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Microgrid using DSTATCOM
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ABSTRACT: This paper proposes a method for power sharing
in autonomous microgrid with multiple distributed generators
(DG). It is assumed that all the DGs are connected through volt-
age source converter (VSC) and all connected loads are passive,
making the microgrid totally inertia less. The VSCs are con-
trolled by either state feedback or current feedback mode to
achieve desired voltage-current or power outputs respectively. A
modified angle droop is used for DG voltage reference genera-
tion. Power sharing ratio of the proposed droop control is estab-
lished through derivation and verified by simulation results. A
distribution static compensator (DSTATCOM) is connected in
the microgrid to provide ride through capability during power
imbalance in the microgrid, thereby enhancing the system stabil-
ity. This is established through extensive simulation studies using
PSCAD.

I. INTRODUCTION

HE INTERCONNECTION of distributed generators

(DGs) through electronic converters to an autonomous
microgrid has raised concern of stability due to the lack of
inertial generator to provide ride through during transients.
This becomes critical if the power generation by some of the
DGs suddenly reduces, e.g., when suddenly cloud covers
photovoltaic cells. This paper addresses this issue along with
proper load sharing during nominal operation. A load sharing
with minimal communication is the most desirable in an
autonomous microgrid that may span over a large area. The
most common method is the use of droop characteristics to
deliver desired real and reactive power to the system by the
DGs through parallel connected converters. In this case, only
local signals are used as feedback to control the converters.

The real and reactive power sharing can be achieved by
controlling two independent quantities — the power angle and
the fundamental voltage magnitude [1-5]. The system stability
during load sharing has been explored in [2, 3]. Transient sta-
bility of power system with high penetration level of power
electronics interfaced (converter connected) distributed gen-
eration is explored in [5].

Application of DSTATCOM in distribution systems has
gained considerable attention. While [6] discusses the dy-
namic performance of a DSTATCOM coupled with an energy
storage system (ESS) for improving the power quality of dis-
tribution systems, [7] presents a study about the influences of
a DSTATCOM on the dynamic behavior of distribution net-
works. The performance of a DSTATCOM as a voltage con-
troller or a power factor controller is analyzed in [7].
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With number of DGs and loads connected to a microgrid
spanning over a large area, power balancing through the mi-
crogrid is very important for system stability. When the power
generation by the DGs is less than the load demand, some of
the loads have to be shed. However the load trip command
will be executed after a finite time delay that is associated with
the circuit breaker open time. Therefore to shed the load prop-
erly and to avoid a system collapse, the microgrid voltage
needs to be held at its operating value for a few cycles after
the load trip command is generated. To provide this voltage
support, a DSTATCOM is connected to the microgrid. It is
well known that a DSTATCOM can provide reactive power
support in normal operation. However, it can release the en-
ergy stored in it dc capacitor during transients to provide ride
through to facilitate load shedding. In this paper, the effect of
sudden power loss is investigated with and without the
DSTATCOM connection.

II. MICROGRID STRUCTURE

The structure of the microgrid system studied in this paper
is shown in Fig. 1. It contains 9 buses that are separated by
feeder segments, 4 DGs, all of which are inertia less and VSC-
interfaced, 5 loads and a DSTATCOM. The location of the
DSTATCOM is chosen arbitrarily at the center of the micro-
grid. The feeder impedances are denoted by Z;, where ij indi-
cates the buses between which these are placed. The DG out-
put voltages are denoted by E.Zd, i = 1, ..., 4. Each DG and
the DSTATCOM are connected to the microgrid through ex-
ternal inductors as shown in Fig. 1. The loads are denoted by
Ld, to Lds. The system data used for the studies are given in
Table-I.

TABLE-I: MICROGRID SYSTEM PARAMETERS

System Quantities Values
Systems frequency 50 Hz
Feeder impedance
Zip =7y =234 = Zus = Zus = Zsg = 1.03 +j4-71 Q
Zo1 = Zns = Zso
Load ratings
Ld, 100 kW and 90 kVAr
Ld, 120 kW and 110 kVAr
Ld, 80 kW and 68 kVAr
Ld, 80 kW and 68 kVAr
Lds 90 kW and 70 kVAr
DG ratings (nominal)
DG-1 100 kW
DG-2 200 kW
DG-3 150 kW
DG-4 150 kW
Output inductances
Loi=Ley=Lgs =Ly 75 mH
L 2 mH
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Ld>
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Fig. 1. Structure of the microgrid system under consideration.

