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Abstract

The present study proposes an angle droop controller for converter interfaced (dispatchable) distributed generation (DG)
resources in the islanded mode of operation. Due to the necessity of proper real and reactive power sharing between different
types of resources in microgrids and the ability of systems to respond properly to abnormal conditions (sudden load changes,
load uncertainty, load current disturbances, transient conditions, etc.), it is necessary to produce appropriate references for all of
the mentioned above conditions. The proposed control strategy utilizes a current controller in addition to an angle droop
controller in the discrete time domain to generate appropriate responses under transient conditions. Furthermore, to reduce the

harmonics caused by switching at converters’ output, a LCL filter is used. In addition, a comparison is done on the effects that
LCL filters and L filters have on the performance of DG units. The performance of the proposed control strategy is demonstrated
for multi islanded grids with various types of loads and conditions through simulation studies in the DigSilent Power Factory

software environment.
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I. INTRODUCTION

The increased growth of DG can cause several problems
for power networks. Problems which have arisen in the
presence of distributed generators include:

1. Lack of proper control units results in stability
problems under transient conditions.

2. Protection of DG units is very important in the grid
connected mode.

3. The amount of power produced by DG units must
guarantee an appropriate level of voltage, frequency
control, amount of harmonic distortion, and reactive
power supply.

4. The presence of DGs in distribution networks
results in a loss of the network radial structure and a
lack of coordination in the protective equipment.

5. The special features of DG units and their low
inertia can result in technical and operational
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challenges in terms of the stability of power
systems.

6. The incorrect positioning of these products can
increase the losses in networks.

7. Distribution networks are designed with the
assumption that the input of distribution substations
is connected to a transmission grid which is the only
source of power and short circuit capacity of
networks. DG units, which put the power supply in
different parts of the distribution network, are in
violation of this assumption. As a result, these
resources create situations that cannot occur in
traditional networks.

Numerous studies have been done in this field to overcome
these problems. Most modern DGs use a converter as an
interface between the network and the sources. Therefore,
most studies are focused on how to control these converters.
Reference [1] proposed droop angle method to control the
power output of a converter. It is assumed that there are two
types of DG systems. Each system has its own local load, and
it assumed that a microgrid is in the grid connected mode. In
addition, [2] offered a method for improving the power
division between DG units using an angle droop controller. In
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[3], [4], a comparison is made between angle droop and
frequency droop. It is illustrated that angle droop shows a
better overall performance. However, the effect of the
proposed controller is not studied under unbalanced or
nonlinear load conditions.

The coefficient of voltage droop can be defined as a
function of the VSC active and reactive power outputs for the
parallel operation of inverter-based DG systems [5]. In
addition, converter systems can be equipped with active and
reactive power controllers to optimize the behavior of the
system under transient conditions. It must have the ability to
maintain the angle stability and voltage quality of a microgrid
within regions [6]. In practice, the proposed methods may not
guarantee the control stability, robustness, or performance
promised by the assumed models. Reference [7] investigated
inverter-based DG systems in which the circuit and controller
features can decrease or even increase the oscillations of a
system.

To decrease the effects of load dynamics on the stability
and performance of a system, based on a feed forward
method, its DG units can be controlled. The design of the
controller is easy in this method [8-10]. In addition, adaptive
feedforward compensator can decrease the effects of load
dynamics on DG units [11]. A control strategy has been
proposed based on a mathematical discrete time model for the
operation of a single dispatchable distributed generation unit
[12]. This model is also applied to the performance of
variable frequency DG units. However, adaptive control
systems are highly nonlinear and time-varying. In addition,
their stability requires the satisfaction of conservative
constraints.

