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ABSTRACT. This paper investigates the impact of integrating large scale photovoltaic power on
voltage stability in radial distribution networks. Detailed modeling of the photovoltaic
systems is presented. The study is based on bifurcation diagrams of photovoltaic generation,
load flow analysis, short circuits, photovoltaic farm disconnections and loading conditions.
Maximum penetration levels of solar photovoltaic generation are examined using bifurcation
diagrams. The study considers is a utility 53 buses radial distribution network. Several
aspects are presented and discussed.

RESUME. L’évolution des réseaux électriques est marquée par des variations continues de leur
topologie. En particulier l'intégration des sources renouvelables de plus en plus importantes
a soumis ces réseaux a de nouvelles contraintes d’exploitation. A titre d’exemple, les systemes
photovoltaiques (PV) posent de nouveaux problemes de stabilité aussi bien statique que
dynamique, qui ne cessent d’évoluer avec [’accroissement des puissances installées. En effet,
lintégration de ces fermes photovoltaiques influe sur les caractéristiques électriques de
fonctionnement du réseau en régime statique, et présente aussi un impact Sur Son
comportement dynamique. Cet article porte sur l'impact d’une intégration massive de
[’énergie photovoltaique sur la stabilité statique et dynamique du réseau de distribution
tunisien. Pour cela nous avons mené une étude statique basée sur les diagrammes de
bifurcation de tension. Ensuite nous avons entamé le régime transitoire dans un tel systéme
en cas de base et en cas de pénétration photovoltaique maximale.
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1. Introduction

Solar Photo-Voltaic Generators (SPVGs) are attractive sources of renewable
energy for electric power generation due to their relatively small size and noiseless
operation. Their applications have significantly increased all over the world. By
2013, approximately 139 GW of SPVGs had been installed worldwide (Ren, 2014).

Many previous works have examined the effects of increased penetration of
renewable energy into power systems, especially the intermittent type, on power
system stability. In the most part, the focus has been on wind energy (Erlich et al.,
2006) and (Gautam et al., 2009). It has been argued that if proper controls are used,
integration of wind energy would not significantly affect system stability (Gautam et
al.,2011) and (Muljadi et al., 2008).

Nonetheless, the increased penetration levels of photovoltaic plants are raising
concerns to utilities due to possible negative impacts on power system stability (Tan
et al., 2004), (Wang et al., 2008) and (Xu et al., 2009). When operated in parallel
with conventional synchronous generators, SPVGs present new challenges to
stability, operation and control of the power system and its components (Paladin,
2011). In particular, when SPVGs are integrated in distribution medium voltage
distribution networks, nodal voltage stability ought to be affected. Voltage
instability is outlined as the incapability of network to maintain satisfactory voltage
levels throughout the network during different operating conditions. Voltage
instability occurs when short or long term disturbances cause an unmanageable and
progressive drop in voltage level (Lof et al., 1993) and (Ajjarapu ef al., 1998). The
key cause of voltage collapse is the incapability of network to supply the required
reactive power. Thus, this issue needs to be methodically analyzed especially with
the presence of large scale SPVGs.

Canova et al. (2009) examined the electrical impact of solar photovoltaic
penetration at the distribution level, and concluded that these plants may affect the
voltage profile if they are installed in rural radial lines. In (Kakimoto ef al., 2011), a
voltage control scheme is proposed to avoid voltage problems in distribution
networks. The impact of small SPVGs units on the operation of distribution systems
was analyzed in (Thomson et al, 2007), where it is indicated that considerable
penetration of micro-generation may be accommodated safely without major
modification to the system control. A correlation index is introduced in
(Marinopoulos et al., 2011) to evaluate the impact of solar photovoltaic units on real
power losses in distribution systems. Tamimi et al. (2013) presented a comparative
investigation of SPVGs effect on system stability at different penetration levels. The
impact is examined through eigenvalue, voltage stability and transient stability
analyses using real network data pertaining to Ontario and its neighboring systems.
Tan (2007) described the impact on the power system of a large-scale penetration of
photovoltaic generation. The dynamic response of a photovoltaic generation system
to rapid change in irradiance was analyzed. Different types of voltage control
techniques used to mitigate the negative effects of rapid changes in irradiance are
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investigated using simulation. The static voltage stability of the power system with
large-scale photovoltaic penetration is presented in (Rakibuzzaman et al., 2012).
The results in this study indicate that the SPVGs location, size and the way they are
integrated, i.e., concentrated or dispersed, have profound impact on system static
voltage stability. The paper of (Khan er al, 2013) has shown the impact of
photovoltaic generation on Bangladesh power system stability. Simulation results of
static voltage stability in Bangladesh power system show SPVGs of different sizes at
different zones has improved the voltage collapse point near the bus and loading
margin. The paper of (Liu ef al., 2010) investigates the impact of SPVGs on power
system small signal stability using modal analysis and time-domain simulation. The
study results show that the presence of SPVGs can change the mode shape of the
inter-area mode for the synchronous generators that are not displaced by SPVGs.
The simulation results also show that increased SPVGs can have beneficial effect on
small signal stability depending on the location and penetration level of solar
photovoltaic generation and the dispatch of the existing synchronous generators.

