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Abstract: This paper proposes two control strategies for the
islanding operation of hybrid microgrid with a high penetration of
wind driven cage induction generators. The control strategies
combine approaches traditionally applied to self-excited cage
induction generators with recent approaches for microgrid’s
islanding operation. The proposed control strategies aim to facilitate
the higher integration of cage induction generators in microgrids.
The first strategy is based on direct frequency and reactive power
control while the second one uses an artificial grid to regulate the
voltage amplitude and frequency. The proposed schemes are tested
in PSCAD/EMTDC using a real wind speed pattern measured at
Hokkaido Island of Japan. Simulation results show the successful
operation of both schemes. The implementation simplicity and cost-
effectiveness of both schemes are explained as well.

Index Terms: Battery energy storage system, frequency loop,
induction generator, islanding, micro-grid, resynchronization.

1. INTRODUCTION

Significant effort is being directed nowadays for increasing
the share of alternative energy in the energy mix. The
increase in the presence of Distributed Generation (DG) and
the presence of multiple DGs in proximity to one another has
brought about the concept of the microgrid [1,2]. Local DGs,
loads and smaller scale energy storage systems can be
interconnected to form a microgrid [3]. The physical
proximity of the generation and the loads allow technical
benefits and control flexibility that provides opportunities for
increasing the efficiency, enhancing the reliability and
improving the power quality of power systems [4].
Microgrids also have the potential to alleviate the present high
levels of power flows in critical grid sections [5]. In such way,
distributed energy resources, rather than burdening the system,
add benefits to the power system [6]. The microgrid can
operate in both grid connected and islanded modes of
operation [7]. Islanded operation may be intentional or forced.
Islanding operation capability allows the microgrids to
continue supplying local loads even when the utility grid fails.
This is in contrast to distributed generators operating on the
utility grid that are required to disconnect once islanded
operation is detected [8]. Sectionalizing switches can be used

to isolate the microgrid for islanded operation [5]. The
arrangement also allows intentional disconnection to reduce
the dependency on the grid and possibly exploit more
alternative energy.

The balance between the supply and demand is one of the
most important requirements of microgrid management. Any
imbalance in power can lead to significant frequency
deviations due to the low inertia present in the system [3].
The frequency and also the voltage magnitude of islanded
microgrids have to be controlled [3, 5]. The inclusion of
energy storage elements as part of the microgrid and the use of
load shedding techniques are considered as effective solutions
to allow high dynamic control and hence avoid large
frequency and voltage excursions [3, 9, 10].

The different operational philosophy of microgrids as
compared to traditional power networks brings about the need
of adequate control strategies. Tiered control strategies are
typically used. Primary, secondary and tertiary control
algorithms are proposed in [6]. The primary control regulates
the frequency and the voltage to ensure stable operation. This
level of control is crucial and needs to be operated in a reliable
way. The aim of the secondary control is to minimize the
frequency and voltage deviations and drive the average
deviation to zero. Tertiary control achieves the optimal
distribution of the load between the energy sources for more
economic operation. The secondary and the tertiary controls
can be combined in the same algorithm [10, 11]. Due to the
distributed physical location of the elements of the microgrid,
the control schemes for the different control tiers can be
classified into two main groups as regards the use of control
wire interconnections [9]. The first group requires critical
interconnection lines between the elements. Apart from the
cost, the dependence on the control lines limits the system
reliability and expandability. The second group bases the
control only on local measurements. This leads to a higher
reliability and more flexibility in the location of the elements.

A number of distributed generators are interfaced to the grid
through a power electronic inverter. Two forms of control can
be used to operate the inverter — PQ control and VSI control
[5, 10, 12]. In PQ control, the inverter is set to supply/absorb
set active and reactive power references. Typically the PQ
inverter is set to deliver all the active power available at its
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input and to provide a fixed reactive power, else participate in
the voltage regulation [10]. Sources that require a maximum
power tracker algorithm are interfaced through a PQ
controlled inverter [12]. In VSI control, the inverter is
controlled to supply the load with given values of voltage and
frequency. The real and reactive power outputs will then be
defined automatically [5].

