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With the widespread application of distributed generation (DG), their utilization rate is increasingly
higher and higher in the power system. This paper analyzes the static and transient impact of large-scale
DGs integrated with the distribution network load models on the power grid. Studies of static voltage
stability based on continuous power flow method have shown that a reasonable choice of DG’s power
grid position will help to improve the stability of the system. The transient simulation results show that
these induction motors in the distribution network would make effect on the start-up and fault con-
ditions, which may cause the instability of DGs and grid. The simulation results show that modeling of
distributed generations and loads can help in-depth study of the microgrid stability and protection
design.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

A large number of DGs connected with the power grid will make
a certain effect on all aspects of power system operation. Voltage
stability is also an important aspect which has become one of the
important research topics in the smart grid development [1e4].

Researchers have used different methods to construct a variety
of stability index to study the voltage stability problem [5e9].
Voltage stability analysis includes two parts: the static stability and
dynamic stability. The indicators measuring static voltage security
and stability are as follows: various types of sensitivity index, the
Jacobi matrix singular index, the minimum modulus eigenvalue
index, distance index between the multiple solutions of flow in the
load space, threshold voltage index and margin index DP, DQ and
DV [10]. Among them, the margin index with good linearity is
widely used in power system stability analysis.

Dynamic stability analysis of distribution network with DGs
should consider a large number of induction motor loads in the
distribution network. The load model is critical to the study of
dynamic stability on the power grid as well. In particular, the
transient stability problem of the rotation type DGs must be taken
into account after power grid commits fault. If the power system
becomes unstable after a fault, not to remove the DGs will take a
negative impact on it. For example, the induction generator would
absorb a large amount of reactive power from the system so as to
All rights reserved.
causing the system voltage to drop. Generally it requires removing
the DGs if the power grid faults occur.

From a control theory point of view, the power system is a very
high-order multivariable process, operating in a constantly
changing environment. Because of the high dimensionality and
complexity of the system, it is essential to simplify assumptions
and to analyze specific problems using the equivalent system
model with right detailed-degree. This requires a good grasp of the
characteristics of the overall system as well as its individual ele-
ments [11].

Reference [12] uses Newton Raphson power flow method to
estimate the power system stability limit, it can give reasonable
results, but may also cause convergence problems, and this method
is very time-consuming. So its application is limited. Some scholars
use parameter sensitivity to estimate the voltage stability [13].
Reference [14] calculates the voltage collapse critical point by an
improved zero-eigenvalue method. Based on artificial neural net-
works method, reference [15] assesses the voltage security after the
complex power system fault. Based on the above literatures this
paper has improved the continuation flow method.

In order to study the static stability influence of DG on the po-
wer grid, firstly, it analyzes the power flowmodels of DFIG, PV, and
battery storage, and then taking IEEE 30-bus system as an example.
This paper uses an improved continuous flow method to obtain
voltage stability limit point of the power gird with or without DG
respectively, and analyzes the influence of the DG on load margin.
Then, it discusses the dynamic effects on the microgrid in the case
of motor start-up and power grid fault.
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2. Static voltage stability analysis of DG on the power grid

2.1. DG flow models

2.1.1. The power flow calculation model of the double-fed induction
generator (DFIG)

The stator of DFIG is connected to the power grid, and its rotor
provides the excitation current through bi-directional converter
connected to the power grid. It realizes AC excitation of rotor side
by controlling the converter to determine the frequency, amplitude
and phase angle of rotor excitation current.

In this control mode, the running of wind turbines has four work
zones: start-up zone, wind tracking zone, constant speed zone, and
the constant power zone.

When stator voltage of DFIG is equal to the power grid voltage,
the operation state of DFIG off the power grid with no-load and that
of DFIG on the power gridwith zero output power is the same, so its
power grid control is a special case of the power decoupling control
(P ¼ 0, Q ¼ 0). It can be processed as PQ node in the power flow
calculation.

2.1.2. The power flow calculation model of solar power generation
system

Under normal circumstances, the grid-connected PV systems
only provide active energy to the power grid, namely convert the
DC energy of the solar photovoltaic array to the AC energy with the
same frequency and phase to feed to the power grid, ensuring that
it has a high power factor. Therefore, in the power flow calculation
solar power grid nodes can be processed as PQ nodes, or as PQ
nodes with Q ¼ 0 under the control of the MPPT [16e21]. During
power flow calculation, the active power and current injected into
the power grid of photovoltaic cells are constant values and the
injected reactive power is as follows:

Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2
�
e2 þ f 2

�� P2
q

(1)

where P is the constant active power of output, I is a constant
current injected into the power grid, e and f are the real and
imaginary parts of the voltage at the DG nodes respectively.
Calculating the real and imaginary parts of voltage in each iteration
and the injected reactive power according to Eqn. (1), and then in
the next iteration it is converted to PQ node.

