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Abstract—This manuscript develops a unified control structure
for Distributed Generation (DG) units based on Voltage Source
Converters considering unbalanced and non-linear operating
conditions. This control structure works for both the Islanded
and the Grid-connected modes of operation of the Micro-Grid
(MG). The objective of this control scheme is to regulate the
line currents of the DG unit in such a manner that the voltage
at the Point of Common Coupling (PCC) remains balanced
despite the line currents of the DG unit being unbalanced and
distorted. Multiple adaptive P-R controllers have been proposed
for the current control loop of the Voltage Source Converter
(VSC). These controllers have been implemented with resettable
integrators so as to limit the DC components in the post fault
current of the VSC. The Battery Energy Storage System (BESS)
is interfaced to the DC link of the VSC through bi-directional
dc-dc converters. An improved control structure for the bi-
directional dc-dc converter has been developed. The effectiveness
of these control structures have been presented and tested in
PSCAD/EMTDC in an IEEE 34 node distribution system model
being fed by two identical DG units.

Index Terms—Voltage Source Converter (VSC), Bi-directional
dc-dc converter, Micro-Grid (MG), Generalized Integrator (GI).

I. INTRODUCTION

HE concept of the Micro-Grid (MG) involves the use of

Distributed Generation (DG) units delivering power to
low voltage distribution systems so as to ensure a balance
between the generation and load within the local network
[1]. The DG units within the MG usually operate differently
when the MG is in the Islanded Mode (ISM) and in the Grid-
Connected Mode (GCM) of operation, and so the researchers
felt the need for utilizing two distinct sets of control structures
for the DG unit [2] — [4]. However it is clear that the use of
two distinct sets of controllers makes things complicated and
so, references [5], [6] presented a unified control structure that
works for both the ISM and the GCM of operation. Although
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reference [5] presented a common control scheme that works
for both the GCM and ISM of operation, the results for the
GCM and ISM of operation have been presented separately, a
transition from the GCM to ISM of operation and vice-versa
hasn’t been demonstrated. Also, unbalanced and linear loads
were considered with the traditional dq-frame control. Refer-
ence [6] dealt with unbalanced conditions very effectively, but
the method for separating the sequence components under non-
linear conditions would involve a laborious procedure. Refer-
ences [7] — [9] have presented control structures considering
non-linear loads and the Total Harmonic Distortion (THD) of
the PCC voltage with these schemes has been reduced to a
great extent. However references [7] — [9] have considered
very small systems with the load (non-linear and balanced
at harmonic frequencies) very close to the DG units and also
haven’t tested their algorithms for fault conditions. References
[7] and [9] have considered only the ISM of operation, while
in reference [8] two entirely different sets of control structures
have been utilized for the ISM and the GCM of operation (2nd
order Sliding Mode Control (SMC) for VSC current control
in the GCM and 3rd order SMC for PCC voltage control
in the ISM). Although SMC is very effective, the serious
disadvantage involved is the chattering effect.

In order to smoothen the power fluctuations from the PV
arrays, a Battery Energy Storage System (BESS) has been
utilized and it is usually interfaced to the DC link of the VSC
through a bi-directional dc-dc converter (unlike in reference
[6], where the BESS has been interfaced directly to the DC
link of the VSC, which may not be practically feasible). As far
as controlling the bi-directional dc-dc converter is concerned,
references [10] and [11] have presented a closed loop current
control structure for a full bridge converter, while the outer
loop voltage control to decide the reference command of the
current control structure has not been presented and therefore
only the constant current control mode of operation is possible.
Reference [12] has presented the inner loop current control and
the outer loop voltage control based on the small signal model.
The drawback of this control structure is that both the inner
loop current control and the outer loop voltage control models
do not have an open loop pole at the origin and therefore
in practice there will exist a certain amount of steady state
error. References [13] — [16] have presented a similar control
structure (inner loop current control and the outer loop voltage
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Fig. 1: (a). Circuit diagram of the DG unit with BESS and PV Arrays; (b). IEEE 34 node Distribution System (Modified) [17]; (c). Loads connected at node-844 of the IEEE 34

node Distribution System.

control) without feed-forward compensation. The main issue
is that the absence of feed-forward compensation will make
the overall closed loop control system sensitive to disturbance
inputs present in the open loop control models.