Primary control can be achieved through a central controller
that needs high bandwidth communication with the microgrid
elements.  Flexible solutions require that each inverter
operates only on the basis of local measurements and hence
independent of the actual configuration of the microgrid and
the other generators [5]. Isochronous control can be used
where the frequency is controlled to a constant value but this
can be applied to only one unit [5]. Voltage and frequency
droop control is a common solution as it automatically allows
for power sharing between parallel units [5, 10]. Droop
control presents the advantages of low cost, simple expansion
of the system, increased redundancy and simplified
supervisory control [4]. Implementation of the droop control
should consider the line impedance due to the different
characteristics of high and low voltage lines [6]. The
degraded frequency and voltage regulation due to the droop
control is generally considered acceptable if the frequency and
amplitude deviations remain within predefined limits [6, 9].
In microgrid islanded operation, one or more inverters will be
operated in VSI mode to provide a reference for the voltage
amplitude and frequency hence allowing the other inverters in
PQ mode to continue operating [10]. Despite the voltage and
frequency regulation, the microgrid voltage will not be in
phase with the utility grid voltage. To avoid hard transitions
when reconnecting to the grid, the microgrid voltage can be
synchronized to the grid voltage before reconnection [8].

If the droop controlled frequency stabilizes to a value
different from the nominal one, storage devices would keep on
injecting or absorbing active power [10]. In order to limit the
required capacity of the energy storage elements, correcting
permanent frequency deviations during islanded operations
should be one of the key objectives of the control strategy
[10]. This is precisely the aim of the secondary control, which
will adjust the operating point of the sources accordingly.
Secondary control can be performed locally or through a
central controller. Central secondary control can be done on a
low frequency basis to restrict the bandwidth requirements of
the communication system [11]. The droop characteristic can
be implemented is such way that it has the ability to shift the
settings in response to deviations from the nominal frequency
thus avoiding the need of the central controller [13].

Microgrids facilitate the integration of several kinds of
renewable energy sources [5]. Wind energy is no exception.
The growth rate of wind energy has increased significantly
because of available wind resources and rapid technical
development of wind farms [14, 15]. Several control
strategies have been published for the integration of wind
turbines to the grid. Recently double fed induction generators
(DFIG) and permanent magnet synchronous generators
(PMSM) have become popular. They offer advantages of

variable speed operation and control of the wind energy
conversion. However a large number of cage induction
generators are still used for wind energy conversion. The cage
induction machine is attractive for wind energy generation due
to its low cost, robustness, absence of moving contacts and
ease of maintenance [16, 17, 18, 19, 20]. It is also widely
used in industry. Various solutions for the self-excited
induction generators have been published in the literature.
Reactive power consumption and poor voltage regulation
under varying speed can be seen as the major drawbacks of
induction generators [17]. Advance in power electronic
converters led to the development of low cost schemes for the
regulation of the cage induction generator output voltage and
frequency [20]. Most of the research paper with ac micro-grid
system has rarely considered induction generators due to its
reactive power consumption and poor voltage regulation. In
[21] a back to back converter is used in the microgrid system
with dc sources as major source. A real power controlled is
designed for islanding operation in [22] for ac dc microgrid
system.

This paper proposes two control strategies for the islanding
operation of ac—dc hybrid microgrids with a high penetration
of wind driven cage induction generators, where the previous
research real and reactive power control [21, 22] is modified.
The first strategy is based on direct frequency and reactive
power control while the second one uses an artificial grid to
regulate the voltage amplitude and frequency. The additional
two control loops of frequency correction and
resynchronization used in direct frequency and reactive power
control is simple and unique. On the other hand, the additional
grid control strategy is more robust in terms of islanding
operation and grid resynchronization. In both cases, induction
generator is used as ac source along with smoothing operation
of fluctuated wind output power by battery energy storage
system, which makes the microgrid system more complex.
Two comparative solutions for widely used induction
generator (IG) in industries for microgrid system makes the
manuscript unique. The performance of the proposed
techniques is first tested in simulations using a constant wind
speed to focus on the islanding and grid reconnection
transients.  Results are then shown for the two schemes
working in a realistic scenario where the wind turbines are
driven by actual wind speed data. Simulations are done in
PSCAD/EMTDC.

