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1. INTRODUCTION

In recent years, as wind power (WP) is sustainable and green power, its penetration in power system
has increased significantly and is expected to persist rising in the future [1]. The worldwide cumulative
installed wind capacity was around 487 GW at end 2016 as seen from Figure 1. The Penetration of WP
reached high levels in 2015 in some countries as Denmark (21%), Portugal (18% ), Ireland (14%), and
Germany (9%). It is worth noting that about 82 countries are exploiting WP on a commercial level [2, 3].
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Figure 1. World wind power cumulative capacity 2001-2016[2]
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The penetration of WP can be defined in terms of energy or power (capacity) as the WG production
percentage of the total electric energy demand on one hand or as of WP capacity percentage of peak load [4].
The increase of integrated WG raised the interest in studying the influence of integrated wind units on the
static and transient performance of the power system. This effect is not generic and can be positive or
negative depending on the type of WG system, HG configuration and load profile. There are mainly four
types of WG systems with different interface modes. Types 1 and 2 represent a fixed-speed asynchronous
generator (AG) and variable-slip AG with variable rotor resistance respectively [5]. Both types are directly
connected to the grid. Type 3 represents a variable-speed, doubly-fed AG with two-ways connection to the
grid; namely rotor-side converter and direct stator connection.

Variable-speed generators with full converter grid interface belong to Type 4 systems. This paper
focuses mainly on Type 4 wind system, where the interface between the variable-speed synchronous
generator and the grid is an AC/AC converter including a DC link as shown in Figure 2 [6]. The HG is
frequently subjected to different faults. Initially, when the installed WP capacity was not very high, wind
generators are disconnected from the grid when a grid fault occurred. Recently, wind turbines (WTs) are
required to remain connected during grid faults and, furthermore, to provide active support to the grid [7].

Type 4 - Full-Converter Unit
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Figure 2. Wind turbine generator type 4 [8]

The reaction of wind generators to faults occurring on the HG is mainly determined by the generator
type. Types 1 and 2 respond in a similar way as large induction machines used in industrial applications. The
reaction of Types 3 and 4 to grid faults is determined by the control of the wind system [9]. Many researchers
have studied the impact of distribution generation (DG) on the FL of hosting DN. Most studies conducted the
research on case studies, because the DG impact is not generic as mentioned earlier in this paper [10].
Presents a study of effect of hybrid PV-WT on FL of a very simple network with one load bus using simple
models for the studied system; the FL of the DN experienced 37% increase due to connected DG. The
analysis of network strength at the point of WTGs connection (PCC) and a comparison of WTGs to support
the AC network are discussed in [11]; the system modeling is very simple where the grid at PCC is
represented as infinite bus. [12] provides an investigation of a case study network (small grid) concerning
short circuit analysis among other processes with and without DGs using Matlab program; a maximum
increase of 75.25% in FL has been recorded when DGs are placed in certain buses. In [13], the FL
contributions of different WTGs for faults at the terminal of the generator where simulated using simplified
model to determine FL characteristics for symmetrical faults.

The main objective of this paper is using the German simulation program Power Factory DigSilent
14.0.506 to quantify the impact of integrating WG of Types 1 and 4 into the DN in case of balanced faults
occurring in the hosting grid. The impact will be estimated for a typical weak DN. As the FL (MVA short
circuit capacity) is an indicator for the “grid strength” on one hand and an important figure for circuit breaker
(CB) selection on the other hand, this paper addresses the influence on the FL of grid buses, in general, and
on the FL of the PCC, which is the grid point to which WT is connected in particular.

2. SIMPLE RULES FOR HOST CAPACITY OF WIND GENERATION

WG systems are connected to any voltage level of the distribution system. This voltage level is
mainly determined by the connected WP (Host capacity). For a certain voltage level, it must be distinguished
between PCC on the network and PCC on a bus. About five times wind capacity can be connected to a bus
relative to that connected to network of the same voltage level. While small distributed WT systems up to 50
kVA are connected to low voltage network, wind units of 50-250 kVVA capacity are connected to low voltage
buses. The voltage levels used in distribution systems are: low voltage (LV<1kV), medium voltage (1
kV<MV<50 kV), and high voltage (50<HV<130). The exact values of voltage levels differ from country to
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country [14]. Some recommended approximate rules are used in some countries for estimation of DG host
capacity in terms of distribution system voltage levels. However, additional calculations should be performed
to check the validity of these simple rules for the studied case. Table 1 shows some of the rules that are used.