Hence the aim of the research presented in this manuscript
is to study the impact of non-linear loads on the dynamics of a
large MG being fed by multiple DG units; to present a unified
control scheme for the VSC that works for both the ISM and
the GCM of operation of the MG; and to present an improved
control scheme (employing feed-forward compensation) for
the bi-directional dc-dc converter (interfacing the BESS with
the DC link of the VSC), so as to achieve the following targets:

« To maintain balanced and sinusoidal voltages at the PCC
of the DGs, considering unbalanced and non-linear loads
(with unbalance even at harmonic frequencies).

o To limit unsymmetrical fault currents so as to protect the
power electronic switches.

o To utilize the same control structure for both ISM and
GCM of operation of the MG.

o To control the bi-directional dc-dc converter in such a
manner that the BESS will be able to handle the power

fluctuations from the PV arrays and to maintain the DC
link capacitor voltages constant at all times.

Multiple adaptive P-R controllers have been chosen for the
inner loop VSC current control. These controllers have been
introduced based on the concept of the GI [24] and have been
implemented with resettable integrators so as to limit the DC
components in the post fault current of the VSC. The outer
loop PCC voltage control (dg-frame and zero sequence) will
decide the references of the inner loop current control. The real
power and frequency control schemes in cascade [5], [6] (these
references have primarily focused on linear loads and the same
concept is extended to non-linear loads in this manuscript) will
decide the reference for the g-axis component of the PCC
voltage control.

II. SYSTEM DESCRIPTION

The circuit diagram of the DG unit is shown in Fig. la.
The VSC (represented by a three level Neutral Point Clamped
(NPC) converter along with the LC filter) is interfaced to
the MG through a coupling transformer. Two identical bi-
directional dc-dc converters interface two identical BESS
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Fig. 2: (a). VSC Current Control Structure for the VSC of the DG unit; (b). PCC Voltage Control Structure for the VSC of the DG unit (c). Outer Loop Control Schemes to
decide the references of the PCC Voltage Control loop in dg-frame.
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Fig. 3: (a). Closed loop current control for the bi-directional dc-dc converter; (b). Closed loop voltage control for the bi-directional dc-dc converter.

The VSC is regulated accordingly so that it delivers power to
the MG as per the load demand (if the MG is operating in
the ISM) or according to the reference command (if the MG
is operating in the GCM). The duty ratio of the bi-directional
dc-dc converters is regulated accordingly so that the BESS
banks will be able to handle the mismatch between the power
delivered by the VSC to the MG and the power generated by
the PV arrays. Two identical DG units are interfaced to the
modified version of the IEEE 34 node distribution system (the
circuit diagram has been displayed in Fig. 1b) at nodes ‘832’
— and ‘850’. Fig. 1c shows the connection of the spot linear load
detection logic and the non-linear load at node-844.

U(s)

3 III. CONTROL STRUCTURES

A. Control Structure for the VSC:

The aim of the VSC current control loop (displayed in
Fig. 2a) is to control the VSC currents (fundamental and
harmonic components) in abc-frame to the respective reference
commands by varying the modulation index of the individual
phases. Feed-forward compensation has been introduced based
on the open loop control model (which is obtained by applying
Kirchhoff’s Voltage Law (KVL) across the AC filter reactor).
Multiple adaptive P-R controllers (shown in Fig. 4) for control-
ling the fundamental and the harmonic components separately
and independently are employed. Therefore the compensator
‘K.(s)” in Fig. 2a can be mathematically represented as

i (L g i S

Fig. 4: Adaptive P-R Control implemented with resettable integrators.