2. ISLANDED OPERATION OF WIND DRIVEN
CAGE INDUCTION GENERATOR

Cage induction generators have been widely used as wind
generators due to their superior characteristics [18]. Various
literatures have examined the performance of the cage
induction generator operating as a self-excited generator,
which corresponds to operation in islanded mode. It is
generally known that a capacitor bank is required at the
terminals of a generator in such mode [16]. The size of the
capacitor bank determines the no load terminal voltage, which
is limited by the saturation of the magnetic circuit of the
machine [23]. There is a strong connection between the
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Fig. 1. Modelled hybrid microgrid system

frequency and voltage in the induction generator [24]. In
islanded operation, the generator sets both voltage and
frequency by itself [24]. When the generator loading
increases, the reactive power supplied to the generator has to
increase to keep a constant terminal voltage. Various
solutions are published for varying the reactive power of the
self-excited generator to regulate the terminal voltage.
However active and reactive power control yields a better
voltage and frequency regulation to load variations than
reactive power alone [16]. Reference [20] proposes the use of
a reduced rating (compared to generator) shunt connected
inverter with a battery bank on the dc side to regulate the
voltage amplitude and frequency of a wind driven self—excited
induction generator. The active power absorbed or injected by
the inverter is driven by the active power the inverter cannot
absorb, say due to fully charged battery or when the rated
value is exceeded. An insight of the variation of the reactive
power requirement at different operating conditions is given in
[23].

3. MODELED SYSTEM

A. Wind Turbine Modeling
The wind turbine extracted power (Py) can be expressed as
follows [25]:

PW = %pT[RZCp(A: ,B)Vw3 (1)
where p is the air density, R is the radius of the turbine, V,, is
the wind speed, Cp(4,5) is the power coefficient given by (2),
where the tip speed ratio A is given by (3) in terms of the
turbine rotational speed w.

C,(A.B) = 1A — 002242 — 5.6)e 017> )
= ®3)
Vi

The wind turbine and the wind generator are modeled as a
one mass lumped model with a constant inertia [19]. The step
up gearbox is assumed to be lossless and is represented by a
simple gain [20]. The wind farm is aggregated into one large
generator.

B. AC-DC Hybrid Micro-grid

The one line diagram of the modeled ac-dc hybrid microgrid
system is shown in Fig. 1. The hybrid microgrid consists of
an ac— and dc— sub grids interfaced by a power electronic
converter. The four quadrant operating interface converter can
act as an inverter or rectifier [26]. The hybrid microgrid
increases the system efficiency by eliminating multiple DC-
AC-DC and AC-DC-AC conversions as it directly integrates
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dc/ac sources and loads to dc/ac busses respectively [27].
Various dc loads such as light emitting diode lights and
electric vehicles are becoming popular nowadays [27].

