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Validating Response of AC Microgrid to Line-to-Line Short Circuit in Islanded Mode

using Dynamic Analysis

Abstract

This paper is presented in an attempt to validate the dynamic response of a microgrid to line-to-
line short circuit. The microgrid components include two identical Wind Turbine Generators
(WTGs) tied to a 100MVA, 13.8kV utility via a Point of Common Coupling (PCC). The utility-
microgrid testbed is modeled in SIMPOWERSystems® using two Doubly-Fed Induction
Generators (DFIGS) in the microgrid side. While in islanded operating mode, line-to-line short
circuit fault is applied at 6.0s and withdrawn at 8.0s, obtaining a 50.0s dynamic response of the
system for different fault locations, under voltage and reactive power control regimes of the wind
turbine controller. For measurement purpose, the absolute value of the stator complex voltage is
transformed to «, g, reference frame. Bidirectional power flow between the two feeders is

established in the study. The study also confirms that the microgrid composed of DFIGs offer
reactive power management capability, particularly by presenting superior performance when
stressed under Q control regime than under V control regime. Finally, the response of the testbed
to line-to-line short circuit has been validated and shown to be consistent with established short
circuit theory.

Keywords: Microgrid, Dynamic, DFIG, Microsource, Fault
Abbreviations: MS1 = Microsource 1, MS2 = Microsource 2, Feeder-a = Feeder connected to
microsource 1.

1. Introduction
The design and operation of power utility seek to generate, transmit and distribute electric power
in sufficiently large quantity and on uninterrupted basis to meet the contemporary and projected
future demands of the consumers in a load center. In order to achieve this goal, the system must
remain in operation continuously without long downtimes. Practically, achieving this goal
requires use of protective devices [1-4]. Protective devices function to achieve the following:

1. Minimize damage and repair costs whenever fault is sensed.

2. Safeguard the system to supply power continuously.

3. Consumer and personnel safety [5-9].
In order to meet above requirements, short circuit analyses are normally performed on the
system. The analysis will typically aim to determine the short-circuit rating of the equipment to
be purchased, installed and commissioned. Also, equipment manufacturers use the ratings
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specified by their customers to ensure that their equipment are designed to satisfy client’s safety
and operational specifications under certain conditions for specified duration [10-13]. As the
parameters of a power system and fault envelopes vary with time [14-16], short circuit analysis
which depicts the system dynamics is useful in order to achieve the utility operational goals -
ensuring high quality, continuous and safe delivery of power to consumers [17-20].

In this work, the authors present a utility-microgrid testbed for a research which aims at
proposing a new microgrid protection. Since the protection to be developed would be based on
measurement of three phase power, the nominal three phase active and reactive power is used and
presented in this paper. Thus, this paper presents an attempt to validate the response of the
modeled testbed to line-to-line short circuit. This is because the validity of the anticipated
protection depends on the validity of the testbed’s response to short circuit.

2. Short circuit in a power system
Consider a 3-phase to earth fault at point F2 as shown in fig. 1.
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Fig. 1. Typical power system with short circuit points F1, F2 and F3

In an electric power generator, fault current is often initially around 8 times the full-load current. It
attenuates rapidly to around 5 times full-load current before attenuating less rapidly to less than full-load
current value. In the direct axis, this results in three stages of fault current envelop named sub-transient

(X ,),transient (X ,) and steady-state (X ,) respectively.

Fault F2 is therefore seen as a modified generator fault which incorporates the effect of
transformer T. The transformer reactance, x ., is added to the reactancesx ,, x ,and x,as
givenin (1), (2) and (3) [4, 6, 7, 20].

T

X, = X, + X, (1)
X, = X, + X, (2)
X, = X+ X, (3)

The amplitude of the ac fault current in the sub-transient state, i_, transient state, i_, and steady
state, i”, is presented in (4), (5) and (6), respectively.

1 Iy

i, = (4)

i, = — (5)

P(W) = Nominal active power in Watts; Q(VAr) = Nominal reactive power in Volt-Amp reactive
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i = (6)

Addition of x . attenuates the magnitude of the currents given in (4), (5) and (6). Secondly, the

rate of dissipation of the stored magnetic energy is increased by the transformer resistance, R. ,

so that the dc component of short circuit current decays more rapidly. Thirdly, the time constants
are increased by the transformer reactance as given in (7) and (8) [21-23].