To remove the harmonics produced by converters, LCL
filters are often used because of their better performance
when compared to other types of filters. Moreover, these
types of filters can be affordable. The main advantage of LCL
filters over simple L filters is their effectiveness since L
filters may attenuate only about 20db per decade over the
whole frequency range [13]. LC filters such as network
inductance have a variable resonant frequency in their
lifetime. Therefore, these kinds of filters are not suitable for
use in poor networks [14]. For LCL filter design, a method
can be used so that the resonant frequency of the filter is set
above the Nyquist frequency [15]. The switching frequency
of converters is limited to 1 kHz because of the thermal
limitations of semiconductors. This could limit the frequency
band between the main and carrier frequency so that it is less
than one-tenth of its real value. Therefore, the design of
LCL-filters can be more challenging. In this case, a selective
harmonic elimination bandwidth modulation method can be
used, which eliminates low order harmonics and optimizes
the LCL filter design [16]. Reference [17] proposed a
harmonic model for LCL filters and then investigated the
relationship between the parameters of the LCL filters, the

resonance frequency, and ripple reduction at high frequencies.
A method was proposed for the design of LCL filter
parameters through an analysis of the current total harmonic
distortion at the converter side inductance and a current ripple
factor reduction injected into the network by the LCL filters
[18]. Choosing appropriate parameters for LCL filters is also
an affordable way to reduce switching harmonics at the grid
side. Therefore, a cost function can be a criterion for LCL
filter design [19]. A LCL filter traps topology can be used to
design and analyze the filters used in high-power two-level
converters, and this method can also be used for conventional
LCL filters [20]. However, these methods bring extra control
difficulties such as causing instability of the closed-loop
control system.

The current study focuses on problems in the traditional
control strategies. It uses a feedforward compensation method
to change the dynamic interaction between DG units and a
network. The proposed strategy behaves like a traditional
droop controller. Therefore, it does not have any effect on the
power division or voltage/frequency regulation. By changing
the contribution of the load dynamics, the network stability
increases. One problems is the impact of load current on the
operation of a control system. This study uses a feedforward
compensation for the removal of internal couplings and a
reduction in the impact of load dynamics on the control
system. Under these conditions, a closed loop system shows
similar dynamic behavior under the no-load and loaded
conditions. The present study uses the advantages of a PLL
unit, which eliminates the need for external frequency
measurements. It can also set up a control strategy under
unusual circumstances and show robust properties under
different switching conditions. The effects of balanced,
unbalanced, and nonlinear load conditions are addressed.
Sudden and random load switching incidents and short circuit
events on the terminal voltage of a DG unit in the islanded
mode operation of a microgrid system are also considered.
Details of the mathematical modeling and controller design
method in the discrete time domain are described. Moreover,
to overcome the harmonics caused by converter switching,
two types of filter are used. In addition, their effects on the
performance of DG units are investigated. The impact of the
proposed control strategy on network stability has been
evaluated in the Digsilent Power Factory environment.

The rest of this paper is organized as follows. Section II
describes the structure of an islanded network. Section III
presents a mathematical model for DG units in the islanded
mode of operation. Section IV illustrates a stability analysis
of the controller. Section V presents simulation results to
illustrate the effectiveness of the proposed strategy. Section
VI concludes the paper.

II. ISLANDED NETWORK AND DISTRIBUTED
GENERATION STRUCTURE
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Fig. 2. Current control systems of the DG units with LCL filter.

Fig. 1 shows the general configuration of a microgrid. This
microgrid can be applied in both the connected or islanded
mode. DG units and loads are disconnected from the main
grid if the Br switch is tripped. In the connected mode, the
outputs of the DG units are delivered by transformers to the
main grid, and a part of the local loads can be provided by
these units. The network of Fig. 1 consists of two converter
interfaced (dispatchable) DGs, and the outputs for each of the
DG units are connected to the main bus (PCC) through
transmission lines which supply four types of local loads.
These loads are: 1) balanced three-phase loads; 2) induction
motor loads; 3) unbalanced loads; and 4) rectified loads. Each
of these loads can be connected through a transformer to the
main bus.