Table 1. Design Rules for Host Capacity in Distribution Systems [ 9, 14]

Voltage Level Host Capacity
LV network (400 V) 50 kVA
LV Bus (400 V) 200-250 kVA
MV network 2-5 MVA
MV Bus 10-40 MVA
HV Up to 100 MVA

An alternative simple approach to deciding if a DG may be connected is to require that the three-
phase short-circuit level (FL) at PCC is a minimum multiple of the DG rating, meaning DG
rating=FL/Multiple. Multiple as high as 20 or 25 has been required for WTs/wind farms in some countries,
but again these simple approaches are very conservative. Some studies suggest a minimum multiple of >50
[15]. Maximizing of WG accommodation can be performed by means of mathematical programming
techniques and genetic algorithms alongside fulfilling technical requirements as losses and FLs [16].

The interface inverters used in modern WT are pulse width modulated (PWM) converters using
IGBTs or MOSFETS. These converters are able to control not only the active power but also the reactive
power needed by the generator. To reduce the harmonics produced by such converters, filters should be used,
which are not expensive due to the high frequency range (some kHz).

3. CONCEPT OF FAULT LEVEL

The balanced fault at a point of a network can be characterized in terms of the fault current if that
would flow under fault conditions. This fault current must indeed be compared to the normal load current,
which is inversely proportional to the nominal voltage. To compensate for the voltage level effect, the
balanced fault at faulted bus is characterized in terms of the FL (short-circuit capacity SCC MVA) [17]. This
quantity is usually expressed in MVA and is defined as

FL=\3Vygea X1y [MVA] €))

Assuming that the base line voltage is equal to the nominal voltage, we find that the per unit value of
the FL is equal to the per unit value of the fault current:

FLpu = I;pu 2

Finally, if we assume that the voltage is equal to its nominal value prior to the fault, the per unit
value of the FL is given by

FLpuz; 3

[Z¢nl

where Zth is the Thevenin impedance, seen from the location of the fault looking back into the
network.

The FL therefore is an indication of ‘how close' a particular point is from the generation sources of a
system. For example, FLs in an EHV transmission system can be three time in magnitude larger than ina LV
distribution system. For strong grids, typical values of FL for voltages 0.4 kV, 10 kV, 15 kV, 30 kV, 70 kV,
and 130 kV are 5 MVA, 400 MVA, 500 MVA, 1300 MVA, 2500 MVA, and 10 GVA respectively [18].
Rather than providing a detailed model of their network to the designers of WG scheme, distribution utilities
usually give them the FL at the connection point and the ratio X/R of the source impedance. It is known that
all types of distributed generators increase FLs to some extent. As the increased FL could exceed the design
limit of the network, quantitative studies on DG impact on FL are required to avoid the possible negative
effects on system operation and harm to personnel as well [19].
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4. EVALUATION CRITERIA
For achieving a systematic methodology to quantify the impact of WT generation on the hosting
grid, a set of evaluation criteria are defined and mathematically formulated [20,21].
a. Penetration level (PL%): It is defined as the ratio of the total WG power to the peak load of the hosting
grid:

PL% = g;’ﬂ x 100 @)

load
b. Dispersion level (DL%): It is defined as the ratio of the number of WT buses to the number of load buses:

__ #WT Buses
DL% = #Load Buses X100 (5)
This criterion points out to the geographic dispersion of WTGs and not its capacity.
c. Fault level rise index (FLRI%): FLRI% for a bus is the ratio of the difference between FL with WT
generation and FL without WT generation, to the FL without WT generation:

FLRI % = TWI—ZWT 100 (6)
5. THE STUDIED NETWORK

A wide range of simulations have been carried out for a typical distribution grid 20/0.4 kV as shown
in Figure 3 using the software Power Factory DigSilent 14.0.506 [22]. The grid is a modified version of an
example network in the Power Factory.