A T7MVA, wind driven, cage induction generator is
connected to the ac bus. A capacitor bank is connected at the
generator terminals. The size of the capacitor bank is selected
to maintain unity power factor at rated wind speed in utility
grid connected mode. The wind turbine is pitch controlled to
regulate the extracted power to 1.0pu at wind speeds above
rated. The output voltage of the cage induction generator is
stepped up to the ac bus voltage of 6.6kV. The ac bus is
interconnected to the utility grid through a medium length line
(L) and a sectionalizing switch (SS). A three phase, 2.21MW,
2.4kV, fixed impedance resistive load (L,.) is connected to the
ac bus at Point of Coupling (PoC,) through a short line (L,). A
phase shift of n/6 rads is assumed for all transformers. A
photovoltaic (PV) system and a fixed resistance 2.13MW load
(Lgc) are connected to the dc bus. A constant solar irradiation
is assumed such that the PV system delivers 0.5MW to the dc
bus. The dc bus voltage is set at 6.6kV. The dc loads can be
connected directly or through appropriate dc-dc converters
[28]. The dc sub grid is interconnected to the ac sub grid at
PoC, through a standard two level converter. During grid
connected operation, the converter is operated in PQ mode,
where the P reference is obtained from a central controller
such that active power balance is maintained on the dc side.
The Q reference is obtained through a local voltage magnitude
control loop, regulating the voltage level at PoC,. Standard
cascaded vector control is used for the converter, as shown in
Fig. 2. The control is done in the dq frame synchronized to
the voltage sampled at PoC,. The cage induction generator’s
parameters are shown in Table 1 in the Appendix. Microgrid
parameters and the assumed operating point are shown in
Table 2.
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4. PROPOSED CONTROL STRATEGIES

Two control strategies for the islanded operation of the ac-dc
hybrid micro-grid are presented. The control strategies are
explained and are then tested using a constant wind speed to
focus on the islanding and grid reconnection transients.
Control parameters are shown in Table 3 Appendix section.

A. Method 1: Direct Frequency and Reactive Power Control

1. Control Scheme

When the utility grid is disconnected, whether for
intentional or forced islanding, the power balance is lost. This
leads to variation in the microgrid ac voltage magnitude and
frequency. Assuming that the microgrid was originally
supplying power to the utility grid, the cage induction
generator will speed up. Variation in the operating point also
leads to a change in the reactive power requirements of the
cage induction generator. Pitch control can be used to lower
the extracted power but the dynamics of the assumed pitch
controller are slow (time constant of 0.1s). In the islanded
operation, the voltage magnitude can be maintained in the
same way as for the utility grid connected operation, where the
interface converter supplies the necessary reactive power to
maintain the ac bus voltage (at PoC,) at 1lpu. For the
frequency regulation, a frequency control loop driving an
active power reference, similar to [20] is proposed. The
approach is similar to the typical microgrids secondary control
[11] to drive the average frequency deviations to zero. For the
case of the ac—dc hybrid microgrid, there is no need of a
separate inverter as the scheme can exploit the interface
converter, where the additional power transfer required (AP;)
for frequency regulation can be superimposed on the active
power set point originally determined by the central controller
to maintain power balance on the dc side. A schematic
diagram of the proposed control is shown in Fig. 3. A
frequency reference of 1.0pu is used in this work however the
scheme can be easily adapted to introduce frequency droop.
The ac bus frequency can be measured locally; else it can be
estimated through knowledge of the induction generator
rotational speed and instantaneous slip. The frequency loop is
enabled once islanding operation is detected and will be
disabled after re connection to the utility grid. Appropriate
load shedding, dump loads or energy storage can be
introduced on the dc sub grid to cater for the additional active
power transfer. Also, the operating point of the PV system can
be changed to aid maintaining the power balance. The central
controller can then adjust the original power reference such
that power balance is restored and the additional power
request from the frequency loop drops to zero.

2. Islanding detection
The same frequency signal can be used for islanding
detection. As mentioned before, the islanding event will lead
to a change in the ac bus frequency. Appropriate thresholds

can be set and the control is latched once the frequency goes
out of the set range. The same signal can be used to open the
sectionalizing switch in the case of utility grid failure. For this
case, the frequency thresholds are set to 50 +0.75Hz. The
frequency loop is then disabled once the microgrid is
reconnected to the utility grid. Appropriate logic can be used
to reset the latch, as indicated in Fig. 3.
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Fig. 3. Direct frequency and reactive power islanding control