Fig. 2 illustrates the control unit of a single DG unit. The
DG unit has a voltage source converter supplied by a DC
source. The DC supply represents an energy storage or the
rectified DG output of a dispatchable generator. Switching
signals are provided for the voltage source converter through
a current controller. In this controller, a three-phase system to
a d-q two axis system transformation is used where 0 is the d
axis degree with respect to the stationary axis o.

This angle is provided by a PLL block. Another output of
this block is the frequency generated by the DG units. The
three phase variables I, loabes Veabes Verabes and Vigpe
represent the converter, the network side current of the LCL
filter, the converter side, the capacitor voltage of the LCL
filter, and the PCC bus voltage, respectively. The purpose of
this filter is to smooth the output voltage and to remove the

Fig. 3. Single phase model of the LCL filter.

harmonics produced by the converter. The parameters of this
filter can be obtained by the method introduced in references
[21], [22]. Fig. 3 shows a filter per-phase model, where Rc,
Lc, Ry, and L, represent the resistor and inductor of the
converter, and of the grid-side of the LCL filter, respectively.
Rf and C; represent the damping resistor and capacitor of
this filter.

To produce references for the active and reactive powers,
the bus power of the DG units, the voltage, and the frequency
of the filter grid side are measured and sent to the angle and
voltage droop controller block. In the Angle Droop Controller,
the voltage angle is compared with its reference value. Angle
(1) can be used to generate a reference [6].

@ (a)s (m X P a)PCC / COPC% M

Where ®*, ws, o, PCC, m, P, and KI are the reference angles,
measured frequency, reference frequency, droop coefficient,
measured active power, and integral factor, respectively. Fig.
4 shows a method for obtaining a reference angle.

Differences between the measured and reference values of
the voltage and angle are used to produce the active and
reactive power references based on (2) in the angle and
voltage droop controller block.

0= Cratea ~ m(PRated - P) 2)
V= VRalu/ (QRmed - Q)

Where 644> 0, Prateds Ps Qrateds Qs Virated» ¥V, and m, n represent
the reference angle, the produced angle, the reference and
measured active and reactive power, the reference and
measured voltage, and the droop coefficient, respectively.
The outputs of the block are then sent to the PQ controller
unit to produce a reference current for converter switching
through the PLL block outputs.

In the connected mode of operation, the voltage and
frequency of the microgrid are influenced by the main gird.
The islanded mode occurs when the Br switch is tripped. In
this mode of operation, the DG units are responsible for the
provision of loads and for maintaining the voltage and
frequency of the grid. Therefore, a control method is needed
to regulate the actual amplitude and frequency of the bus
voltages under various conditions.

III. CURRENT CONTROL STRATEGY

In order to eliminate the harmonics produced by a
converter, this study considers LCL and L filters at the
outputs of the DG units. The effects of these filters on the
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Fig. 4. Production of the reference angle.

performance of the DG units are investigated through discrete
time equation in parts A and B.

A. Current Angle Droop Control Strategy with an LCL
Filter

The current control strategy includes the core shown in
Fig. 2. The main purpose of the current controller is the
adjustment of the current components at the ac-side of VSC
by means of pulse width modulation. To analyze how the
required pulses are produced in different situations, the
continuous-time state equations of the grid and converter side
currents of LCL filter in Fig. 2 are defined as follows:

L ﬁ+R 1, +V.,=U
Ca T 3
L, %+Rg12 +V, =V

In (3), I, L, V¢p, and V, represent the three-phase state
vectors of the LCL filter network and converter side currents,
the capacitor voltage of the filter, and the DG unit output
voltage, respectively. The converter side voltage of the LCL
filter is controlled by PWM signals of the VSC based on U
signal. The state equations expressed in (3) can be
transformed into two axis d-q rotating forms according

to m = (Rd ) +jRy (t)) e/% . Therefor a d-q rotating form
of (3) can be obtained as follows.
L %(Ild + I, )’ + R.(1, + jI,, )"
+ Vo + Vo " =0, + U, e
L, %(]M + L, )" + R, (1, + L, Je”’

+(th +szq)ejg = (VC/d +jVqu)ejg
A simplified model of (4) can be expressed as follows.