. XN XD+ X
d d T
Td(network ) _Td[x-- ][X X ] (7)
d d T

. (X ) X, + X,
Td(network ) :Td . (8)
X, )UX, + X,

3. Design of control systems

The modeled system is subjected to small signal response analysis. It is found to be stable but its
response time is unsatisfactory. Requisite regulators are then designed using closed-loop
feedback structure. The systems designed are pitch angle regulator, active power management
systems and reactive power management systems. The regulators are combined to implement
two mutually exclusive control regimes. These two regimes are active power-voltage (V) control
and reactive-active power (Q) control. Under power-voltage control, the controller maintains
constant grid voltage with a 4% droop. Under reactive-active power control, the controller
ensures constant reactive power at the grid.

4. Short circuit simulation and system dynamic response

The testbed developed for this study is shown in fig. 2. In the network, each DFIG is nominally
rated 5.5kW, 575V and linked to 2.5km highly resistive feeder (a or b). Each feeder is connected
to the utility radially at the PCC. A modeled 20MVA STATCOM is connected to the utility side
at the PCC. A local inductive load of 3.6MVA and a remote inductive load of 89.44MVA are
serviced by the utility. A total inductive local load of 6.21kVA is serviced by the microgrid. The
operating frequency of the system is 50Hz, with cut-in and cut-out wind speeds of 3ms™ and
6ms™, respectively. Islanding of the microgrid is achieved by opening the PCC.

P(W) = Nominal active power in Watts; Q(VAr) = Nominal reactive power in Volt-Amp reactive
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91
92  Fig. 2. A basic diagram displaying the system under study

93  Fig. 3 shows the response of MS1 during normal operation under V and Q controls.
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95
96  Fig. 3. Response of MS1 under normal operation in V and Q Controls

P(W) = Nominal active power in Watts; Q(VAr) = Nominal reactive power in Volt-Amp reactive



97 5. Line-to-line short circuit

98  Line-to-line short circuit fault is applied at 6.0s and withdrawn at 8.0s. Under this short circuit,

99 system’s (microgrid feeders and DFIG) dynamics is simulated for 50.00s. The testbed’s
100  responses for different fault locations and DFIG controller in voltage, V, and reactive power, Q,
101 control are obtained and presented in fig. 4 to fig. 19.
102 The responses of MS1 to short circuits at the terminals of utility generator under V and Q
103 controls are presented in fig. 4 and fig. 5, respectively.
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108  Fig. 4. Response of MSL1 to L-L short circuit — V control
109
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110
111 Fig. 5. Response of MS1 to L-L short circuit — Q control
112

113 Fig. 6 shows response of feeder-a to short circuit at terminals of MS1 under V control, while fig.
114 7 shows response of same feeder to same short circuit under Q control.
115
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116
117  Fig. 6. Response of feeder-a to L-L short circuit at terminals of MS1- V control
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Fig. 7. Response of feeder-a to L-L short circuit at terminals of MS1- Q control

Note that under V control (fig. 4) when L-L short circuit is applied at its terminals, MS1 absorbs
330.7 VAr from its reactive VAr compensator and that of MS2 at 50.00s. This is considerably
higher than 0.001307 VAr it absorbs under Q control (fig. 5), indicative of reactive power
management of DFIG as published by Moayed Moghbel et al. in [24] and in [25-27]. The peak
active power of feeder-a rose to 20kW in a direction opposite the nominal active power flow
direction during the fault, indicating active power support from MS2 and feeder-b to feed the
fault point in feeder-a. Similarly, reactive power flow on feeder-a rose to more than 40k VAr in
an opposite direction during the fault, as seen in fig. 6. Negative sequence quantities only exist
during the fault, as depicted in fig. 6 and fig. 7.