This paper is also a part of the previously mentioned research and our objective
is to examine the impact of penetration of solar photovoltaic generation on the
steady state and dynamic behaviour of the radial Tunisian distribution network
voltage stability.

The next section explores modeling of solar photovoltaic units, followed by a
formulation of the various studies and methodology. The radial Tunisian distribution
network is also briefly described in Section 3.1. Results and discussions are
presented in Section 3.2 to 3.5. Finally, section 4 highlights the main conclusions of
the paper.

2. Dynamic models of a solar photovoltaic unit

The solar photovoltaic cells generate a DC current which is converted into AC
current by power electronics inverter control. The typical structure of a grid
connected SPVG unit is shown in Figure 1. Its main subsystems are the photovoltaic
array, the DC/DC and DC/AC converters, and the associated controls (converter and
overall system) (CIGRE, 2000). The remaining system components, i.e. dc bus,
inverter and grid-connection devices, are similar to those found in some other
distributed generators such as variable speed wind turbines, and therefore the
dynamic modeling requirements are similar (CIGRE, 2000).

According to the North American Electric Reliability Corporation (NERC,
2010), the SPVG model can be based on the grid-side model of certain types of wind
turbine generators (WTG) that have a similar interfacing structure (Type 4 WTG),
since SPVGs are typically connected to the grid through a converter. Figure 2 shows
a Type 4 WTG WECC generic model where all the power generated is processed
through the power converter, which serves as a buffer between the generator and the
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grid, and controls the reactive power output and/or the voltage at the point of
common coupling (PCC).
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Figure 1. Typical structure of a grid connected SPVG (CIGRE, 2000)
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Figure 2. Type 4 WTG general block diagram (WECC, 2010)

The distributed SPVG units are modeled as constant PV or PQ generators
depending on the chosen control mode and their capabilities depicted in Figures 3
and 4 for Models 1 and 2, respectively (Erlich ef al., 2006).
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Figure 3. SPVG Model 1 block diagram including the converter
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Figure 4. SPVG Model 2 block diagram including the converter

The IEEE guidelines for interconnection of distributed resources suggest
connecting SPVGs at unity power factor (IEEE, 2000). Currently most inverters
used in PV power conversion are designed to operate at unity power factor (Yun et
al., 2007) and (Yun et al., 2004). In this paper too, the solar photovoltaic generators
are assumed to be constant active power sources operating at unity power factor (i.e.
the maximum and minimum reactive power limits of the generator are set to zero)
and the model used is model 2.

The SPVG possessing dynamic components as characterized below:

dig _ (Qrepcos(®)=Prepsin(®))/v-iq
a Ty

(M

dig (Pref.cos(t)+Qre.sin(t))/V—iq

= 2

dt T,

In these models, the current set points can be obtained based on the desired
active and reactive powers and measured terminal of voltages in the dq reference

frame as follows:
AN ®

Where the notations carry their standard meanings as in (Tamimi et al., 2013). In
Figure 4, the reference value for reactive power is obtained based on the set-point
and actual voltage values through a PI controller (Ko et al., 2007).

At each bus 7, the injected complex power P, + jO, must balance the algebraic sum

of the specified power supply P + jOF, and power demand P” + jO;7 . The
active and reactive network equations are given by (4) and (5) respectively:

N
Pl — P = Z YiViVjcos(a; — a; — 6;5) )
j=1



122 EJEE. Volume 18 —n° 1-2/2016

N
' ®)
j=1

Where Vl :ViZOLi is the voltage at the i bus, ?ij = Yijéeij are the elements

(i,j) of the network admittance matrix and N is the total number of network buses.

3. Numerical studies

All numerical studies were carried out using the PSAT (Milano, 2005), which is
a MATLAB-based toolbox for power system studies. It includes power flow,
continuation power flow, optimal power flow, small-signal stability analysis and
time domain simulation tools. This toolbox also provides a complete graphical
interface and a SIMULINK-based one-line network editor.