3. Resynchronization to the grid.

Despite the voltage magnitude and frequency regulation, the
micro-grid ac voltage will be phase shifted from the utility
grid voltage. For utility grid reconnection, the control of the
sectionalizing switch can detect instants when the two
voltages are in phase to close the switch. However this may
lead to a hard transition [8]. To soften the transition, an
additional power component (APgyc) is introduced to adjust
the ac voltage phase in order to synchronize it with the utility
grid before reconnection. The resynchronization process can
be started once the utility grid becomes available following an
islanding event. The phase error is detected in a similar way to
the error driving the phase locked loop for the converter
control, as shown in Fig. 3. There is no need for the controller
to be fast since the micro-grid can continue operating in
islanded mode till synchronization is obtained. In this work,
the resynchronization control is enabled circa 2s before utility
grid connection.

In order to test the operation of the proposed scheme, the
system was tested with a constant wind speed driving the cage
induction generator. Plots for the frequency (f), generator
output power (Pig), grid power (Pgig), interface converter
power (Pgony) and voltage levels (V5 and Vpoc,) are shown in
Fig. 4. The micro-grid was connected to the utility grid and
operating in steady state till 10s. 2.35MW was being
delivered to the utility grid while the central controller was
requesting an active power transfer of 1.63MW from the ac
bus to the dc bus. After 10s, the sectionalizing switch is
opened such that the micro-grid becomes islanded. The
frequency is seen to increase till the upper threshold is reached
at which point the frequency loop is triggered.
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Fig. 5. Voltage resynchronization before grid reconnection

The converter power reference is thus adjusted so as to
regulate the ac bus frequency and stabilize the induction
generator. For this case, the additional power reference is kept
through the islanded operation however this can be offset by
an update of the central controller reference. The grid is
assumed to become available at 18s, at which point the
resynchronization controller is triggered. Its action can be
seen on the converter active power reference. After the PoC,
and utility grid voltages are gradually brought in phase, as
shown in Fig. 5, the sectionalizing switch is closed
reconnecting the microgrid to the utility grid. At the same
time the frequency loop is disabled. It can be seen from Fig. 4
that the islanding operation is successful and that the transition
to utility grid reconnection is smooth.

B. Method 2: Artificial grid

1. Control Scheme

On disconnection of the utility grid, the microgrid loses the
voltage magnitude and frequency references for the ac bus.
Artificial references for the microgrid can be established
through the creation of an artificial grid. This can be
established by controlling a converter in voltage mode [9, 10]
driven by voltage amplitude and frequency references. For
this work, a battery energy storage system is introduced on the
ac bus at PoC; interfaced through a standard converter. This
can be operated in PQ mode during grid connected operation

to keep the battery charged and then in voltage mode during
islanding operation. The one line diagram of the modified
system is shown in Fig. 6. The artificial grid could also be
connected at PoC,. It might then be sufficient to establish the
artificial grid through the interface converter. It might also be
the case that multiple interface converters are operated in
parallel for increased reliability [29], in which case the control
of one of them can be changed.
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The voltage reference for the artificial grid is set to 1 pu in
this work however voltage droop can be easily introduced.
The angle is obtained by integrating a constant 50Hz
reference. In order to preserve the voltage phase in the
transition to islanded operation, the initial value of the
integrator output is set from a phase locked loop tracking the
PoC,; voltage. Once again, frequency droop can be easily
introduced. Standard cascaded vector control implemented in
the stationary (af) frame, as shown in Fig. 7, is used. A
similar islanding detection scheme, as used for the frequency
and reactive power based control, is used here.

2. Re synchronization to the grid.

For the same reasons as for the previous control scheme, the
mircrogrid ac voltage at PoC, is synchronized to the utility
grid voltage before reconnection. The phase angle error is
detected using the same structure as before. However the
error drives a frequency reference (dayn) that is
superimposed on the 50Hz reference as shown in Fig. 7.