4)

d
L.—11g =—R.11g +Vcg + Lol +U
< u 1d clld TV Cfd +Le®llg d (5)

d
L. Ellq =-Rclg +Vfg —Leolig +Uy

d
LgEIQd =_Rgl2d_th +Lg®12q+VCfd (6)

d
Lg EIZq ==Rglpg —Vig —Lgolyqg +Vcyy

In (5) and (6), @ is the PLL block output and its relationship
with the angle 6 is as follows.
L (7
dt

Vs and Vg can be obtained from (5) and (6) as follows.
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Fig. 5. Current control of DG unit with LCL filter.

3 U,

Veglk)

d
Vesa :LgEIZd +Rglng +Vig —Lgwlpg ®)

d
Vefg =Lg 512(1 +Rglpg +Vig +Lgolg
By substituting (8) into (5) it is possible to deduce the
following.

d d
Le—1Ng=-Relig +Lo —1ng +Rolpg +Vig —Lowlpg + Lol +U
< 1d clld tLg @ 2d tRglpd +Vid —Lg®lpg + L0y d (9)
ha

d d
L Ellq =-Reljg+Lg Elzq TRglog +Vig +Lgolyg —Leollg +Uy

Ag

Using Ay(T)=¢"",By(T)=( ¢*" dr)B to convert (9) from
continuous to discrete-time, it is possible to obtain the
following.

NG (k+1)=alyg (k) +bkg (k) (10)
Ig(k+1)=al1q (k) +bh g (k)

The a and b parameters can be obtained by.

I (k+1) =al1g (k) + b2 g (k) a=e Le (11)

Ig (k+1)=al1g (k) + b2 g (k)

In (11), Ts represents a sampling period. In order to obtain
L4(k),I;4(k), at each step of k in (9), it is necessary to specify
Lg(k+1),I,q(k+1). To estimate the (k+1)th value of these
variables, x(k+1)=2x(k)-x(k-1) can be used [23]. Equations
(3) to (11) represent the current control scheme with a LCL
filter whose block diagrams are shown in Fig. 5 and Fig. 6. In
Fig. 5, Lia(k),Liq(k), La(k),Io(k), and Uq4(k),Uy(k) are output
and input signals of this control plant.

Fig. 5 illustrates that in order to regulate the output voltage
and frequency of the DG units, the error signals
ea())=lger(k)-Lia(k) and  eq(k)=lger(k)-I1q(k) should be
processed to produce the Uy(k) and Ug(k) signals necessary
for the control scheme. To process the error signals, Ky(z)
and K,(z) blocks are used. In these two blocks, a simple PI
compensator can be used to eliminate the steady state error
signal.

B. Current Angle Droop Control Strategy with a L Filter

In this part, the impact of a L type filter on the DG unit
output is studied. In order to recognize the effect filter type
has on the DG unit outputs, a comparison is done between the
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Fig. 6. Capacitor voltage of DG unit with LCL filter.

outputs of these two filters. Fig. 7 illustrates a control system
for distributed generation with a L filter. In accordance with
the described contents, continuous time state equations of a
system with a L filter are expressed. They are similar to

(3)-(6).

d
Le—1g (k) ==Rc1g (k) +Vig (k) + Leo(k)1g (k) +Uq (k)

dt - )
L¢ %llq (k)==RcI14 (k) +Vig (k) + Lew(k)I1q (k) +Ug (k)
A

q
By transforming (12) into discrete time it is possible to
deduced that:
L (k+1) = al,(k)+bp,
L, (k+1)=al (k)+bB,
The values of a and b can be obtained by (11). In addition,
the parameters Bqand By can be defined as:

T
fi=e, . (14)

B, = L0 (k) + 4, (k) +V,, (k)
C/»

(13)

A DG unit current control block with a L filter is shown in
Fig. 5 except that V¢ is replaced with the terminal voltage V..
The rest of the blocks are the same as those of the LCL filter.

