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Abstract: This paper presents the results of attempt to validate the response dynamism of an 11kW, 575V wind turbine 
micro-grid connected to a 100MVA, 13.8kV utility under three phase bolted short circuit. The micro-grid was modeled using 
two Doubly-Fed Induction Generators (DFIGs). The test bed was developed in SimPowerSystems® at a system frequency of 
50Hz with cut-in and cut-out wind speeds of 3ms-1 and 6ms-1, respectively. Short circuit fault is applied at 6.0s and withdrawn 
at 8.0s, and 50.0s dynamic response of the system is obtained for different fault locations, under voltage and reactive power 
controls of the wind turbine controller in grid-connected mode. The results of the study show bidirectional power flow due to 
power exchange between the utility and micro-grid, and poor post-fault sub-transient and transient instability associated with 
the micro-grid due to comparatively lower inertia. The study also shows that the micro-grid presents superior performance 
when stressed under Q control than under V control. Finally, the response of the test bed is found to be consistent with 
established short circuit theory, establishing its validity. 
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1. Introduction 

A power system is designed to generate electric power in 
sufficient quantity and on continuous basis to meet the 
present and forecasted future demands of the users in an area, 
and to transmit power generated to the areas where it will be 
utilized and then distribute it within that area. To achieve 
this, the whole system must be kept in operation continuously 
without major breakdowns. This can only be achieved, 
practically, through use of protective devices [1]. The 
protective devices ensure: 

1. Minimal damage and repair costs whenever they sense 
fault. 

2. Safeguard of the entire power system to maintain 
continuity of supply. 

3. Safety of personnel. 
In order to meet above requirements, short circuit analysis 

must be performed on the power system at the design stage to 
determine the short circuit rating of new switchgear and other 
substation infrastructure equipment that will be purchased, 
installed and commissioned. Similarly, manufacturers of 
power system switchgear and substation infrastructure 

equipment, e.g. generators, transformers and cables, use the 
short circuit ratings specified by their clients to ensure that 
the equipment is designed to safely withstand the flow of 
these currents for a specified duration [2-4]. As the critical 
parameters of a power system and fault envelopes vary with 
time [5-7], an analysis which depicts the dynamism of the 
system under short circuit is veritable to achieving 
operational goals of a power system - ensuring continuous, 
high quality and safe delivery of power to consumers. 

The test bed presented in this paper was developed as a 
working platform for a study which seeks to propose a new 
relay for micro-grids. Either DFIG in the test bed is 
nominally rated 5.5kW and linked to 2.5km highly resistive 
feeder (a or b), radially interconnected to the utility at the 
Point of Common Coupling (PCC). A 20MVA STATCOM 
was modeled and connected at the PCC. While the utility 
services a local 3.6MVA and a remote 89.44MVA inductive 
loads, the micro-grid has total inductive local load of 
6.21kVA. The anticipated protective system would be based 
on measurement of three phase power. Therefore, three phase 
nominal active and reactive power is investigated and 
presented in this study. Since the validity of the anticipated 
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relay depends on the validity of the test bed’s response, this 
work is performed to establish the validity of the test bed 
under three phase balanced bolted short circuit. 

2. Characterization of Three Phase Short 

Circuit 

In a generator, fault current is initially around 8 times full-
load current. It decays rapidly to around 5 times full-load 
current before decaying less rapidly to less than full-load 
current value. These three stages of fault current envelop in 
the direct axis are called sub-transient "( )dX , transient '( )dX

and steady-state ( )
d

X  respectively. At no load, the 

electromagnetic force (e.m.f.) is same as the system voltage, 
V, which at the nominal value is 1.0 pu. At any other load the 
e. m. f. is greater than at no load and given by (1) to (3). 
Consequently, in increasing magnitude, the direct-axis 
reactances are  

"( )dX < '( )dX < ( )
d

X                                 (1) 

1
2" " 2 " 2[( sin ) ( cos ) ]d dE V X I X Iϕ ϕ= + +            (2) 

1
22 2[( sin ) ( cos ) ]d dE V X I X Iϕ ϕ= + +                (3) 

While the current associated with (3) is a steady value, the 
current associated with (2) is an initial value at the onset of 
short circuit. The sub-transient value decays in a fraction of a 
second while the transient value takes several seconds to 
decay. The open-circuit sub-transient time constant  and 

transient time constant  are typically 0.1s and 5.0s, 

respectively [8-12]. 