banks (which are represented by the Thevenin’s equivalent follows:
circuit [18]) with the DC link capacitors (C7; and C5) of

the VSC. Two identical Buck-Boost converters interface two n s

identical PV arrays with the DC link capacitors (C; and Cs) K.(s) =Kp. + Z KRac,2i-1) 5 . 5
of the VSC. The duty ratio of the Buck-Boost converters i=1 52+ ((2i = 1wpLr)
(Dpy1(t) and Dpyo(t)) is regulated accordingly so that the LK 1 0
PV system will operate at the Maximum Power Point (MPP). RBel | g2 ¢ whip
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Where, ‘wprr’ is the tracked angular frequency of the PLL
(not shown in this manuscript due to brevity) and ‘n’ is chosen
as ‘19’, so that harmonics up to the 37" harmonic can be
regulated. The parameters of ‘K.(s)’ have been chosen as
follows:

2L Rf+ 2R
Kpe= "L Kppe1 = (J‘72ON) —wh Kpe (2)
Te,1 7—c,l
L 2(Rs+2R
KRrac,2i-1) = = L &y on) 3)

Te(2i—1) Te,(2i-1)

Where, ‘7. (2;_1)" is the desired time constant for the
(23 — 1) harmonic component. The expressions for ‘Kp,’
and ‘Krp.1’ in the equations above are specifically meant
for the fundamental component, while the expression for
‘KRAac,(2i—1)  is meant for the fundamental as well as the
harmonic components. The resultant closed loop transfer func-
tion while considering harmonics up to the 13" harmonic is
as follows:

I.(s) _ Iy(s) _ I.(s)
Ia7-ef(8) Ibr'ef(s) Ic'r'ef(s)

Where Num.(s) and Den,(s) have been displayed in
equations (Al) and (A2) in the Appendix respectively.

Num,(s)
Denc(s)

- Gch (3) = (4)

B. Deciding the references for the VSC Current Control:

Based on Fig. 2b, the PCC voltage control in dqg-frame
along with the zero sequence voltage control will decide the
reference commands of the VSC current control loop. The
Reactive Power—Voltage Droop control structure decides the
reference command for the d-axis component of the PCC
Voltage (Via,.,(s)). The Real Power control structure along
with the frequency control structure in cascade decide the
reference command for the g-axis component of the PCC
Voltage (Viq,.,(s)). The implementation of this cascaded
control scheme makes the overall control structure of the VSC
independent of the knowledge of the mode of operation of
the MG. In the GCM of operation of the MG, the real power
compensator ‘K p, (s)” will regulate the reference command of
the frequency control loop ‘fre;(s)’ in such a manner that the
real power supplied by the VSC of the DG unit Py, (s)’ will
match the desired reference command ‘Pz, (s)’. In the ISM
of operation of the MG, the real power compensator ‘K p, (s)’
will get saturated either at -0.1 or at 0.2 (because the frequency
limits chosen are between 59.8 Hz to 60.2 Hz) depending on
the error fed to the compensator and the droop control scheme
‘KPy, 00, Pr, ()" (shown in Fig. 2c) will now take charge in
deciding the reference command for the frequency control loop
‘f ref (S )"

Based on the open loop PCC voltage control model in
Fig. 2b, it is clear that there is a pole at the origin. Also,
all the harmonic components will appear in the feed-forward
terms I1q(s),Irq(s) and Ip.(s). Therefore it is sufficient
for K,q(s), Kyq(s) and K,,(s) to be purely proportional
compensators (each of gain ‘K,’). Therefore the resultant
closed loop transfer function will be:

5

Vsa(s) Vsq(s)
VSdref (S) B Vsqrcf (S)
_ ‘/;;o(s) _ Gch(s)Kv (5)
Viore; (8)  Cps + Gen(s) Ky

C. Control of bi-directional dc-dc converters:

The aim of this control scheme is to control the bi-
directional dc-dc converters of Fig. 1a, so that the BESS will
be able to handle the mismatch between the power delivered by
the VSC to the MG and the power generated by the PV arrays
(the control structure has not been shown in this manuscript
due to brevity). Therefore the PV arrays will always operate
at MPP as long as the BESS is not fully charged.