As for the previous control method, the system was tested
with a constant wind speed driving the cage induction
generator. Plots for the frequency (f), generator output power
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(Pig), grid power (Pgrig), interface converter power (Pcon,) and
voltage levels (Vo and Vpocy) are shown in Fig. 8. The
microgrid was islanded at 10s. Due to the initial power
transfer to the grid, the frequency increases till it reaches the
threshold, at which point the artificial grid is triggered. It can
be seen that the voltage levels and the frequency are regulated,
while the interface converter active power reference remains
constant for this case. The resynchronization is switched on at
18s to bring the voltage gradually in phase, after which the
static transfer switch can be closed. It can be seen from Fig. 8
that the islanding operation is successful and that the transition
to utility grid reconnection is smooth also for this case.
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5. RESULTS AND DISCUSSIONS

This section presents simulation results of the two proposed
control schemes for the islanding operation of the hybrid ac-dc
micro-grid. During normal operation, the wind speed will not
be constant and it will introduce another variation that has to
be catered for. Real wind speed data, sampled at 3s intervals,
is used to drive the wind turbine for these simulations. It is
opted here to overcome the variations in the wind driven
generator output due to the varying wind speed by introducing
a smoothing battery energy storage system (BESS) at PoC,, as
shown in Fig. 9.
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Fig. 9. Smoothing BESS introduced at the generator terminals
The BESS is controlled to smooth the output power to a
constant reference value [30]. For both cases a reference of
4.34MW is used. It is not implied that this is the most cost

effective solution and other solutions might be possible.
However this solution allows the examination of the
performance of the different elements of the micro-grid. All
simulations are performed in PSCAD/EMTDC [31].
Simulation block sets for direct method is shown in Appendix.

A.Method 1 — Direct Frequency and Reactive Power Control

Figure 10 and 11 show the micro-grid operation using the
proposed direct frequency and reactive control method when
the cage induction generator based wind turbine is driven by
real wind speed. The plots, from top to bottom, show the wind
speed (Vy,), the frequency (f), the generator output power
(Pg), the smoothened output power (Py), the grid power
(Pgria), the ac load (L), the interface converter power (Pcony)
and the voltage levels (Vo and Vpecz). The micro-grid is
initially operating in steady state, exporting 0.50MW to the
grid and 1.63MW to the dc bus.
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At 10s, the utility grid is disconnected to initiate islanding
operation. The resulting shift in frequency triggers the
frequency control that directly modifies the interface converter
reference. The voltage level is regulated as initially. It can be
seen from Fig. 10 that the smoothened output power (Pgn)
does not follow the reference when the utility grid is lost. The
frequency controller however is able to overcome the active
power variation. Once the frequency is regulated, the
smoothened power follows the reference value. Variations in
the frequency can also be seen in the period from 28s to 30s,
when the resynchronization controller is enabled. The utility
grid is reconnected at 30s. As for the case of the constant
wind speed, a smooth transition is obtained.

B.Method 2 — Artificial Grid

The micro-grid operation under the same conditions as for
the results shown in Fig. 10, 11, but using the artificial grid
control scheme are shown in Fig. 12 and 13. The plots follow
the same order as for Fig. 10 and 11. It can be observed that
even in this case, the micro-grid operates successfully in
islanded operation. The interface converter power flow (P¢ony)
is smoother as a separate converter is used for the frequency
regulation.

The frequency and voltage regulation obtained for the two
proposed control schemes are compared in Fig. 14. The plots
show the frequency (f), the induction generator rotational
speed (mg) and the voltage level (Vpoco). The frequency
fluctuation for method 1 at resynchronization is 1.5% while
for method 2 it is 1%. The fluctuation for method 1 in
rotational speed is 1.5% and fluctuation settles in 1 s. In
method 2, the fluctuation is 1.2%, however it settles within 2
s.It can be seen that the behavior is very similar except for a
more marked variation of in the rotational speed (mg) during
the resynchronization process of the artificial grid method.
This should however be improved through retuning of the
relevant controller.
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Fig. 14. Comparison of frequency and voltage regulation for the two proposed