IV. STABILITY ANALYSIS OF A CONTROLLER
WITH A LCL FILTER

According to the network, the impedance value as seen
from the LCL filter can be expressed as follows [24].

$3LeLgCrs?(LeRg +ReLyg
s2L.C+s(KC+RoC)+1 (15)
S(RcRgC+ KRgC+ Lc+Lg)+Rc+Rg
s2LoC+s(KC+RoC)+1
Where, L., R, Ly, R, and C represent the resistor and
inductor of converter and grid-side of LCL filter, and
capacitor of LCL filter, respectively. The effects of the
controller on the impedance value can be expressed by:

+KLy)C
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Fig. 7. Current control systems of the DG units with L filter.

GTotal =Gnet +G PI (16)
Where Gy is the controller transfer function. A high grid
impedance at a given frequency, can ensure a small
percentage of voltage disturbances at the grid current.

$'LLgC+5*(L,Ry +R.Lg + KL C |

s?L.C +s(KC+ R.C) +1
s(RcRgC + KRgC + Lc+ Lg)+ Rc + Rg (17)
s2L.C+s(KC +R,C)+1
~ 1 (K, +51)
s2L,C + s(KC + R.C) +1 s
Due to the penetration of the digital controller into the
power system, the continuous time signal should be
converted into discrete time. To keep the samples fixed in
each period, which is required for the optimal performance of
the controller, the sampling period is locked to the signals’
period to produce a fixed number of samples per cycle, which

Grotal =

means that N = T/T is always constant. Where, T, and T
S

represent the sampling and signal periods, respectively. In the
present study, N is chosen to be 4. The main parameter,
which has the greatest effect on the stability of Gryw, is K,
and it is chosen to be 9 in this study. The discrete time model
of (17) can be obtained as follows [25].

Q.OZT(Z+efl.zleo4T)+3.6T(Z+e4.22x104r)

-1.22x10°T
e

H(z)=

~1.23x10°T
_e 7—

16722 —11.3T¢">"" 7 cos-143-611)Z  0.04T(Z+¢™>*7)
Zz _ 26—1.2x104r COS(6 IT)Z + e-2x1.2x10“r + 7 e—lzesr
8 5TZ* —10.04T¢ """ c0s(0.5608—34T)Z

7% D¢ ~121x10* Tcos(34T)Z+ ~2x1.21x10° T
12061"22 —-1270e ™ cos(-0.32-376(NZ
—2¢ " cos@76aNZ +e "
0 0244 22 0.0302re """ cos(-0.63— 20[)2
Z 2@ 127OTCOS(20]—v)Z+e—2><127(Y
0 01 3?22 0.042T¢ **™ cos(1.25-30T)Z
28 12267 COSGmZ+e—Zx]2267F

L2 1TZ2 —2.41Te™ cos(0.52—8T)Z

7> -2¢"" cos@T)Z +e '

+0.0067  (18)
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Fig. 8. Closed loop system pole zero plot (K=9).

Where, T represent sampling period. Fig. 8 illustrates the
location of the poles and zeroes of the whole discrete-time
closed-loop transfer function of the system for N=4 and K=9.

V. CASE STUDY AND SIMULATION RESULTS

To show the effectiveness of the control strategies
described in the previous sections, Fig. 1 shows the switching
details simulated in the Digsilent Power Factory environment.
The parameters of the lines and DG units used in a microgrid
are presented in the Appendix. In order to design the LCL
parameters, the procedures expressed in [21, 22] can be
applied. The design parameters of the LCL filter are provided
in the Appendix. The performance of this control system is
also investigated with a L filter. Hence the filter parameters
are designed based on the procedure expressed in [26]. The
loads connected to the microgrid of Fig. 1 consist of a
balanced three-phase load, an unbalanced load, and rectified
and induction motor loads. The values for each of the loads
are given in the Appendix.