1) Inner loop current control: The aim of the closed loop
current control (Fig. 3a) is to control the filter reactor current
of each of the bi-directional dc-dc converters to the respective
reference commands, by varying the duty ratio of the converter
(Dpi(t), where x = 1,2). Feed-forward compensation has
been introduced based on the model for the open loop control
(which can be obtained by applying KVL across the filter
reactor ‘Lyy,,” and the IGBT switches in the ON state). P-
I compensators have been chosen for each of the control
loops. The zero of the P-I compensator (equation (7)) has
been chosen so that it coincides with the pole of the open
loop control model. Therefore the resultant closed loop system
is a 1% order system with the pole far away from the origin
(towards the left side along the real axis) resulting in a fast
and stable response. The compensators of the current control
loops are (where z = 1, 2):

K

S+ Zex
) =Kp,, + % 6)

S

chtw(s) = KPCE (

Where ‘z.,’ has been chosen as follows:

= <KICZ > _ <bem: + RONDC> 7
Kp,, Lfpta

2) Outer loop voltage control: By applying Kirchoff’s
Current Law (KCL) at the DC link Capacitors of the VSC
(for the circuit shown in Fig. 1a), the model for the open loop

control can be obtained and the equation for Converter-x will
be (where z = 1, 2):

Ic,(t) =Cy

Vo) (Vi)
. (v?cmu))l"““)

Bi-directional dc-dc Converter-x

+ Kpvon Ipva(t) (H)I’Wﬂ(t)>

DPV.?c (t)
PV Array-x
B (PL,Mst (t) + ProssV5Cia (ﬂ) Ve, ()
Vpe(t) Ryss
Resultant DC link current
®)

Where,
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6

0 if the PV system is OFF ®

The aim of the closed loop voltage control (Fig. 3b) is to
control the voltage of the DC link capacitor of the VSC (C;)
to the reference command by varying the reference command
of the inner loop current control (Ipts,.,,(t)). Feed-forward
compensation has been introduced based on the open loop
control model (equation (8)). P-I compensators have been
chosen for each of the control loops. The zero of the P-I
compensator (equation (11)) has been chosen so that it either
coincides or is placed very close to the pole of the open
loop control model. Therefore the resultant closed loop system
is a 2" order system (stable for all values of ‘Kp, °). The
compensators of the voltage control loops are:

1 if the PV system is ON
Kpvoy =

S+ Zyx
S

K
Kope(s) = Kp,, ( ) =Kp, + % (10)

Where ‘z,,’ has been chosen as follows:

Ky 1
ve = | —>—— | = 11
: (KPW ) (Rlsmcx> (v

The Closed loop transfer function for the voltage control
loops of Converter-x is as follows (for perfect Pole-Zero

cancellation):
( Kp, Kp, )
VCI (S) o Cszbtcr (12)

a K Kp K
Ve, (5) oy ( Pe ) - ( Pu. Pz>
Lfbtm Ca: Lfbtr

The Closed loop transfer function for the voltage control
loops of Converter-x is as follows (for imperfect Pole-Zero

cancellation):
Ve, () _ Nyz(9) (13)
VCzTEf (s)  Dux(s)
Where,
K
Nuo(s) = Kp,, Risa (s + e ) (14)
KP‘U.’L‘

Lyipte \ 3 Lyt
’U.L(S) RlélC.L <KPCI ) s° + KPCI + Rlé‘LCJ/ S

+ (14 Kp,, Risz) s + K1, Riss (15)

v

IV. SIMULATION RESULTS

Two identical DG units have been interfaced to the modified
version of the IEEE 34 node distribution system at nodes ‘832’
and ‘850’; and implemented in PSCAD/EMTDC environment.
The parameters of the compensators along with the parameters
of a single DG unit are displayed in Table A2 and Table A3 in
the Appendix respectively. The PV system is rated at 2.3 MW
at STC (for each of the DG units). For the Real Power Control
structure of each of the DG units, the reference command has
been set at 1.15 MW.
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TABLE I: Steady state values of % THD at t=3.0s for the
results of Section IV-A