3. Short Circuit in a Power System 

Consider a three phase-to-earth fault at point F2 as shown 
in Figure 1. In Figure 1, G1 and G2 are generators. CB1 to 
CB4 are circuit breakers, while F1 to F3 are short circuit 
points. L is a load connection. 

 

Figure 1. Typical power system with short circuit points F1, F2 and F3. 

It is accurate to view fault F2 as a modified generator fault 
which includes the effect of transformer T. The transformer 

reactance, , is added to the reactance ,  and  as 

given in (4), (5) and (6) [13-17]. 

" "
d d Tx X X= +                                   (4) 

' '
d d Tx X X= +                                   (5) 

d d T
x X X= +                                     (6) 

The amplitude of the ac fault current in the sub-transient 
state, "

mi , transient state, '
mi , and steady state, 

mi
∞ , is 

presented in (7), (8) and (9), respectively. Efm is the amplitude 
value of e.m.f. 

"

"

fm

m

d

E
i

x
=                                          (7) 

'

'

fm

m

d

E
i

x
=                                          (8) 

fm

m

d

E
i

x

∞ =                                            (9) 

Addition of  attenuates the magnitude of the currents 

given in (7), (8) and (9). Secondly, the transformer resistance, 
, speeds up the rate of dissipation of the stored magnetic 

energy so that the short circuit current (dc component) decays 
more rapidly. Thirdly, the transformer reactance increases the 
time constants as given in (10) and (11) [18-20]. 

' "
" "
( ) " '

d d T

d network d

d d T

X X X
T T

X X X

  +
=   +  

                  (10) 

'
' '
( ) '

d d T

d network d

d Td

X X X
T T

X XX

  +
=   +  

                  (11) 

4. Design of Control Systems 

In practice, power system protection cannot be excluded 
from the effects of control devices [21]. The test bed under 
study was subjected to time-domain step response analysis. It 
was found to be stable but its response was poor. Then, 
regulators were designed in closed-loop feedback 
architecture. The systems designed are pitch angle regulator, 
active power regulator, reactive power regulator, grid ac 
voltage regulator, dc bus voltage regulator, grid-side 
converter current regulator and rotor-side converter current 
regulator. The test bed was then subjected to another small 
signal analysis and found to be stable with satisfactory 
response. Two mutually exclusive control regimes were then 
implemented by appropriate combination of the regulators. 
The control regimes are the active power-voltage (PV or V) 
control and the active-reactive power (PQ or Q) control [22]. 
When the micro-grid is operated in V control, the voltage 
controller maintains the grid voltage constant with a 4% 
droop. When it is operated in Q control, the var controller 
maintains the reactive power at the grid constant by injecting 
or absorbing reactive power. 

 

"
0( )dT

'
0( )dT

TX "
dX '

dX dX

TX

TR



 International Journal of Electrical Components and Energy Conversion 2016; 2(4): 21-34 23 
 

5. Short Circuit Simulation and System Dynamic Response 

 
Figure 2. A simplified schematic diagram for the system under investigation. 

The test bed developed for this study is shown in Figure 2. 
Figure 3 shows the response of the micro grid during normal operation under V and Q controls. 

 

Figure 3. Response of micro grid under normal operation in V and Q Controls. 

Three phase-to-earth bolted short-circuit fault is applied at 
6.0s and withdrawn at 8.0s. Dynamic simulation of the test 
bed (synch. generator, micro grid feeders and DFIG) under 
short circuit is performed for 50.00s. The responses of the 
test bed for different fault locations and DFIG controller in V 

and Q controls are presented in Figure 4(a) to Figure 12(b). 
The responses of MS1 under V and Q controls when utility 

generator terminals are short-circuited are presented in 
Figure 4(a) and Figure 4(b), respectively. 
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Figure 4(a). Response of MS1 when utility generator terminals are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 4(b). Response of MS1 when utility generator terminals are short-circuited at 6.0s to 8.0s - Q Control. 
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Figure 5(a) and Figure 5(b) present responses of feeder-a to faults at the terminals of utility generator, respectively. 