In this case study, the balanced loads are connected to the
microgrid from the start up time of the simulation. In addition,
all of the loads of the microgrid in the connected mode are
provided by the main grid. At t=10s, the Br switch is opened,
and from this point, the DG units are responsible, based on
their droop coefficients, for the provision of loads. The series
of events investigated in this microgrid are given in Table I.
These events have been chosen to illustrate the behavior of
the proposed control strategy.

A. System Response in the Presence of a Conventional
Angle Droop Controller

As stated previously, the effects of uncertainties and
nonlinearities in the loads and fault conditions such as short
circuit events, are not investigated in the conventional angle
droop controller. The performance of this controller is
evaluated under a short circuit event. A three-phase short
circuit is created at t = 28s at line 1 of Fig. 1. To remove this

TABLEI
SERIES OF EVENTS INVESTIGATED IN MICROGRID
Item Event type Time (sec)
1  Disconnecting from main grid 10
2 Operation of controller strategy 10
3 Connecting rectified load 15
4  Connecting M1,M2 20
5  Connecting Load2 & Load4 25
6  short circuit event in line 1 28
7  Disconnecting Line 1 28.16
8  reconnecting Line 1 to microgrid 32
9  Opening phase a of Linel 35
10 Close phase a of Linel 41
11 Disconnecting Load2 & Load4 45

12 Changing reference voltage from 1 to 0.95 p.u 55
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Fig. 9. a- PCC bus voltage b-PCC bus frequency in the presence
of conventional controller.

fault, the line is disconnected after 0.16 sec. Fig. 9 shows the
voltage and frequency of the PCC bus in the presence of a
conventional angle controller. As this figure shows, at time
t=32s, after reconnecting line 1, the network leads to
instability. In order to solve this problem, the proposed
controller can be used.

B. System Response to the Mode Transfer of a Microgrid

In this section, the proposed control behavior and the
impact of the filter type on the DG unit outputs are
investigated. The following figures illustrate the impact of
these two types of filters on the output of the DG unit at the
same time.

After the Br switch in Fig. 1 is opened, the DG units
supply three-phase balanced loads. Fig. 10 and Fig. 11
illustrate that during the islanding mode, the voltage and
frequency for both of the DG units track their references at
steady and appropriate speeds. This condition also exists
when the motor and unbalanced loads are connected to the
grid at 20 and 25 second, respectively.

As the figures shows, the proposed control strategy can
force the DG units to track their references at stable and
appropriate speeds in less than 0.5 sec.
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filter b- DG #2 with LCL filter c-DG #1 with L filter d- DG #2
with L filter.

C. Response to a Load Current Disturbance

One type of load considered in Fig. 2 is a rectified load
which is a three-phase full-wave rectifier circuit using
thyristors as the switching element. In this case study, the
rectifier is switched on at t=15s. It should be noted that at this
time, the balanced loads are still connected to the grid. In
addition, the DG units should supply both balanced and
rectified loads.

D. Response to a Short Circuit Event and a Change in the
Circuit Topology

At t=27s, a three phase short circuit occurs at the
transmission line connected to DG unit #1. To remove the
fault, this line is disconnected after 0.16 sec, and from this
time, DG unit #2 is responsible for the provision of loads. As
shown in Fig. 10 and Fig. 11, the control system forces DG
unit #2 to track its references at a stable and appropriate
speed. To maintain the system frequency, DG unit #2 is
forced to produce active power beyond its rated capacity.
Therefore, the ability to produce reactive power needed to
maintain the system voltage at the reference value is reduced.
Accordingly, the voltage of the converter bus is dropped
0.175p.u. This problem is reflected on the PCC bus voltage
and frequency (Fig. 12). In order to fix this problem, a load
shedding should be done in accordance with the importance
of the loads to compensate for the voltage drop. At this time,
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the voltage of DG unit #1 remains at its reference value. It
should be noted that the transient condition settles down in
less than 2.5 sec. After the fault is cleared, at t=32s, DG unit
#1 is reconnected. It can be seen that the control system
settled down the transient condition in less than 3 sec.