Location Variables % THD
R Vsas Vsbs Vse 0.1556 %, 0.1205 %, 0.1323 %
DG unit-1
Iras Iy, I1c 9.1071 %, 12.7654 %, 10.4523 %
. Vsa, Vsb, Vse 0.1835 %, 0.1140 %, 0.1389 %
DG unit-2
Ira, Inp, I1c 11.7821%, 15.6687 %, 12.5278 %
Node-800 V300a, V800b, V800c 2.6599 %, 3.4994 %, 2.2715 %
Node-830 V3304, V83006, V830c 2.8504 %, 3.8199 %, 2.4979 %
Node-832 V38324, Vg32b, Va32c 3.1698 %, 4.3056 %, 2.8336 %
Node-844 Vs44a, Vga4b, Vaaac 3.4540 %, 4.7209 %, 3.1201 %
Node-848 V&48a, Vg48b, V848c 3.5022 %, 4.7878 %, 3.1663 %
Node-850 V8504, V85005 V850¢ 2.5691 %, 3.3799 %, 2.2117 %
Node-862 V38624, Vs62b, Va62c 3.4190 %, 4.6669 %, 3.0816 %

A. ISM of operation of the MG—Response to a Load Transient
(Unbalanced linear load to unbalanced non-linear load):

The MG has been initially working in the ISM (after
performing a black start under default loading conditions as
reported in [17]). At t=1.0s, the spot load (linear) at node-
844 has been switched OFF by opening the circuit breaker
‘BRK_Lin’ (shown in Fig. Ic), and a three phase non-linear
load (shown in Fig. 1c with the parameters mentioned in
Table Al in the Appendix) connected at the same node, has
been switched ON (The power consumed by this load has been
shown in Fig. S5h) by closing the circuit breaker ‘BRK_NL .
From Fig. 5a, it is clear that the voltages at the PCC of DG
unit-2 are balanced and sinusoidal even though the currents
supplied by DG unit-2 (shown in Fig. 5b) are unbalanced and
non-linear (The THD of the PCC voltages and line currents
of both the DG units are shown in Table I). Therefore, it can
be concluded that the PCC voltage control structures (the dq-
frame and the zero sequence control) are able to regulate the
PCC voltages to the reference commands (as shown in Fig. 5j,
5k, 51). Based on Fig. 5c it is clear that the frequency control
structure is able to regulate the frequency of DG unit-2 to
the reference command. The instantaneous values of real and
reactive power delivered by DG unit-2 are displayed in Fig. 5d.
Based on Fig. 5e it can be observed that the BESS is capable
of handling the imbalance between the power delivered (to the
MG) by the VSC and the power generated by the PV system.
This has been made possible because, the control structure for
the bi-directional dc-dc converter has been able to control the
BESS currents (Fig. 5i) and the DC link capacitor voltages
(Fig. 5f) to the respective reference commands. Therefore the
PV arrays will always operate at MPP until the BESS gets
fully charged. Table I shows the THD of the Phase voltages at
various points in the network. The THD is different in the three
phases which clearly indicates that there is unbalance even at
harmonic frequencies. It also can be observed that the THD
of the voltages at the far ends of the feeder is much higher
when compared to the nodes that are closer to the DG units
(Fig. 5g shows the Phase voltages at node-844). The reason for
this condition is that even though the PCC voltages of the DG
units are balanced and sinusoidal, the voltages at the far ends
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Fig. 6: ISM of operation of the MG-Response to variation in insolation.
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Fig. 8: Synchronization of the MG to the main grid.
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of the feeder get distorted because, the voltage drops across
the feeder are non-sinusoidal because of the non-sinusoidal
currents flowing in the feeder.