2.1.3. The power flow calculation model of battery power system
Control of the battery is basically the same as that of a solar

power generation system, the output DC voltage is converted to AC
voltage so as to connect to network. The difference is that the
battery can be not only used as the power source of the power grid
but also used as the load on the power grid. The equivalent circuit of
fuel cell connected with power grid shown in Fig. 1.

In Fig. 1, UFc is the output DC voltage of the fuel cell, RFC is the
equivalent resistance of the fuel cell, m is the modulation index of
Fig. 1. Equivalent circuit of storage battery connected power grid.
the inverter, j is the lead angle of the inverter, Uac is inverter output
AC voltage of the inverter, XT is the equivalent impedance of the
transformer, Us is the bus voltage of network, d and q are the phase
angle of voltage, with the relationship of j ¼ d � q.

Since Uac ¼mUFc, combined with the equivalent circuit diagram
of the fuel cell on the power grid, we can derive the following
relation:

P ¼ UacUs

XT
sinðd� qÞ ¼ mUFCUs

XT
sinðjÞ (2)

Q ¼ mUFCUs

XT
cosðjÞ � U2

s
XT

(3)

The output active power of the fuel cell can be adjusted by
controlling the parameter j, the output reactive power of batteries
can be adjusted by controlling m, which is similar to the active
power and reactive power regulation principle of conventional
generator. So it is usually regarded as a PV node in the power flow
calculation.

Given that Rated active power of the converter output is PN, the
minimum power factor is rmin, and then the maximum capacity of
the converter is:

Smax ¼ PN=r
2 (4)

Now the maximum reactive power of converter output corre-
sponding to the active power P is:

Qmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2max � P2

q
(5)

The fuel cell in the normal operating does not require absorbing
reactive power from the power grid. It can be considered that the
minimum reactive power is 0. If the reactive power of the battery
node is exceeding the boundary, it can be processed as a PQ node,
and reactive power injected is the upper or lower limit of the
output reactive power.

2.1.4. The flow calculation model of the microturbine power
generation system

The general working principle of microturbine is similar to the
synchronous generator, with the speed control system and excita-
tion system. Because the microturbine has a high rotational speed
and the alternator has a very high frequency, its output is high
frequency AC power [22]. It should supply load with the AC power
which has stable output voltage and rated frequency by electronic
converter.

So microturbine is processed as the PV node, similar to the
approach of battery.
2.2. Static voltage stability analysis of power grid with DG

After the DG incorporating into distribution network, the radial
structure of distribution network will become the multi-power
structure, which may cause the system nodal voltage to change.
The voltage of traditional radial distribution network under steady-
state operation is gradually reduced along the direction of the po-
wer flow of the feeder. After DGs connecting with the grid, due to
the reduction of active power on the feeder and reactive power
support of DGs, the all load nodal voltage along the feeder are
increasing with different degrees. Thereby it enhances the carrying
capacity of distribution network. However, if the location of the DG
is on the power grid node of the substation, it can only enhance the
total capacity of the substation, but cannot improve the load
bearing capacity of the distribution line. Therefore, the influence of



Fig. 2. Predict leV curve in interpolation polynomial.
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the DG on distribution network is closely related to their location
and capacity.

In addition, the interface types between the DG and distribution
network are various, such as power electronic converters, syn-
chronous generators, asynchronous generators groups, etc.
Different types of interface with the power grid have different
impact on the voltage stability of distribution network.

At present, the indexes measuring the voltage stability are
sensitivity index, singular value index, margin index, L indicators,
etc. Among them, the load margin index has been widely used
because it can better quantify the distance from the current system
running point to voltage collapsed point [23]. The key of load
margin index calculation is to determine the voltage stability limit
point. The specific methods include single-power-single-load node
method, the multi-solution flow method, the nonlinear program-
ming method, load admittance method, continuous flow method,
etc. The Continuation Power Flow (CPF) method can not only
effectively overcome the singular problem of Jacobi matrix near the
saddle-node bifurcation point, but also track the power flow solu-
tions under different load models. Its positive adaptability to the
models makes it an important tool for analysis of the power system
safety and voltage collapsing.