III. CONVERTER STRUCTURE AND CONTROL

The converter structure that is connected to DG-1 is shown
in Fig. 2. Here DG-1 is assumed to be an ideal dc voltage
source supplying a voltage of V. to the VSC. The converter
contains three H-bridges. The outputs of the H-bridges are
connected to three single-phase transformers that are con-
nected in wye for required isolation and voltage boosting [8].
The resistance Ry represents the switching and transformer
losses, while the inductance L, represents the leakage reac-
tance of the transformers. The filter capacitor Cyis connected
to the output of the transformers to bypass switching harmon-
ics, while Lg, represents the output inductance of the DG
source. The converter structures of all the DG sources and the
DSTATCOM are the same. However, the DSTATCOM is
supplied by a dc capacitor with an output voltage of V.

-
I:.':i_

=l

-

Fig. 2. Converter structure.

The VSC are controlled under closed-loop feedback. Con-
sider the equivalent circuit of one phase of the converter as
shown in Fig. 3. In this, u-V,. represents the converter output
voltage, where u is the switching function that can take on
values + 1. The main aim of the converter control is to gener-
ate u. From the circuit of Fig. 3, the state space description of
the system can be given as

M

X=Ax+Bu, + Byvpce

where u. is the continuous time control input, based on which
the switching function u is determined. The discrete-time
equivalent of (1) is

x(k +1) = Fx(k)+ Gu, (k) + Govpec (k) ?2)

Fig. 3. Equivalent circuit of one phase of the converter.

Neglecting the PCC voltage vpcc assuming it to be a distur-
bance input, the input-output relationship of the system in (2)
can be written in the following two forms

ch(z) M1 Z_1

- = 3
uc(z) N, 7! @
i](Z) — MZ Z_l (4)

The feedback control laws of the converters are generated as
discussed below.

A. Control of VSCs Connected to DGs

Under normal operating condition, the VSCs are controlled
in state feedback. From Fig. 3, a state vector can be defined as
= [ves i i1]. The state feedback control law is

e (k)= K[ (k)= (k)] ®)

where K is the feedback gain matrix and x* is the reference
state vector. In this paper, this gain matrix is designed using
LQR method.

When the power output of the DG suddenly reduces or the
load demands more than the rated output power from the DG,
it is switched to a sinusoidal current limiting mode. In this
mode, the output current required to produce the reduced
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power or maximum power is set as reference i,". This is then
tracked using a pole placement method to compute u.(k) from
(4) [9]. How the references are set for either of the controller
will be discussed in the next section.

B. Control of DSTATCOM

The DSTATCOM is controlled in voltage control mode us-
ing (3) though pole placement to compute u.(k) [9]. The mag-
nitude of the reference instantaneous voltage v, is kept fixed,
while its angle is determined using the block diagram shown
in Fig. 4. First the measured capacitor voltage V¢ is passed
through a moving average filter with a window of cycle (20
ms) to obtain V¢,,. This is then compared with the reference
capacitor voltage V. The error is fed to a PI controller to
generate the reference angle Jg,.s. The instantaneous reference
voltages of the three phases are then derived from the pre-
specified magnitude and ..

Verg

Maoving
]'-': —| Average
Filter

Fig. 4. Angle controller for DSTATCOM.
C. Switching Control

Once u.(k) is computed from either state feedback or output
feedback, the switching function u is generated from

If u, >hthenu=+1
(©6)

elseif u, <—hthenu = -1
where 4 is a small number.
IV. REFERENCE GENERATION FOR DG SOURCES

As mentioned in the previous section, the VSCs connoted to
the DGs are either controlled in state feedback or current
feedback. The reference generation for these two different
control modes is discussed in this section.

A. State Feedback

The output voltages of the converters are controlled to share
this load proportional to the rating of the DGs. As the output
impedance of the DG sources is inductive, the real and reac-
tive power injection from the source to microgrid can be con-
trolled by changing voltage magnitude and its angle [4].