B. ISM of operation of the MG-Response to variation in
insolation:

The MG has been working in the ISM after the change
in load from linear to non-linear (in Section IV-A). At t=3.0s,
the insolation level for the PV arrays of both the DG units has
been ramped down from 1000 W/m? to 200 W/m? and then
again ramped up to 1000 W/m? (as shown in Fig. 6a for the
PV arrays of DG unit-1). Based on Fig. 6c¢ it can be observed
that the BESS is capable of handling the imbalance between
the power delivered (to the MG) by the VSC and the power
generated by the PV arrays. Therefore the PV system operates
at MPP even under varying insolation and the VSC supplies
constant power to the MG (as shown in Fig. 6d because there
is no change (in load) or a disturbance in the MG). From
Fig. 6b, it is clear that the outer loop voltage control structure
for the bi-directional dc-dc converter is capable of controlling
the DC link capacitor voltage to the reference command. As a
result, the reference for the inner loop current control structure
to control the BESS currents has been suitably varied (shown
in Fig. 6e) by means of feed-forward compensation so as to
achieve this target. Fig. 6f shows the frequency of DG unit-1.

C. ISM of operation of the MG—Response to a temporary
network transient (Single Line to Ground Fault):

The MG has been working in the ISM after the change in
load from linear to non-linear (in Section IV-A). At t=3.1s,
the MG has been subjected to a single line to ground fault
for a period of 0.12s, at node-830 (displayed in Fig. 7a). The
simulation results for this case have been displayed in Fig. 7.
The PCC voltage and the phase currents of DG unit-1 have
been displayed in Fig. 7b and Fig. 7c respectively. The steady
state values of the PCC voltage of DG unit-1 and the phase
currents of DG unit-1 have been displayed in Fig. 7e and
Fig. 7f respectively. From Fig. 7c, it can be clearly observed
that there is an initial overshoot in the line current because the
resonant part of the P-R controller is still active. It takes around
0.5 to 1 cycles for the fault detection logic (not presented in
this manuscript due to brevity) to detect the fault. Once the
fault is detected, the resonant part of the P-R controller will
be disabled (for the purpose of reducing the DC components
in the post fault current). Thus, the initial overshoot cannot
be avoided. Fig. 7h shows the instantaneous values of real
and reactive power delivered by DG unit-1. Based on Fig. 7i
it can be observed that the BESS is capable of handling the
imbalance between the power delivered (to the MG) by the
VSC and the power generated by the PV system even during
fault condition. The control structure for the bi-directional
dc-dc converter has been able to control the BESS currents
(Fig. 7g) and the DC link capacitor voltages (Fig. 7d) to the
respective reference commands. Therefore even during fault
condition, the PV arrays will always operate at MPP.

9

D. Synchronization of the MG to the main grid:

The MG has been working in the ISM after the change
in load from linear to non-linear (in Section IV-A). Between
t=1.98s and t=2.02s, a considerable phase difference between
the grid voltage and the voltage at node-800 can be observed
(Fig. 8b) and so the MG cannot be synchronized to the
main grid at this point of time. At t=3.0s, a negligible phase
difference between the main grid and the MG can be observed
(Fig. 8c). Therefore, at this point of time, the circuit breaker
‘BRK’ has been closed (which means that the MG and the
main grid are synchronized) which can be obviously inferred
from Fig. 8a, Fig. 8c, and Fig. 8d. The grid inductance has
been considered to be 0.2 pu for the purpose of considering a
weak grid. The P-I compensators of the Real Power Control
structures of all the DG units (will no longer be saturated) will
now control the frequency of the DG units, so that the Real
Power delivered (to the MG) by the DG units will now follow
the reference command of 1.15 MW (the real power supplied
by DG unit-2 can be observed from Fig. 8e). Under steady
state condition, the frequencies of the DG units and that of the
main grid will be equal. This is a clear indication that perfect
synchronization has been achieved (The frequency of DG unit-
2 is displayed in Fig. 8i). Under steady state condition, the
MG is delivering around 0.55 MW and absorbing around 0.1
MVAR (displayed in Fig. 8d) to the main grid (because the
real power delivered by the DG units to the MG is more when
compared to the real power drawn by the loads of the MG).
The Phase voltages at the PCC and the Phase currents of DG
unit-2 are displayed in Fig. 8g and Fig. 8h respectively. From
Fig. 8f, it can be clearly observed that the THD of the voltages
at the various nodes of the MG have reduced to some extent
after the MG is synchronized with the main grid, because of
the fact that the main grid has added some stiffness to the
MG.