The responses of MS1 to short circuits at the ends of feeder-a under V and Q controls are
presented in fig. 8 and fig. 9, respectively.
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135  Fig. 8. Response of MS1 to L-L short circuit at ends of feeder-a — V control
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138
139  Fig. 9. Response of MS1 to L-L short circuit at ends of feeder-a — Q control
140  Fig. 10 shows response of feeder-a when it is short-circuited under V control, while fig. 11

141 shows response of same feeder to same short circuit under Q control.
142
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143
144  Fig. 10. Response of feeder-a when it is short-circuited — V control
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147  Fig. 11. Response of feeder-a when it is short-circuited — Q control
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149  Fig. 12 shows response of MS2 when terminals of MS1 are short-circuited under V control,
150  while fig. 13 shows response of MS2 when terminals of MS1 are short-circuited under Q control.
151
152
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154  Fig. 12. Response of MS2 to L-L short circuit at terminals of MS1 — V control
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156

157  Fig. 13. Response of MS2 to L-L short circuit at terminals of MS1 — Q control

158

159  Fig. 14 shows response of MS2 when ends of feeder-a are short-circuited under V control, while

160  fig. 15 shows response of MS2 when ends of feeder-a are short-circuited under Q control.
161
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163  Fig. 14. Response of MS2 to L-L short circuit at ends of feeder-a — V control
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Fig. 15. Response of MS2 to L-L short circuit at ends of feeder-a — Q control

Fig. 16 shows response of MS1 to cross-country L-L short circuit at terminals of MS1 and MS2
under V control, while fig. 17 shows response of MS1 to same fault as in fig. 16 but under Q
control.
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171
172

173
174
175
176

) %104 P(W) ) %104 Q(VAr)

1 1
[ ]
0 X: 50 0 [ |

Y: 5114 X: 50
-1 -1 Y:-330.7
-2 -2
0 50 0 50
Time(s) Time(s)
0 c5z axis voltage, V(pu) 0 ,56 axis voltage, V(pu) 1 gl axis voltage, V(pu)
0 J 0 J 1 —“
-0.5 -0.5 0.5
0 50 0 50 0 50
Time(s) Time(s) Time(s)

Fig. 16. Response of MS1 to cross-country L-L short circuit at terminals of MS1 and MS2 — V
control
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177
178  Fig. 17. Response of MS1 to cross-country L-L short circuit at terminals of MS1 and MS2 — Q

179  control

180 6. Three phase bolted short circuit

181  In order to present a peek into the response of the microsource as short circuit severity increases,
182 its response to three phase bolted short circuit is presented in fig. 18 and fig. 19.

183  Fig. 18 and fig. 19 show response of MS1 when three phase-to-ground bolted short circuit is
184  applied at its terminals under V control and Q control, respectively.

185
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187  Fig. 18. Response of MS1 to 3-phase bolted short circuit — V control
188
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Fig. 19. Response of MS1 to 3-phase bolted short circuit — Q control

7. Results and discussion

As observed from the simulation results, the generation of each microsource is 92% of its
nominal rating when operating under stress-free condition. Similarly, during normal operation,
absorption of reactive power of each microsource from the external reactive power compensator
is more under V control than Q control. This indicates DFIG’s reactive support from its
converter dc bus under Q control. This reactive support is, however, unsustainable for continuous
operation since the capacitor linked to its converter dc bus is of small capacity.

At 50.0s, under V control (fig. 4) when L-L short circuit is applied at its terminals, MS1 absorbs
330.7 VAr from its reactive VAr compensator and that of MS2. This is considerably higher than
0.001307 VAr it absorbs under Q control (fig. 5), indicative of reactive power management of
DFIG as published by Moayed Moghbel et al. in [24] and in [25-27]. The peak active power of
feeder-a rose to 20kW in a direction opposite the nominal active power flow direction during the
fault, indicating active power support from MS2 and feeder-b to feed the fault point in feeder-a.
Similarly, reactive power flow on feeder-a rose to more than 40 kVAr in an opposite direction
during the fault, as seen in fig. 5. Negative sequence quantities only exist during the fault, as
depicted in fig. 6 and fig. 7.