The power requirement can be distributed among the DGs,
similar to conventional droop [4] by dropping the voltage
magnitude and angle as

51 = 5lmted —mX (leted - Pl)
Ey = Ejgred =M X (Qiratea = Q1)

where Ej,u.q and 0.4 are the rated voltage magnitude and
angle respectively of DG-1, when it is supplying the load to its

@)

rated power levels of Py,.; and Qi,4.q- The rated angles are
determined from the maximum and minimum value of power
supplied by the DGs and their load sharing ratio. The coeffi-
cients m; and n; respectively indicate the voltage angle drop
vis-a-vis the real power output and the magnitude drop vis-a-
vis the reactive power output. These values are chosen to meet
the voltage regulation requirement in the microgrid. It is as-
sumed that all the DGs are all converter based and so the out-
put voltage angle can be changed instantaneously. The angle
droop will be able to share the load without any drop in sys-
tem frequency.

From the droop equations given in (7), we can write the an-
gle equation for DG-1 and 2 as,

51 = é‘lmted —m X(ﬂmtcd _Pl)

52 = 52rated —my X(PZrated - PZ)

(3

where P,,4.q is the real power rating of DG-2. The angle dif-
ference then can be written as

51 - 52 = (§1rated - 52rated )_ m X (Plrated - Pl)
+m, X(PZ;'ated - PZ)

(&)

As the power supply from the DGs to the microgrid is con-
trolled by the source angle, P; o< d;, [ = 1,2.

The real power exchange between the DGs is kept constant
by maintaining the angle difference constant. Then if we as-
sume (51 - 52) = (5lmted - 52mted)’ from (9) we get,

my X (fimted - Pl ) =my X (PZrated - PZ)

Now if we choose the droop coefficient such that mP,ueq =
mMyP)aeq, from (10), we get the real power sharing between the
two DGs as,

(10)

R m A
m1><P1=m2><P2:>—1= 2 _ " lrated
2 M

1)

P 2rated

Similarly, with the voltage magnitude difference are kept
constant between the DGs and the droop coefficient for reac-
tive power is taken as 1,Q1,400 = 120Q2ra1ea» Where Qo,greq 18 the
reactive power rating of DG-2. In a similar fashion as (8-11),
it can be shown that the reactive power sharing between the
two DGs is

n S
mX0 =n, X0, 3&=_2=—lend
0 n

(12)
Q2ratea’

Generalizing the observations of (11) and (12), the following
power sharing relations between all the four two DGs are ob-
tained

my X Plrated =my X PZVated =my X PSrated =my X P4rated

(13)
X erated =X Q2rated =n3X Q3raled =ny X Q4rated

Once the reference phasor voltage E,£J; is obtained from
the droop equation, the reference phasor current I.; can be ob-
tained (see Fig. 3). Also from the measurement of the bus-2
voltage and P; and Q), the reference phasor current /; can be
calculated. The instantaneous quantities can be obtained from
these phasor quantities.
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B. Current Feedback

As discussed in the previous section when the power output
of the DG suddenly reduces or the load demands more than
the rated output power from the DG, it is switched to a sinu-
soidal current limiting mode. Let the maximum available
power rating of the DG be denoted by P,ueqs and Q,qq. The
magnitude and angle of the reference current is calculated
from the voltage magnitude (Vp = Vs) of the adjacent bus volt-
age as

2 2
I 1= P, rated + Qrated / Vp
ﬂ = 5h - tan_l (Qrared /Prated)

where J,, is the angle of the adjacent bus (5) voltage. The in-
stantaneous quantities are then generated from these phasor
quantities.

(14)

V. SIMULATION STUDIES

Simulation studies are carried out in PSCAD/EMTDC (ver-
sion 4.2). Different configurations of load and its sharing are
considered. The DGs are considered as inertia-less dc sources
supplied through the VSCs. The system data are given in Ta-
ble-II. The droop coefficients are chosen such that both active
and reactive powers of the load are divided in 1:2:1.5:1.5 ra-
tios among DG-1 to DG-4.

TABLE-II: DG, VSC AND CONTROLLER PARAMETERS

System Quantities Values
DGs and VSCs
DC voltages (Vi to Vies) 3.5kV
Transformer rating 3kV/11kV,0.5 MVA, 2.5% Ly
VSC losses (Ry) 1.5Q
Filter capacitance (Cy) 50 uF
Hysteresis constant (h) 10°
Angle Controller
Proportional gain (K,) -0.2
Integral gain (K)) -50
Droop Coefficients
Power—angle
m 0.1 rad/MW
m, 0.05 rad/MW
ms 0.075 rad/ MW
my 0.075 rad/MW
Voltage-Q
m 0.04 kKV/MVAr
I 0.02 Kv/MVAr
n3 0.03 Kv/MVAr
na 0.03 Kv/MVAr