control schemes

6. CONCLUSIONS

This paper concerns the islanding operation of a hybrid dc-ac
micro-grid with a high penetration of wind driven cage
induction generators connected on the ac bus. Two control
strategies, direct frequency and reactive power based control
and the use of an artificial grid, were proposed to regulate the
voltage and frequency during islanded operation. The former
control scheme superimposes an additional power demand on
the interface converter reference for the frequency regulation
whilst maintaining the original voltage regulation loop. In the
latter control scheme, an inverter is operated in voltage mode
to provide artificial references for voltage amplitude and
frequency. A battery storage system is introduced on the ac
bus for this purpose in this work. However, as discussed,
other options might be examined for example using one of the
parallel converters used to interface the ac and dc buses. A
voltage resynchronization scheme was also proposed for the
two cases to bring the micro-grid voltage in phase with the
utility grid voltage before reconnection.

Simulations in PSCAD/EMTDC have shown that both
schemes can regulate the voltage and the frequency well when
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Fig. 15. Simplified simulation block set for direct approach

operating under a realistic scenario using real wind speed data
and hence stabilize the operating point of the cage induction
generator.  Comparison of the performance of the two
schemes shows that they can achieve comparable frequency
and voltage regulation responses.

TABLE 1
INDUCTION GENERATOR PARAMETERS

Type Quantity
Rated voltage 0.69kV
Power TMVA
Stator resistance 0.01pu
Rotor resistance 0.01pu
Leakage reactance 0.1pu
Magnetizing reactance 3.5pu
Rotor mutual reactance 0.12pu
Inertia constant 3sec

TABLE 2
MICRO-GRID PARAMETERS

Parameters Quantity
Base MVA TMVA
Rated voltage 6.6kV
DC generation 0.5MW
AC load 2.21MW, 2.4kV
DC load 2.13MW, 6.6kV
DC bus voltage 6.6 kV
DC link capacitance 100000pF
Converter Set point (Peony) -1.63MW
PoC; voltage set point (Vpocs ) 1.0pu
Line impedance (L;) 0.01+j0.035pu
Line impedance (L) 0.001+j0.002pu




TABLE 3

CONTROL SETTING PARAMETERS

Method PI controller Gain (KP) Time constant
(Ti)
PI1 3 0.012s
. PI2 3 0.012s
B PI3 1.3 0.0116s
§ PI4 1.3 0.0116s
PI5 10 0.01s
PI6 0.03 1s
PI1 5 0.0012s
% PI2 5 0.0012s
= PI3 5 0.0011s
= Pl4 5 0.0011s
PI5 0.577 0.075s
NOMENCLATURE
BESS Battery Energy Storage System
DG Distributed Generation Systems
Lac AC load consumption
Lgc DC load consumption
Ppy Photovoltaic cell output power
Pw Wind turbine extracted power
P Generator output power
Vw Wind speed
Co(4,p) Power co-efficient
A Tip speed ratio
p Air density
R Radius of the turbine
Rnas Battery internal resistance
APgync Adjusted set power from re-
synchronization block
APs Adjusted set power from secondary
frequency control block
Pconv Power transfer through interlinking
converter between AC & DC buses
Peonv Reference power transfer through

Vpoc2 s Veoct

* *
VPOCZ ) VPOCl

Ly
Lo
SS

QPLL

Iconv_q, lconv_g

Iconv d Iconv q

interlinking converter between AC & DC
buses

Voltage measured at point PoC2 and
PoC1

Reference voltage at point PoC2 and
PoC1

Measured system frequency
Reference for system frequency
Medium length line

Short length line

Sectionalizing switch

PLL angle

d-axis and g-axis current

d-axis and g-axis reference current
Frequency reference

Voltage at ac load

Output power of wind farm
Smoothen output power

Rotational speed

Power export or imported by grid
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