At 50.0s, under V control (fig. 8) when L-L short circuit is applied at ends of feeder-a, MS1
absorbs 118.4 VAr from the reactive VAr compensators. This is considerably higher than
0.001627 VAr it absorbs under Q control (fig. 9), indicative of reactive power management of
DFIG as published by Moayed Moghbel et al. in [24] and in [28, 29]. The peak active power of

P(W) = Nominal active power in Watts; Q(VAr) = Nominal reactive power in Volt-Amp reactive
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feeder-a dropped to less than 2kW during the fault. Similarly, reactive power flow on feeder-a
dropped to less than 100 VAr during the fault, as seen in fig. 10 and fig. 11. Negative sequence
quantities only exist during the fault, as depicted in fig. 9 and fig. 11.

At 50.0s, under V control (fig. 12) when L-L short circuit is applied at terminals of MS1, MS2
absorbs 118.4 VAr from the reactive VAr compensators. This is considerably higher than
0.001679 VAr it absorbs under Q control (fig. 13), indicating reactive power management of
DFIG as published by Moayed Moghbel et al. in [24] and in [28, 29]. The transformed stator
voltage of MS2 is undisturbed as the severity of the fault is minimized by the impedance of
feeder-a and feeder-b, as shown in fig. 12 to fig. 15.

At 50.0s, under V control (fig. 16) when cross-country L-L short circuit is applied at terminals of
MS1 and MS2, MS1 absorbs 330.7 VAr from the reactive VAr compensators. This is
considerably higher than 0.001278 VAr it absorbs under Q control (fig. 17), indicating reactive
power management of DFIG as published by Moayed Moghbel et al. in [24] and in [28, 29].
Both active and reactive power of MS1 are unstable during the fault in both VV and Q control, but
more visible instability is observed under V control regime. Voltage and frequency instability is
a major challenge of microgrid operation, as published in [30-32]. During the fault, the
transformed stator voltages of MS1 is disrupted in the «,s and , axes as the severity of the

fault is higher than L-L faults that are not cross-country, as shown in fig. 16 and fig. 17.

At 50.0s, under V control (fig. 18) when 3-phase bolted short circuit is applied at terminals of
MS1, MS1 absorbs (a change of operation from generation mode to motoring mode of DFIG)
0.7735kW from MS2 and also absorbs 28.42 kVAr from the reactive VAr compensators. This is
considerably higher than under Q control regime (fig. 19) where, with same short circuit, MS1
generates 5.114kW and supports the system with 3.581x10° VVAr. This validates reactive power
management of DFIG as published by Moayed Moghbel et al. in [24] and in [28, 29]. Both active
and reactive power of MS1 are unstable during the fault in both V and Q control, but virulent and
sustained instability is observed under V control regime. Voltage and frequency instability is a
major challenge of microgrid operation, as published in [30-32]. The DFIG remained in
generation mode under Q control while it changed to motoring mode under V control when
exposed to 3-phase bolted short circuit. During the fault, the transformed stator voltages of MS1
is disrupted in the ;, axis as the severity of the fault is high, as shown in fig. 18 and fig. 19.

8. Conclusion
The simulation results of this work has shown that when the system is under 2-second line-to-
line short circuit stress, bidirectional flow of active and reactive power between the two feeders
occurs, particularly power support at fault points. The simulation has also verified the theory of
power management capability of DFIG by showing that each microsource offers superior active
and reactive power post-fault stability under Q control than V control when the microgrid is
faulted. This is especially obvious as the fault severity increases due to the effect of power
electronic (converter and controller) interfacing of DFIG. Finally, the interaction and the
engagement of critical quantities in a wind turbine distributed generation with a local load has
been explored and depicted. Such is the «, g,y transformation of DFIG’s complex form of stator

voltage(a,b,c). Each set of «, 5,5 plot shows a unique pattern to fault location, making the
a, B,y transformation a potential candidate for fault sensing and diagnosis — regardless of

P(W) = Nominal active power in Watts; Q(VAr) = Nominal reactive power in Volt-Amp reactive
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control regime. In conclusion, the response of the testbed to line-to-line short circuit has been
shown to agree with established theory. This helps validate its response to line-to-line short
circuit.
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