A. Case-1: Load Sharing of the DGs

For the first four cases, the DSTATCOM is not connected
to the system. It is further assumed that all the four DGs are
able to supply their maximum rated power. As evident from
Table-I that the total load demand is less than the total maxi-
mum generation. Therefore the DGs will share the load power
and the line losses as per the droop coefficients. The results of
the real power sharing is shown in Fig. 5 where load 5 (Lds) is
disconnected at 0.5 s. It can be seen that the power is shared as
per the DG ratings. Even though DG-3 and DG-4 ratings are
same, there is a slight difference between the power supplied
by these DGs due to the line losses and load locations.

Real Power Sharing During Load Change

0.15
Time (s)
Fig. 5. Real and reactive power sharing for Case-1.
B Case-2: DG output Power Limit

With the DGs operating in steady state sharing the power as
in Case-1, the output power from DG-1 suddenly drops to 20
kW at 0.1 s. It can be seen from Table-I that the total load re-
quirement is still less that the total generation even with the
reduction of DG-1 power. It is therefore expected that DG-1
will supply 20 kW, while the other three DGs will share the
reaming power demand proportional to their rating. This is
evident from Fig. 6 (a). Fig. 6 (b) shows the three phase output
currents of DG-1, which is operating in current control mode
from 0.1 s. It can be seen that despite the switch from state
feedback to output feedback control mode, the current settles
to the steady state value within half a cycle.

(a) Real power sharing and Power Limit

0.05 0.1 0.15
Time (s)

Fig. 6. Real and reactive power sharing for Case-2.
C. Case-3: DG Power Limit and System Instability

Let us investigate what happens when the power generation
is less than the power demand. For this we start the system
from Case-2, i.e., the output power of DG-1 reduces to 20 kW
at 0.1 s. Subsequently at 0.3 s, the power output of DG-3 re-
duces to 20 kW. The result is shown in Fig. 7. It can be seen
that due to the lack of inertia, the whole system collapses as
soon as the power output of DG-3 gets limited. In fact the col-
lapse occurs so rapidly that even a quick load shedding cannot
save the system. It is to be noted that when such a collapse
occurs, all the DGs will be current limited first and discon-
nected from the system subsequently. Therefore the dramatic
result of Fig. 7 can only be shown in simulation.
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Power Limit and System Instability

, . . . . .
0.05 0.4 015 0.2 0.25 03
Time (s)

Fig. 7. Real and reactive power sharing (Case-3).
D. Case-4: Load Shedding with DG Output Power Limit

One way of avoiding the total system collapse discussed in
Case-3 is to disconnect the load with the least priority once the
power output a DG drastically reduces, such as the case when
the DG-1 maximum power reduces from 100 kW to 20 kW at
0.1 s. To investigate this, load 2 (Ld,) is shed from the system
at 0.3 s. Subsequently at 0.5 s, the maximum available power
from DG-3 is quenched to 20 kW. The result is shown in Fig.
8. It can be seen that the power outputs reduce as load 2 is
shed and this provided enough stability margin such that the
system remain stable even when the power output of DG-3
reduces.

Real Power Sharing and Load Shedding

. .
0.3 04 05 06
Time (s)

Fig. 8. DG output power limit and load shedding (Case-4).

Even though this preemptive load shedding saves the sys-
tem from a total collapse, this type of operation might not
have much merit when the generation sources are of mixed
types. For example, if the generation sources are predomi-
nantly PV, then a cloud cover over one may imply that another
one will get covered by cloud within a short time. However a
cloud cover may not affect microturbines or fuel cells. Thus
preemptive load shedding may not always be the correct ap-
proach to take. We must therefore provide the microgrid with
a storage capability in the form of the DSTATCOM.

E. Case-5: DG Load Sharing with DSTATCOM connected

For the remainder of the cases, it is assumed that the
DSTATCOM is connected to the system. Let us first investi-

gate whether the connection has any impact on the load shar-
ing using the droop method. With the system operating in
steady state with full load, load 5 is disconnected at 0.5 s. This
is the same study as shown in Fig. 5 and the result is shown in
Fig. 9. Comparing Fig. 9 with Fig. 5 it can be seen that the
discrepancy in the load sharing between DG-3 and DG-4 are
the load disconnection in this case is a little bit more than that
shown in Fig. 5. However, the load sharing pattern remains the
same, indicating that the DSTATCOM has not much impact
on the active power sharing.