V. CONCLUSIONS

In this manuscript a unified control structure for DG units
based on VSCs has been presented and studied on two DG
units delivering power to a local distribution system (working
as a MG). The PCC voltage control and the VSC current
control loops in cascade have been able to maintain balanced
and sinusoidal voltages at the PCC despite the line currents of
the DG unit being unbalanced and distorted. Multiple adaptive
P-R controllers are reported for the VSC current control loop.
The PCC voltage control consists of two parts — the dg-
frame control and the zero sequence control. The Real Power
control, the frequency control and the Reactive Power—Voltage
droop control structures play a role in deciding the reference
commands of the PCC voltage control structure in dq-frame.
The DG unit is capable of dealing with the unbalanced as well
as non-linear operating conditions (considering unbalance even
at harmonic frequencies). Also, an improved control structure
employing feed-forward compensation for controlling the bi-
directional dc-dc converter has been presented. Extensive
simulations in PSCAD/EMTDC have confirmed the usefulness
of the proposed controllers.
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APPENDIX

TABLE A1: Non-linear load at node-844

Voltage Ratio

24900/ 480 V

kVA Rating 500 kVA
Base Frequency 60 Hz
Transformer
Winding Type A/ Y-Gr
Copper losses 0.019 pu
Leakage Reactance 0.0408 pu
Type Single Phase
Device ON Resistance Ron,;, . 1 mQ
Di e
Re:t)i(éleer Filter Inductances L¢pRra, LfpRb, LfDRe 15 mH, 15 mH, 15 mH
Filter Capacitances Cpra, CpRrb CDRe 10 mF, 10 mF, 10 mF
Load Resistances Rjoqda; Rioadbs Rioade 0.3527 €2, 0.5290 €2, 1.058
TABLE A2: Compensator Parameters
Fundamental Component Te,1 = 0.0004s
VSC Current . d i
Controller Harmonic Components KRrAe,3 = 210 (3™ harmonic)

(h™ harmonic; h=5,7.....,37)

Kpaen = 471.25

PCC Voltage
Controller

dq-frame controller

(Kva(s); Kuq(s))

1.0

Zero Sequence controller

(KUO(S))

1.0

Loop filter of the PLL (Kpr1.(s))

(o)
1+ 0.002s

Notch Filter of the PLL

<Fn(s) =

52 —+ wg
52 + 20gwes + w2

we = 753.9822 rad/s; 64 = 0.8

Frequency Controller (K (s))

(575:)

Real Power Controller (Kp, (s))

(5)-(50)

Real Power—Frequency Droop Coefficient

(KPd7'uop)

0.083333 HzZ/MW

Reactive Power—Voltage Droop Coefficient

(KQd'r‘oop)

13.6 V/IMVAR

Buck-Boost Converter Controller

(Knmppra(s), Knppra(s))

(%)

Noise filter in the current control loops

(Gys(9))

1
(0.0015 + 1)

Bi-directional
de-dc
converter
controller

Inner Loop Current Controller

(chtl (S)v cht?(s))

0.8 (er 1.25)
s

Outer Loop Voltage Controller

(Kupt1(s), Kupr2(s))

10 = <7S +0'5>
s
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Nume(s) = " Kpe + | > Kpac,2i-1)| 8" + [Krpea + 455K pewp ;] s + [454K ppeawhyy, + TI0TTK powpy | 5™
i=1

+ [454K pacy + 446K gacs + 430K pacs + 406K gact + 374K paco + 334K rac 11 + 286K gac1s| whp s

