalance of
charge immediately on either sides of the junction originates an electric field. This electric field forms a
diode that promotes current to flow in only one direction.

Ohmic metal-semiconductor contacts are made to both the n-type and p-type sides of
the solar cell, and the electrodes are ready to be connected to an external load. When photons of light fall
on the cell, they transfer their energy to the charge carriers. The electric field across the junction separates
photo-generated positive charge carriers (holes) from their negative counterpart (electrons). In this way an
electrical current is extracted once the circuit is closed on an external load.
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Fig 1: Solar cell.

The photovoltaic effect was first reported by Edmund Becquerel in 1839 when he observed that
the action of light on a silver coated platinum electrode immersed in electrolyte produced an electric
current. Forty years later the first solid state photovoltaic devices were constructed by workers
investigating the recently discovered photoconductivity of selenium. In 1876 William Adams and Richard
Day found that a photocurrent could be produced in a sample of selenium when contacted by two heated
platinum contacts. The photovoltaic action of the selenium differed from its photoconductive action in
that a current was produced spontaneously by the action of light.

No external power supply was needed. In this early photovoltaic device, a rectifying junction had
been formed between the semiconductor and the metal contact. In 1894, Charles Fritts prepared what was
probably the first large area solar cell by pressing a layer of selenium between gold and another metal.

3. STATCOM

The STATCOM has a characteristic similar to the synchronous condenser, but as an electronic device it
has no inertia and is superior to the synchronous condenser in several ways, such as better dynamics, a
lower investment cost and lower operating and maintenance costs. A STATCOM is build with Thyristors
with turn-off capability like GTO or today IGCT or with more and more IGBTs. The static line between

the current limitations has a certain steepness determining the control characteristic for the voltage.
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The advantage of a STATCOM is that the reactive power provision is independent from the

actual voltage on the connection point. This can be seen in the diagram for the maximum currents being
independent of the voltage in comparison to the SVC. This means, that even during most severe

contingencies, the STATCOM keeps its full capability.

In the distributed energy sector the usage of Voltage Source Converters for grid interconnection is
common practice today. The next step in STATCOM development is the combination with energy
storages on the DC-side. The performance for power quality and balanced network operation can be

improved much more with the combination of active and reactive power.

STATCOMs are based on Voltage Sourced Converter (VSC) topology and utilize either Gate-
Turn-off Thyristors (GTO) or Isolated Gate Bipolar Transistors (IGBT) devices. The STATCOM is a
very fast acting, electronic equivalent of a synchronous condenser. If the STATCOM voltage, Vs, (which
is proportional to the dc bus voltage Vc) is larger than bus voltage, Es, then leading or capacitive VARS
are produced. If Vs is smaller then Es then lagging or inductive VARS are produced.

Capacitor
e
AC— —
“Es Vs=kVc”

Fig.2pulses statcom.

The three phases STATCOM makes use of the fact that on a three phase, fundamental frequency,
steady state basis, and the instantaneous power entering a purely reactive device must be zero. The
reactive power in each phase is supplied by circulating the instantaneous real power between the phases.
This is achieved by firing the GTO/diode switches in a manner that maintains the phase difference
between the ac bus voltage ES and the STATCOM generated voltage VS. Ideally it is possible to
construct a device based on circulating instantaneous power which has no energy storage device (ie no dc
capacitor.

4. MODELLING OF PROPOSED SYSTEM
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The single-line diagrams of two study systems: Study System 1 and Study System 2 are depicted in
Fig.
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Fig3. Single-line diagram of (a) study system I with a single solar farm (DG) and (b) study system Il with
a solar farm (DG) and a solar/wind farm (DG).

respectively. Both systems are single-machine infinite bus (SMIB) systems where a large equivalent
synchronous generator (1110 MVA) supplies power to the infinite bus over a 200-km, 400-kV
transmission line. This line length is typical of a long line carrying bulk power in Ontario. In Study
System 1, a 100-MW PV solar farm (DG) as STATCOM (PV-STATCOM) is connected at the midpoint
of the transmission line. In Study System 2, two 100-MVA inverter-based distributed generators (DGs)
are connected at 1/3 (bus 5) and 2/3 (bus 6) of the line