20 kV imfite bus

Load 10 D
Bus 1 (o))
] 2
| -0 U0
Tr. 2004 KV L9-10 EI
C L :|

Bus 7 -6 Bus 12

Load 12 WT 12

Figure 3. Test distribution grid with several WT generators [22, 23]

The network consists of 12 buses, 11 lines as shown in Table 2 and 7 concentrated loads as shown in
Table 3. The load profile has been determined so that the grid (Base case) represents a weak network, as it is
the real case for DNs in our region. Several WT units can be simulated as connected or disconnected to the
grid through its corresponding CBs.
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Table 2. Lines Data of Test Network

Name Number of  Max. Load Average Power Max.
Custom kVA Load KVA  Factor Loading %
L 10-11 0 0. 0. 1. 100.
L 11-12 26 86.26941 31.2 0.95 100.
L2-3 6 33.65449 7.2 0.95 100.
L3-4 20 72.29907 24, 0.95 100.
L3-9 12 51.8123 144 0.95 100.
L4-5 10 46.1526 12. 0.95 100.
L 5-6 6 33.65449 7.2 0.95 100.
L 5-8 15 59.82822 18. 0.95 100.
L 6-7 13 54.53995 15.6 0.95 100.
L 9-10 5 30.14953 6. 0.95 100.
L9-11 0 0. 0. 1. 100.

Table 3. Concentrating Loads Data of Test Network

Name Act. Pow.  React. Pow.  App. Pow. | Pow.

MW MVAr MW kA Fact

Load 1 0.045 0.02179 0.05 0.00144 0.9
Load 10 0.045 0.02179 0.05 0.07216 0.9
Load 12 0.045 0.02179 0.05 0.07216 0.9
Load 2 0.045 0.02179 0.05 0.07216 0.9
Load 7 0.045 0.02179 0.05 0.07216 0.9
Load 8 0.045 0.02179 0.05 0.07216 0.9
Load 9 0.045 0.02179 0.05 0.07216 0.9

6. SIMULATIONS, RESULTS AND DISCUSSIONS

Different scenarios are simulated to evaluate the impact of WG on FLs at HG buses. The faults
simulated by the program Power Factory DigSilent VV14.0.506 are three-phase short circuits occurring at grid
buses with zero impedance, 0.1 sec break time, and 1.0 sec fault clearing time. We assume that the embedded
WT units will not be shut-down in case of faults occurring in the HG.

5.1. Case Study 1: Fault Levels for Base Case

First a load flow program for the base case (grid without WT) is performed using Newton-Raphson
method. Then computation of balanced faults at all buses is carried out. The simulation results of FLs for all
buses are shown in Figure 4. It is found that the maximum FL (6.17 MVA) is at bus 2 (the closest bus to
supply point) and the minimum FL (1.24 MVA) is at bus 8 (the most far bus 8 from supply point).

81 MVA

6

4

5 |

04
103

# Fault Levels for Grid Base Case

1 10

n 7

Buses

Figure 4. Fault levels for balanced fault at all buses of grid base case

5.2. Case Study 2: Embedding a Single WT at Bus 8

A 250 KVA WT unit, unity PF, is connected to bus 8. Simulation of 6.1 is repeated and the computer
results are graphically shown in Figure 5. We calculate the FL rise index FLRI% for all buses and represent
the results in Figure 6. The FLRI1% values are found to be about 17% for WT-bus, 8-9% for adjacent buses of
WT-bus (i.e. buses 5, 6, and 7), and 2-4% for buses that are in a moderate distance from WT-bus.
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Figure 5. Fault levels without WT and with 250 kVA WT at bus 8

5.3. Case Study 3: Impact of WT Type on Fault Level

A WT Type 1 shown in Figure 7 is connected to Bus 8. This wind induction generator is connected
directly to the grid.

20 FLR% due to connecting .
3 WT 250kVA at Bus 8 Type 1 - Conventional
2 Induction Generator
&
=10 1 b=
< 5
= o
'E =
B0 A Buses l

2 3 4 5 6 7 8 9 10 11 12 I

Figure 6. Fault level rise index FLR% with 250 KVA WT at bus 8 Figure 7. Typical Configur;{ion
of a Type 1 WTG [8]

The squirrel cage AG is selected from the Power Factory library. Double-cage, 250 kW/0.4
kV/2/[EXPLOSION PROOF MULT with the following per unit parameters: Xrm=0.01, Rs=0.0316,
RrA2=0.1, XrA2=0.1, Rated mechanical power=250 kW, Efficiency at nominal operation=95%, Rated
PF=0.88. First, power flow is run where the PCC bus is simulated in the program as AS bus type which
requires the input of WTG active power while its slip and reactive power are calculated by the program. Then
the short circuit computation is activated to determine the FLs of all buses with the WT type 1 is connected.
Figure 8 shows a comparison chart of FL rise % of all buses for the two cases, namely with WT Type 4 and
WT Type 1 of the same capacity being connected at Bus 8. It is obvious from Figure 8 that a conventional
WT Type 1 causes much more FL rise than a WT Type 4 (about 9 times the magnitude for PCC bus and 2-5
for other busses of the grid). The reason behind this is that Type 1 generator is directly connected to the grid
while the Type 4 generator is interfaced with the grid through a full-scale converter.