+ [76623K gac1 + T3063K pacs + 66327TKgacs + 57183 K pac 7 + 46783Kgaco + 36663 K gac 11| wpr s

+ [28743K gac,13) wpps” + [T6623K g wpyy, + 6092515K powy ] s°

+ [6015892K pac1 + 5434948 K gac 3 + 4434340 K pac 5 + 3290548 K pac,7 + 2302372K gac.o] why 8"

+ [1656292K pac11 + 1234948 K pac 13) w187 + [6015892K ppe 1wy, + 230673443 K powy 1 ] s°
(224657551 K pac1 + 181758911 K pac 3 + 119814943 K g ac 5 + 69436591 K a7 + 43914191 K rac o] Wy 1 8°
[30262111 K pac11 + 21967231 K pac13] wh 1 s°

3616621254 K pac.1 + 2205448606 K g5 + 845905230 K  ac 5 + 438885846 K gac 7] wiy 15>

+
+
+ [224657551 K ppe 1w, + 3841278805 K pewpy, | s* + (3616621254 K e 1wpy , + 21878089479K pewpy 1] s
+
+
+

[
(252593254 K pac,o + 1795633TAK pac11 + 128816766 K pac,13] why,s°
(18261468225 K pac.1 + 2029052025K g ac 3 + 730458729K prac 5 + 372683025K pac.7 + 225450225K g ac.o] Wiy 1.5

+ [150921225K gac,11 + 108056025K pac 3] wpy s + 18261468225wr7 ; [Krpe,1 + Kpewyr ]

(AD)

Den(s) = [Lys + (Ry +2Ron)] [s'* + 455wh 1 s'2 + TT07Twh 18" 4+ 60925150, s® + 230673443wh, 1 s°]

+ [Lys+ (Ry 4+ 2Ron)] [3841278805wp ), s* + 21878089479wpy 1 s + 18261468225wpy, 1| + Num.(s)

(A2)

TABLE A3: DG unit Parameters

Total Capacity (PV Array-1 & 2 combined) 2.3 MW (n,=240; ns=48)
Open Circuit Voltage per module (Vocpy, ) 36 V
PV Arrays Short Circuit Current per module (Zscpy,) 844 A
Maximum Power Point | Current (/arpp) 7.65 A
(for each module) Voltage (Vs p ) 2674 V
Rypo1, Ripu2 0.25 m, 0.25 mQ
Buck-Boost Lypotrs Lypu2 0.003 H, 0.003 H
Converters Cpet, Coes 20000 4F, 20000 uF
IGBT ON Resistance (Ronp, ) 0.25 mQ2
s 0.25 m€2, 0.25 mQ
Bi-directional Rronr Brorz m m
de-de Ligpe1s Lypez 0.4 mH, 0.4 mH
Converters
IGBT ON Resistance (Ronp ) 0.25 mQ2
Rated Voltage (VoC1,.44001 VOC2,0104) 440 V, 440 V
Rsp1, Rsp2 00, 00
Battery Ce1, Con 112910400 F, 112910400 F
Energy
Storage Rse1, Rse2 0.2613 m<, 0.2613 mQ2
Systems
(BESS-1 and Rrsi, Rrsa 0.0586 mS2, 0.0586 m2
BESS-2) Crs1, Crgo 200615.55 F, 200615.55 F
Rrri, Rrie 0.175 m€2, 0.175 mQ2
Crr1, Crr2 1275944.55 F, 1275944.55 F
Winding Type Y-Gr/ Y-Gr
MVA Rating 1.65 MVA
Coupling .
Transformer Voltage Ratio 0.48/ 24.9 kV
Base Frequency 60 Hz
Leakage Reactance 0.1 pu
DC link Capacitances (C1, C2) 02F 02F
Rated Current (I.qteq) 2 kA (rms)
Voltage
Source IGBT ON Resistance (Ron) 0.25 mQ2
Converter
(VSC) Ris1, Ris2 00, 00
Filter Capacitance (C'y) 0.4 mF
Filter Inductance Ry =05mQ, Ly =03 mH
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