length from the synchronous generator. The DG connected at bus 6 is a PV-STATCOM and the other DG
at bus 5 is either a PV-STATCOM or a wind farm with STATCOM functionality. In this case, the wind
farm employs permanent-magnet synchronous generator (PMSG)-based wind turbine generators with a
full ac-dc-ac converter. A maximum power point tracking (MPPT) algorithm based on an incremental
conductance algorithm is used to operate the solar DGs at its maximum power point all of the time and is
integrated with the inverter controller. The wind DG is also assumed to operate at its maximum power
point, since this proposed control utilizes only the inverter capacity left after the maximum power point
operation of the solar DG and wind DG. For PV-STATCOM operation during nighttime, the solar panels
are disconnected from the inverter and a small amount of real power is drawn from the grid to charge the
dc capacitor. The voltage-source inverter in each DG is composed of six insulated- gate bipolar transistors
(IGBTs) and associated snubber circuits as shown in Fig. An appropriately large dc capacitor of size 200
Farad is selected to reduce the dc side ripple. Each phase has a pair of IGBT devices which converts the
dc voltage into a series of variable-width pulsating voltages, using the sinusoidal pulse width modulation
(SPWM) technique . An L-C-L filter is also connected at the inverter ac side.
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Fig4. Complete DG (solarwind) system model witha damping controller and PCC voltage -control
system.

5. REACTIVE POWER CONTROL

The conventional reactive power control only regulates the reactive power output of the inverter such that
it can perform unity power factor operation along with dc-link voltage control. The switching signals for
the mverter switching are generated through two current control loops in - -0 coordinate system.The
inverter operates in a conventional controller mode only provided that “Switch-2” is in the “OFF”
position. In this simulation, the voltage vector is aligned with the quadrature axis, that is, O,hence, is only
proportional to which sets the reference for the upper control loop involving PI1. Meanwhile, the
quadrature axis component is used for dc-link voltage control through two PI controllers (PI-2 and PI-3)
shown in Fig. according to the set point voltage provided by the MPPT and and injects all available real
power “P” to the network.To generate the proper IGBT switching signals (gtl, gt2, gt3, gt4, gt5, gt6), the
— components ( and ) of the modulating signal are converted into three-phase sinusoidal modulating
signals and compared with a high-frequency (5-kHz) fixed magnitude triangular wave or carrier signal.

Damping Control

A novel auxiliary damping controller is added to the PV control system and shown in Fig.5.2. (b). This
controller utilizes line current magnitude as the control signal. The output of this controller is added with
the signal . The transfer function of this damping controller is expressed as in

sT,, 1+ sTj
1+ sT, 1+ 575

Fp=0G (1)

The transfer function is comprised of a gain, a washout stage, and a first-order lead-lag compensator
block. This controller is utilized to damp the rotor-mode oscillations of the synchronous generator and
thereby improve system transient stability. The damping controller is activated by toggling “Switch-2” to
the “ON” position. This damping controller can operate in conjunction with either the conventional
reactive power control mode or with the PCC voltage-control mode by toggling “Switch-1" to position
“B” or “A,” respectively. At first, the base-case generator operating power level is selected for performing
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the damping control design studies. This power level is considered equal to the transient stability limit of
the system with the solar farm being disconnected at night. At this operating power level, if a three-phase

fault occurs at Bus 1, the generator power oscillations decay with a damping ratio of 5%. The solar farm
is now connected and operated in the PV-STATCOM mode.

MATLAB/SIMULINK RESULTS

Fig 5. MATLAB/SIMULINK Diagram of Complete DG (solar/wind) system mo del with a damping controller and

PCC voltage-control system.

Fig 6 pv subsystem

Fig7 wind subsystem
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(2)

(b)

Fig 8 Night time (a) generator power Pg (B) infinite bus power Pinf

(a)

(b)
Fig 9Day time (a) generator power Pg (B) infinite bus power Pinf
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CONCLUSION

A novel patent-pending control paradigm of PV solar farms is presented where they can operate during
the night as a STATCOM with full inverter capacity and during the day with inverter capacity remaining
after real power generation, for providing significant improvements in the power transfer lLmits of
transmission systems [31], [32]. This new control of PV solar system as STATCOM is called PV -
STATCOM. The effectiveness of the proposed controls is demonstrated on two study SMIB systems:
System I has one 100-MW PV-STATCOM and System II has one 100-MW PV-STATCOM and another
100-MW PV-STATCOM or 100-MW wind farm controlled as STATCOM. Three different types of
STATCOM controls are proposed for the PV solar DG and inverter-based wind DG. These are pure
voltage control, pure damping control, and a combination of voltage control and damping control. This
study thus makes a strong case for relaxing the present grid codes to allow selected inverter-based
renewable generators (solar and wind) to exercise damping control, thereby increasing much needed
power transmission capability. Such novel controls on PV solar DGs (and inverter-based wind DGs) will
potentially reduce the need for imvestments in additional expensive devices, such as series/shunt
capacitors and FACTS. The PV-STATCOM operation opens up a new opportunity for PV solar DGs to
earn revenues in the nighttime and daytime in addition to that from the sale of real power during the day.
This will, of course, require appropriate agreements between the regulators, network utilities, solar farm
developers, and inverter manufacturers.
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