® Fault Level Rise WT (Type 4) 250 kW at Bus 8
H Fault Level Rise WT (Type 1) 250 kW at Bus 8

Fault Level Rise FLR%

Buses
2 3 9 4 11 10 5 6 12 7 8

Figure 8. Comparison of FLR% of all buses for similar WT Type 4 and WT Type 1 connected to Bus 8

Wind Generation Impact on Symmetrical Fault Level at Grid Buses (A. Hamzeh)



2688 O ISSN: 2088-8708

5.4. Case Study 4: Impact of Penetration Level on Fault Level

A wind generator type 4 with varying capacities (100, 150, 200, 250, 300 kVA) is connected to bus
10 and system simulation is carried out as in 6.1. The results show that FLR% increases with increasing
capacity almost linear as Figure 9 shows for the 3 selected buses, namely WT-PCC (bus 10), adjacent bus
(bus 9) and far bus (bus 2). It is clear from Figure 8 that the increase is approximately linear for each bus
with different slope. The FL rise % for the two cases 300 kVA and 200 kVA WT unit connected to the bus
10, lies between 3% and 15% for 200 kVA WT and between 4% and 25% for 300 kVA WT. Therefore, the
expected FL rise would limit the allowable power of WT unit to be connected to the grid.

10 =—#—Fault Level Rise for Bus 10
—@—Fault Level Rise for Bus ¢
=k==TFault Level Rise for Bus 2

Fault LevelRise%

0

F
} T T T » WT PowerkVA
100 150 200 250 300

Figure 9. Variation of FLR% for 3 selected buses vs. WT power injected at bus 10

5.5. Case Study 5: Impact of PCC Location on Fault Quantities

A WT unit (200 kVA, pf=1) is connected at buses 3, 4, 7, and 10 respectively. A balanced fault
simulation at bus 9 is carried out for each case. The fault current and FL for bus 9 are computed. The results
are shown in Figure 10. It is obvious from Figure 9 that changing the location of PCC has a very little
influence on both the FL and the fault current for the same WT capacity.

7 ® Fault Current at Bus 9 m Fault Level at Bus 9
5 6]
=
55°1 L
254
£53
43
g 21
=
1
0 T T T T
WtWT ‘WT200 at B3 WT200 at B4 WT200at B7  WT200 at B10

Figure 10. Impact of point of common coupling on FL and If

5.6. Case Study 6: Impact of Dispersion Level on Fault Level
A simulation of a fault at bus 9 is conducted in two different scenarios:
a.  Connecting a single 200 kVA-WT at bus 3
b.  Connecting 50 kVA-WT at each of buses 3, 4, 7, 10 at the same time (i.e. D1% is 4 times of Scenario.

Figure 11 shows the simulation results; it is noticed that the FL increases by about 17% with an increase
in the dispersion by 4 times.

42 4.19

‘WT200 at B3 WT 50 at Buses 3, 4,7, 10

Figure 11. Impact of dispersion of WTs on fault level at bus 9

Int J Elec & Comp Eng, Vol. 8, No. 5, October 2018 : 2682 - 2690



Int J Elec & Comp Eng ISSN: 2088-8708 O 2689

7. CONCLUSIONS

With an embedded WT type 4 into the grid, the fault currents and consequently the FLs are
increased, especially when the fault is close to the wind generation PCC. The FL at PCC increases by 17%
relative to FL without WT. The FL rises almost linearly with increasing WT penetration level, where the line
slope decreases when the distance of the concerned bus from PCC is increased. The location of PCC has a
very little influence on values of FL and fault current for the same WT capacity. The FL increases by about
17% with increasing dispersion level to about 4 times for the same total WT capacity. A conventional WT
type 1 causes much more FL rise than a WT type 4 (about 9 times for PCC bus and 2-5 times for other busses
of the grid). Therefore, it is recommended to use the WG system with full interface converter (Type 4) for the
new installed wind farms. It is essential to check if the connection of WG to the DN could result in FLs
exceeding the design limit of the network, particularly if it is already being operated close to its design limit.
In this case, the CBs concerned should be replaced to avoid the risk of damage, and failure of the equipment
with consequent risk of injury to personnel and interruption of supply under short circuit fault conditions.
Although the obtained results are specific for the studied network, the conclusions are valid qualitatively for
any network and the methodology forms a guide for identifying the violence of design limit of grid CBs.
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