 

Figure 5(a). Response of feeder-a when utility generator terminals are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 5(b). Response of feeder-a when utility generator terminals are short-circuited at 6.0s to 8.0s - Q Control. 
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The responses of MS1 under V and Q controls when ends of transmission lines are short-circuited are presented in Figure 
6(a) and Figure 6(b), respectively. 

 

Figure 6(a). Response of MS1 when ends of transmission lines are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 6(b). Response of MS1 when ends of transmission lines are short-circuited at 6.0s to 8.0s - Q Control. 
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Figure 7(a) and Figure 7(b) present responses of feeder-a to faults at the ends of transmission lines (closer to the micro-grid) 
under V and Q controls, respectively. 

 

Figure 7(a). Response of feeder-a when ends of transmission lines are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 7(b). Response of feeder-a when ends of transmission lines are short-circuited at 6.0s to 8.0s - Q Control. 
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The responses of MS1 under V and Q controls when its terminals are short-circuited are presented in Figure 8(a) and Figure 
8(b), respectively. 

 

Figure 8(a). Response of MS1 when its terminals are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 8(b). Response of MS1 when its terminals are short-circuited at 6.0s to 8.0s - Q Control. 
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The responses of MS2 under V and Q controls when terminals of MS1 are short-circuited are presented in Figure 9(a) and 
Figure 9(b), respectively. 

 

Figure 9(a). Response of MS2 when terminals of MS1 are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 9(b). Response of MS2 when terminals of MS1 are short-circuited at 6.0s to 8.0s - Q Control. 
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Figure 10(a) and Figure 10(b) present responses of feeder-a to faults at terminals of MS1 under V and Q controls, 
respectively. 

 

Figure 10(a). Response of feeder-a when terminals of MS1 are short-circuited at 6.0s to 8.0s - V Control. 

 

Figure 10(b). Response of feeder-a when terminals of MS1 are short-circuited at 6.0s to 8.0s - Q Control. 
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The responses of MS1 under V and Q controls when three phase bolted cross-country short circuits are applied at terminals 
of MS1 and MS2 are presented in Figure 11(a) and Figure 11(b), respectively. 

 

Figure 11(a). Response of MS1 to a cross-country short circuit at its terminals and terminals of utility generator at 6.0s to 8.0s - V Control. 

 

Figure 11(b). Response of MS1 to a cross-country short circuit at its terminals and terminals of utility generator at 6.0s to 8.0s - Q Control. 
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Figure 12(a) and Figure 12(b) present responses of feeder-a when three phase bolted cross-country short circuits are applied 
at terminals of MS1 and MS2 under V and Q controls, respectively. 

 

Figure 12(a). Response of feeder-a to cross-country short circuit at MS1 terminals and terminals of utility generator at 6.0s to 8.0s - V Control. 

 

Figure 12(b). Response of feeder-a to cross-country short circuit at MS1 terminals and terminals of utility generator at 6.0s to 8.0s - Q Control. 
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5. Results and Discussions 

From the results of the simulation, either of the micro-
sources in the micro-grid generates 92% of its nominal rating 
when the system is free of stress. Also, when operating 
conditions are normal, either micro-source absorbs more 
reactive power from the external reactive power compensator 
under V control than Q control - indicating reactive support 
from its converter dc bus under Q control [23]. However, this 
is not sustainable for continuous operation as this support is 
limited to the small capacity of the converter capacitor linked 
to its dc bus.  

At 50.0s, under V control (Figure 4(a)), MS1 generates 
5.105kW and contributes 1.376kvar to the short circuit at 
utility generator terminals. Under Q control, it generates 
5.116kW and contributes only 2.953var to the same short 
circuit (Figure 4(b)). This is consistent with the power 
management capability of DFIG as published by Moayed 
Moghbel et al. in [24] and in [25, 26]. Because the utility is 
tied to the micro-grid, the high-magnitude utility short circuit 
results in post-fault voltage oscillation in the micro-sources 
and power instability in the feeders, as shown in Figure 4(a) 
to Figure 5(b). Post-fault instability is a major challenge of 
micro-grid, as published in [8, 27, 28]. 