E. Response to a Single Phase Trip of a Line

At t=35s, a single phase trip occurs at the circuit breaker of
linel. As shown in the figures, the proposed control strategy
can force the DG units to track their references at a stable and
appropriate speed.

F. Response to Changes in the Voltage Reference

At t=55s, the reference voltage is decreased about 0.05 p.u,
and the system control forces the DG units to follow their
frequency and voltage references with a stable and
appropriate speed. It takes about 1.5 sec to settle down the
transient condition. Fig. 13 shows active and reactive power
sharing between the DG units under different conditions.

Fig. 13-a and c show that active power sharing is done
based on the droop coefficient, and that power output of DG
unit #1 is greater than that of DG unit #2. This power sharing
is done in a stable manner and at an appropriate speed under
all conditions. Considering the reactive power sharing due to
the R/X ratio of the transmission line, this ratio is more than 1
in the distribution network, unlike the droop coefficient. DG
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unit #2 has a larger part than DG unit #1 in the provision of
microgrid reactive power. By increasing the inductance of the
lines when compared with the resistance property, the reverse
mode is created in the reactive power sharing.

For the maximum ratio of ' = ™% VPCCpos» which occurs
during the time of the DG unit#1 outage, this ratio is below
40% which refers to the low imbalance condition (Fig. 13).
For other simulation times, this ratio is even lower than 20%.
These numbers demonstrate the effectiveness of the proposed
control strategy.

VI. CONCLUSION

The current study proposed an angle droop controller for
the converters of dispatchable DG units connected to a
network. Various types of loads including an induction motor
load, an unbalance load, and load current disturbance are
considered to demonstrate effectiveness of the proposed
control strategy. This strategy ensures proper load sharing
between all of the DG units via utilizing a current controller
with an angle droop controller in all of the loads. A LCL type
filter may eliminate the harmonics produced by the interface
converters. The overall effectiveness of the proposed control
strategy was studied in detail with several loads and transient
conditions. In addition, a comparison was done between two
types of filters. The results reveal the good effect a LCL filter
has on the performance of an overall control system when
compared with a L filter.

APPENDIX

TABLEII
PARAMETERS OF DG UNITS USED IN MICROGRID

DG Parameters

Parameter DG #1 DG #2
m (p.u) 0.0167 0.02
n (p.u) 0.0333 0.04
S (KVA) 120 100
Voltage (V) 400 400
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TABLE III
PARAMETERS OF LINES USED IN MICROGRID
Line parameter Line Linel
R(Q/Km) 0.1 0.1
XL(Q/Km) 0.02 0.02
Length(km) 3 2
Voltage(V) 400 400
TABLEIV
ACTIVE AND REACTIVE LOAD VALUES OF PCC BuUs
P(KWatt) Q(KVar)
Loadl 22 4
Load3 30 5
M1,M2 3 4
Phase a 10 5
Load2 Phase b 0 0
Phase ¢ 15 6
Phase a 0 0
Load4 Phase b 10 6
Phase ¢ 17 4
Rectified Load 40 5
TABLEV
DESIGN PARAMETERS OF LCL & L FILTER
Parameter Remark Value
f, Grid frequency 50
fsw Switching frequency 10 KHz
LCL Filter DG #1 DG #2
Lc (mh) Converter-side 0.68 0.817
inductance
L, (uh) Grid-side inductance 15.91 19.12
Cy Filter capacitance 95.5 79.5
R¢ Damping resistance 0.1345 0.162
Rc Converter-side 0.12 0.15
resistance
R, Grid-side resistance 0.015 0.017
L Filter
L (mh) Filter inductance 1.282 1.53
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