Real Power Sharing during Load Change

Zoaz

0.06

. . .
0.4 02 03 04 05 06
Time (s)

Fig. 9. Real power sharing during load change when the DSTATCOM is
connected (Case-5).

F. Case-6: Load Shedding with DSTATCOM

The value of the dc capacitor supplying the DSTATCOM
should be so chosen such that there will be no appreciable
drop in the dc bus voltage even when the capacitor has to sup-
ply power to the microgrid for about four cycles when the
power quenching to multiple DGs occurs. After this period,
the load shedding occurs and the system is expected to achieve
a new steady state. Therefore the energy that is required to be
supplied by the dc capacitor (C,.) during the transition period
is

0.08

1 2 2
E Cdc (VdL'O - Vdcl ): jPluad dt
0

(14)

where V, is the nominal capacitor voltage, V., is the allow-
able minimum voltage and Py, is the average power supplied
to the load during the transient. It is assumed that the
DSTATCOM has to supply a P, of 200 kW, while the
nominal dc voltage is 3.5 kV. If an 85% drop is permissible in
the dc voltage (such that V,; = 3 kV) then from (14) we get
C4 = 10000 pF. This value of dc storage capacitor is chosen
for the simulation studies.

Fig. 10 shows the system response with DSTATCOM when
output power of the DGs reduces and creates a power imbal-
ance in the microgrid. At 0.05 s, DG-1 output power reduces
to 20kW and the other DGs share the extra power requirement
in a manner similar to that shown in Fig. 7. At 0.35 s, DG-3
power output reduces to 50 kW making the power generation
less than the load demand. It can be seen DSTATCOM can
hold the system for about 3 cycles. However since no load is
shed, the system becomes unstable thereafter. Note that it is
possible to hold the microgrid voltage for a longer period of
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time by choosing a dc capacitor of bigger size than used here.
This however will make the system response very sluggish
during any transient.

Real Power Sharing and System Instability
0.25, . .

0.2

03
Time (s)
Fig. 10. System instability with DSTATCOM (Case-6)

The above result shows that it is imperative to shed at least
a load to make the system stable during power shortfall. To
validate this, we shed load-2 (Ld,) is shed when DG-3 output
reduces to 50 kW. As evident from Table-I that even with the
reduced generation, the microgrid will be able to supply the
other four loads. Fig. 11 shows the system response when
load-2 is shed at 0.39s, assuming 2 cycles for the circuit
breaker to operate. It can be seen system reaches steady state
within 8-9 cycles and DG-2 and DG-4 supply the rest of the
power requirement proportional to their rating.

Real Power Sharing and Load Shedding with DSTATCOM

0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Time (s)

Fig. 11. Load Shedding with DSTATCOM (Case-6).
VI. CONCLUSIONS

In this paper, a load sharing technique in an autonomous
microgrid with multiple DGs is described. The droop control
of voltage angles ensures proper load sharing without any drop
in the system frequency. A DSTATCOM is used to enhance
the stability of the system. During power imbalance in the
microgrid, the DSTATCOM holds the microgrid voltage for
few cycles and allows the protection system to shed load and
stabilize the system. A large number of case studies are pro-
vided to validate the efficacy of the droop control, as well as
the operation of the DSTATCOM.

As mentioned in the previous section, that the size of the dc
capacitor determines the time for which the DSTATCOM is

able to hold the microgrid voltage during power shortfall. The
choice of this capacitor is a trade-off between the ride through
time and system response. This has to be pre-determined de-
pending on the detection and breaker opening time. Alterna-
tively, it is also possible to supply the dc bus of the DSTAT-
COM by a battery bank. In that case, it must be ensured that
the battery bank does not supply any real power during the
normal operating conditions. Furthermore it must be ensured
that the DSATCOM, under these conditions, just draws suffi-
cient power in order to supply its losses and keep the battery
bank charged.

Finally, a rapid detection of the load shedding requirement
is very crucial for the success of this scheme. As can be seen
by from Fig. 10 that if the load is not shed within 2-3 cycles,
the system voltages will collapse even when the DSTATCOM
tries to hold the microgrid voltage. A performance index has
to be chosen that is based on local voltage magnitude and an-
gle. Once this index is beyond a threshold, the load shedding
has to be initiated. This has not been attempted in this paper.
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