The CPF method along the PV curve searches the voltage sta-
bility limit point step by step, including four parts: prediction,
parameterization, calibration and step control. It calculates many
power flow solutions, with the large amount of computing and
time. The way to improve the efficiency of continuous flowmethod
is to choose a reasonable step control strategy. The larger step size
would increase the number of iterations, even divergence, but too
small step size will increase the computing time. The choice of step
size control strategy also depends on the other three parts. This
paper has improved the continuation flow method by using
quadratic interpolation polynomial to estimate the voltage stability
limit point and to obtain the next power flow solution, and
adopting the self-adaptive step-change control strategy to accel-
erate the calculating of voltage stability limit point.

Basic continuation power flow equation can be expressed as:

HðX; lÞ ¼ f ðXÞ þ lb ¼ 0 (6)

where X is the system state variable, f (X) ¼ 0 is the conventional
power flow equation, corresponding to the power flow solution
when the initial state l ¼ 0, b denotes the grow direction vector of
the load and generator, l is grow coefficient. The common solution
method for solving this equation is the predictor-corrector method.
Traditional forecasting method is tangent or secant method, which
are both linear. In order to reduce the number of iterations, it is
often using small step forecast. Taking into account the Quasi
Quadratic of leV or PeV curve, we can take advantage of the
quadratic polynomial interpolation theorem, self-adaptive to
change the step size according to the shape of the curve, and then
find estimated value of the next point using polynomial extrapo-
lation method. We can find the effect will be significantly
improved.

Given that the quadratic interpolation polynomial of the ith PQ
node is:

li ¼ aiV
2
i þ biVi þ ci (7)

where ai, bi, ci are the undetermined coefficients.
According to the interpolation theorem, the equation can be

uniquely determined under knowing coordination of three points.
For the first three points, according to the initial conditions of the
system, a power flow solution A can be obtained; when given the
load growing direction, choosing the smaller fixed load step size Dl,
the second and third flow solutions are obtained by using the
tangent method and the secant method to estimate and by using
continuation power flow to calibrate. When the three flow solu-
tions are obtained, they are assumed to be A (ViA,liA), B (ViB,liB), C
(ViC,liC), shown in Fig. 2:

ai ¼
liC�liB

ðViC�ViBÞ �
liB�liA

ðViB�ViAÞ
ðViC � ViAÞ

(8)

bi ¼
liB � liA
ViB � ViA

� aiðViB þ ViAÞ (9)

ci ¼ liA � biViA � aiV
2
iA (10)

Therefore the extreme point of the quadratic curve can be
estimated, corresponding to the voltage stability limit point in
Fig. 2, namely D (Vicr,limax).

Vicr ¼ � bi
2ai

limax ¼ ci �
b2i
4ai

(11)

However, it is not appropriate to estimate the static stability
limit point only by the first three power flow solutions. The power
flow equation only can be expressed as a quadratic polynomial at
the limit point, so the limit point estimated is far from the actual
point, which need constantly update these three points by the
appropriate step size control, and need repeat quadratic interpo-
lation, to make them as close as possible to the extreme point, and
then the static stability limit point calculated would be more
precise.

In order to make computing faster to reach the limit point
without affecting the accuracy of the solution curve, the paper
using Eqn. (12) to predict the next iteration step.

lðiþ1Þ ¼ almax þ ð1� aÞlðiÞð0 < a < 1Þ (12)

where a is the step factor, usually taken to be 0.5, lmax is the slope of
the key nodes or nodes with the fastest voltage drop.

The change of l, Dl, is getting smaller and smaller when node is
close to the stability limit point. Ideally, at the extreme point
Dlcr ¼ 0. In order to ensure a stable numerical solution of power
flow equations, the article uses the static voltage stability sensi-
tivity criterion [12] to test if the solution curve reaches the extreme
point:
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����
dl

���� ¼ j2aV þ bj < b (13)

dV

where a, b are the parameters of nodeswith the fastest voltage drop
in Eqn. (7), V is the voltage value of the node in the current power
flow solution. The smaller the value of b is, the more close to the
extreme point the flow solution is.
Fig. 4. leV curves of buses without DG.
2.3. The choice of DG capacity and location on the power grid

The important subject of the DG at planning stage is the selec-
tion of the DG capacity and the location on the power grid.