At 50.0s, under V control (Figure 6(a)), MS1 generates 
5.106kW and contributes 0.8823kvar to utility fault at the 
end of transmission lines (closer to the micro-grid). Under Q 
control, it generates 5.114kW and contributes only 
0.003609kvar to the same short circuit (Figure 6(b)). This 
shows superior reactive power management capability of 
DFIG under Q control as published by Moayed Moghbel et 
al. in [24] and in [29, 30]. Because the micro-grid is grid-
connected, the high-magnitude utility short circuit provokes 
post-fault voltage oscillation in the micro-sources and power 
instability in the feeders, as shown in Figure 6(a) to Figure 
7(b). This is a major challenge of micro-grid operation, as 
published in [31-33]. 

At 50.0s, under V control (Figure 8(a)), MS1 absorbs 
0.595kW from MS2 and utility while it absorbs 27.87kvar 
from both sources when three phase bolted short circuit is 
applied at its terminals. For the same short circuit condition 
under Q control, it generates 5.113kW but absorbs only 
0.8599var from both sources (Figure 8(b)). This validates the 
reactive power management capability of DFIG as reported 
by Moayed Moghbel et al. in [24] and in [25, 26, 34]. 
Because the simulated fault is a three phase bolted short 
circuit, it provokes post-fault voltage and power instability in 
the micro-grid, as shown in Figure 8(a) to Figure 10(b). 
However, because it is a micro-grid short circuit (not utility 
short circuit), severity of resultant oscillation is not as 
virulent as obtainable in utility short circuit (Figure 4(a) to 
Figure 7(b)).  

At 50.0s, under V control (Figure 11(a)), MS1 generates 
0.7609kW but absorbs 25.64kvar from MS2 and utility when 
the system experiences cross-country three phase bolted short 
circuit. Under Q control, it generates 5.116kW and 

contributes only 2.944var to the same short circuit (Figure 
11(b)). This is consistent with the power management 
capability of DFIG as published by Moayed Moghbel et al. in 
[24] and in [25, 26, 34].  

Because the simulated fault is a cross-country three phase 
bolted short circuit, it provokes virulent post-fault voltage 
and power instability in the micro-grid, as shown in Figure 
11(a) to Figure 12(b).  

6. Conclusion 

When the system is stressed with a 2-second bolted short 
circuit, the study has shown that power flow between micro-
grid and utility is bidirectional, particularly reactive power 
support at short circuit points. It has also been shown in this 
work that utility short circuit provokes post-fault sustained 
virulent power oscillation in the micro-grid feeder due to 
comparatively lower inertia of the micro-sources and small 
converter capacities of DFIG to support post-fault power 
recovery. In this research work, it has been verified that the 
micro-sources offer better voltage and power post-fault 
stability under Q control than V control, when the micro-grid 
is short-circuited (this is particularly depicted in Figure 8(a) 
and Figure 8(b); and Figure 9(a) and Figure 9 (b)). Similarly, 
when the system experiences cross-country short circuits, the 
results of the simulation have shown that the micro-sources 
present superior performance under Q control than V control 
(this is particularly depicted in Figure11(a) and Fig.11 (b)). 
Finally, it has been shown that the impact of the cross-
country short circuit on the micro-grid is so severe under V 
control that it forces the wind turbine generator to 
compromise its nominal output active power generation, 
resulting in sustained oscillations, as depicted in Figure11(a) 
and Figure 11(b). The reactive power from the utility and 
capacitive var compensators also experience sustained 
oscillation. In conclusion, the response of the test bed to 
balanced three phase bolted short circuit has been shown to 
be consistent with established theory, validating its response 
to balanced three phase bolted short circuit. 

Abbreviations 

MS1 = Micro-source 1, MS2 = Micro-source 2, Feeder-a = 
Feeder connected to micro-source 1, Feeder-b = Feeder 
connected to micro-source 2. 
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