Studies have shown that the DG’s different installation location
and capacity will affect the amplitude of the system short circuit
current, voltage stability, voltage across in the distribution network,
etc. The reasonable installation location can effectively improve the
voltage stability of distribution network and the power factor of the
system load, reducing the system active power loss. On the con-
trary, if not configured properly, it may have opposite effect on the
power grid safety and stability [23]. In this paper, some simulation
results and discussions are given below.
2.4. Simulation results

Based on the IEEE 30-bus standard system, the paper analyzes
the static voltage stability limit of the power grid with the DG. The
structure of the system is shown in Fig. 3.

Firstly, we can code voltage stability limit calculation program of
IEEE 30-bus standard system in Matlab using the improved
continuation power flowmethod mentioned above, and then draw
the upper half branch of the PV curve according to the first five
nodes with the fastest voltage drop, as shown in Fig. 4.

According to the PeV curve shown in Fig. 4, when the voltage is
growing proportionately by the load constant power factor, the
voltage drop of No. 30 node is the fastest, lmax ¼ 2.957961.

Shown in the system structure, in the first five nodes with the
fastest voltage drop, 26, 29 and 30 nodes are all with load. In order
to improve the utilization of DGs and strengthen the support to the
power grid, DGs are installed in the load nodes with the lowest
voltage. It is assumed that the power factor of DG is 0.9, the
apparent power is the integer multiple of 0.1 MVA and not greater
Fig. 3. Structure of IEEE 30-bus system.
than the load of the node, namely, PDG < PL. The total installed
capacity of DG shall not exceed 10% of the total maximum load.

In this example, wind power generation is connected on the
30th bus, network capacity is 5 MVA, and the power factor is 0.98
based upon constant power factor proportional growth of load. The
PV curve of the power grid with the DGs as shown in Fig. 5, the
stability limit of the system is lmax ¼ 3.394570, higher than the
original system by 14.7%, while No.26 node becomes the weakest
node of system, and the voltage stability of No. 30 node has
increased, indicating that the DG on No. 30 node will help improve
the stability of this system.
3. The transient effect of DG and load on the power grid

3.1. Transient impact of DG under islanding operation

Fig. 6 is the microgrid simulationmodel. This microgrid contains
5 distributed generations, and 4 load models as follows: Load1 and
classical synthesis load connected to the bus D_Grid, Load2 con-
nected to the bus L1_PQ, Load3 connected to the bus L2_Vf. In
islanding operation, DGs in the microgrid supply power for load
together; in parallel operation, microgrid via a transformer con-
nected to 10 kV power distribution network. The storage battery
Fig. 5. leV curves of buses with DG.



Fig. 6. Microgrid simulation model.

Table 2
Fault location.

Fault point The distance to bus L1_PQ

A 10% of Line1
B 50% of Line1
C 90% of Line1
D 100% of Line1

The distance to bus L2_Vf
E 10% of Line2
F 50% of Line2
G 90% of Line2

Fig. 7. Fault output characteristics of G1.
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under PQ control connects to bus L1_PQ, and the Wind power
generation under V/f control connects to bus L2_Vf.

Line1 and Line2 use cable-line model of software PSCAD. Load1,
Load2 and Load3 are constant power load; Specific parameters of
simulation model are shown in Table 1. The head of Line1 is con-
nected to bus L1_PQ, and the head of Line2 is connected to bus
L2_Vf, where A, B, C, D, E, F, G are the different three-phase short
circuit fault location as shown in Table 2. Taking the most serious
fault, namely, three-phase short circuit fault as an example, the
output characteristics of DG with different inverter control mode
would be analyzed.

Fig. 7 is the output (G1) characteristics of DG, namely wind
power generation with V/f control. The inverter of Vf_PWM adopts
constant voltage and frequency control. From the Fig. 7 we can see
that, the closer fault point to the DG, the smaller equivalent
impedance of system is, the greater output current is, and the
greater output power is. When the output power limit is reached,
the Vf_PWM, as microgrid energy balance regulator, will not be
able to continue to maintain the constant voltage control, then the
outlet voltage is dropping, the smaller the output voltage is, the
greater the current is.

Fig. 8 is the output (A1) characteristics of DG, namely fuel cell,
under PQ control. The PQ control is different from the V/f control,
because its purpose is to make constant active power and reactive
power output of DG, it cannot maintain the system’s voltage and
frequency. So in island operation, DG of constant power control
Table 1
Parameters of simulation model.

Short circuit capacity
of system

31.4918 MVA

Microgrid voltage
(point D)
0.4 kV

Load1 capacity
0.1 MW, 0.1MVar

Load2 capacity
0.1 MW, 0.05MVar

Load3 capacity
0.1 MW, 0.05MVar

Capacity of inverter
Vf_PWM

1.0 MVA

Capacity of inverter
PQ_PWM
0.4 MVA
cannot supply power for load alone, needing to be matched with
DG of V/f control.

The inverter PQ_PWM adopts constant power control. Fig. 8
shows, with the fault point from far to near, fault current is
increasing, and fault voltage is decreasing correspondingly. When
the PQ_PWM output current limit is reached, such as fault occur-
ring at A, the DG is unable to maintain a constant output power,
then the output power drops considerably, and fault current after
reaching its limit, 2 times rated current, will no longer increasing.

Other output properties of DGs are similar with above.

3.2. Transient effect of motor load start on power grid

Ignoring the excitation reactance Xm, the current and electro-
magnetic torque equation of the rotor side are:
Fig. 8. Fault output characteristics of A1.



Fig. 10. Simulation of failures mode including the induction motor.

Fig. 9. Simulation of induction motor start.
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Ir ¼ Vs
ðR þ R =sÞ þ ðX þ X Þ (14)
s r s r

Te ¼ V2
s Rr

ðRs þ Rr=sÞ2 þ ðXs þ XrÞ2
1
s

(15)

When the induction motor is starting, the rotor speed (n) is
equal to 0 and the slip (s) is equal to 1. According to the Eqn. (14),
the motor start current is very large, so that the stator and rotor
leakage reactance will absorb a large amount of reactive power.
When the DG uses the droop control, it contributes to the start-up
protection of themotor, becausewhen the power grid controllers of
DGmonitor the reactive power increasing, it will reduce the voltage
so as to reducing the start current. On the contrary, the DG using V/f
control will provide a larger current for the load to maintain con-
stant voltage, which is not conducive to the over-current impact of
grid-connected inverter. The DG using PQ control can generate the
constant reactive power which has no impact on the starting pro-
cess of motor load.

The paper analyzes the effect on the microgrid after induction
motor starting. The simulation results are shown in Fig. 9 that the
effect of inductionmotor on themicrogrid cannot be ignored; it will
produce a great starting current in the boot process and absorb large
reactive power. Theflowsent from the PCC pointwould be reversed.
So itmay cause the relay protection tomalfunction in themicrogrid.

We can see from Fig. 9(a) that the microgrid originally provides
reactive and active power to the distribution network. When the
induction motor is being started up, it will absorb a large amount of
reactive power, so that the original power flow is reversed, and
current at PCC point increases. When themotor is stable, the power
input to distribution system is restored. In addition to maintain the
stable operation of the motor, the microgrid can still transport a
small amount of remaining power to distribution system, but the
volume has been reduced. Thus DGs in the microgrid can maintain
their isolated operation after the system is powered down, so as to
ensuring the reliability of power supply within the microgrid.

3.3. Transient effect on load branch after fault

The section analyzes the effect on the motor load model, when
there is a fault on the other branch of grid. Assumed that the main
network three-phase short circuit occurs at t ¼ 2.5 s, the fault is
eliminated after 0.15 s. The voltage and current of load model with
the induction motor shown in Fig. 10.

Shown in Fig. 10, when the fault occurs, the voltage and speed
would drop down and current flowing into the induction motor
load would increase, and the demand reactive power decreases
rapidly; when the fault disappears, the voltage and the speed in-
crease, as well as the current and reactive power, which is the same
situation as the start process of induction motor.

4. Conclusions

In the paper, the static stability effect of DGs on the power grid
has been studied firstly. In IEEE 30-bus system, an improved
continuation power flow method is used to obtain voltage stability
limit of power gridwith orwithoutDGs, respectively. This paper also
analyzes the impact of DGs to load margin, which would contribute
to the voltage stability of distribution network in the city.

Then, through the PSCAD software simulating the transient
model the microgrid, this paper makes the output characteristics
simulation of DG with different control strategies under different
fault point. Compared with parallel operation, the limit of output
fault current is small under island condition, because of the limit of
DG short circuit capacity and current limiting link of inverter. Due
to the special fault output characteristics of DGs, it will lead that the
traditional distribution network protection cannot meet the
requirements.

At last, it discusses the dynamic impact of themotor start-up and
power grid fault on the microgrid. This paper analyzes the effect of
composite load model, including DGs and induction motors. Simu-
lation results show that inductionmotormodel is very important to
the study ofmicrogrid system. To sumup, themodeling ofmicrogird
under island operation and loads with DGs would help in-depth
study of the microgrid stability and the protection design of
distributed network with DGs in the future.
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