3.1. System description

The configuration of a distribution system which is under study is shown in
Figure 5. It is characterized by short lengths of transmission lines do not exceed two
kilometers. The system has 53 buses, 2 generators, 51 loads, 1 transformer and 51
branches with base values 100 MVA, and 33 kV. The total system loading in the
base case is 12.10 MW and 3.95 MVAR, with the loads being represented using
constant power loads. The distribution network operates at one voltage level 33 kV.
The synchronous generator connected to bus 52, is equipped with a Turbine
Governor and an Automatic Voltage Regulator, the main power station of bus 53 is
chosen as the slack bus. The solar photovoltaic generators designated PV1, PV2,
PV3 are connected to buses 13, 18 and 46 respectively, and the maximum installed
photovoltaic power is 12 MW and operating at unit power factor. The solar
irradiation is assumed constant throughout the analysis. The model parameters used
in Figure 5 is as follows: Qg = 0.0MVAr, and Tq =T, = 15ms.

The goal of these simulations is to evaluate the dynamic performance of the
voltage and the transient stability of a power system integrating three photovoltaic
farms. The study of voltage stability is based on the bifurcation diagrams with the
bifurcation parameter is the power generated by the photovoltaic generators in base
case and in case of holidays. The study of the stability of the network is completed
by an analysis of transient stability. For this purpose, worst-case scenarios are
considered in base and at maximum photovoltaic penetration case. We first test the
system transient response to a sudden photovoltaic loss: disconnection of all
photovoltaic farms and disconnection of the most loaded bus 26’. Then, faulted
voltage profiles are applied at the connection bus of the photovoltaic generator.
Lastly three phase short circuit faults are applied at a regular transmission network
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bus (load bus ‘26’). Through these studies, it will be possible to determine whether
credible disturbances could lead to voltage collapse over parts of the system or to
steady state instabilities.

4444
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Figure 5. Single line diagram of a distribution system connected SPVG

3.2. Methodology

The proposed system model comprises a conventional power plant and
photovoltaic generator as depicted in Figure 5. The transmission network is
represented by a general © model. The overall system model may be represented by
a set of Differential-Algebraic system of Equations (DAE) of the form:

x= f(xaylay29u:p')
028(%)’1:)’2&%“) (6)
zZ= h(x’y1:y27u7“)

Where x stands for generators dynamic state variables and their controls, defined
by the nonlinear vector field f. The vector y; represents machines settings at
generator buses, y, represents the set of algebraic variables, which typically
correspond to load bus voltages and angles; £ stands for slow varying parameters,
over which operators have no direct control, such as changing loading levels or
photovoltaic power generation, and u represents the control settings that operators
directly or indirectly control, such as reference voltages of AVRs, shunt
compensation or PV power factor. The nonlinear algebraic function g describes the
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algebraic equations that include power flow equations. The output variables are
typically the reactive power generation at all generator buses, and active generation at
the swing bus. They are described by a vector z defined by the nonlinear function 4.

The static continuation power flow technique takes into account standard power
flow models, i.e. constant PV or PQ generators with reactive power limits, and static
PQ or voltage dependent loads. The interested reader can find a detailed description
of the standard continuation power flow analysis in (Canizares, 2002). The stability
information that can be obtained by the static continuation power flow is typically
associated to the maximum loading margin of the system. However, since this paper
focuses on photovoltaic penetration, the stability margin A is defined in this paper as
a measure of the maximum level of photovoltaic power generation.

Pi PV — ?\,PI max, PV (7)

This margin is limited by voltage stability limits (saddle-node bifurcation or
limit-induced bifurcation) or security limits (voltage limits, transmission line
thermal limits).

Saddle node bifurcation (SNB) is recognized as one of the most significant static
factors for voltage stability problems in power system. According to Saddle-node
bifurcation (Canizares, 1997):

gy, =0
V,9(y, v =0, ©)
IvI=1
gy, =0
V9@, D'w =0 ©)
[v[=1

where, w and v are the left and right eigenvectors respectively.

The effect of smooth parameter variations on the stability properties can be
studied with continuation algorithms applied to the combined system of algebraic
and differential equations (Equations 1-5) using a pseudo-arclength continuation
strategy (Yakout, 1993). It also contains a number of routines which can be used to
detect limit points and bifurcations as a function of a system parameter. The idea
underlying a bifurcation analysis is to investigate qualitative changes in the system
dynamics (e.g. stability loss, birth or death of oscillations, passage from periodic to
chaotic solutions or vice versa, etc.) under slow variations of distinctive system
parameters. This theory helps to predict how and when the system becomes instable.
More detailed discussions about the stability of power systems DAE model are in
(Guoyun et al., 2005).
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3.3. Load flow analysis

We simulate the impact of photovoltaic penetration on the voltage profile in the
base case and the load flow results are given in Figures 6-8. The results show that
the bus voltages for every node are within the acceptable range, i.e. between 0.93
p.u. and 1.07 p.u. and no overvoltage is detected as illustrated in Figure 6. The
active powers injected at the different nodes are shown in Figure 7. The injected
reactive powers are represented by the histogram in Figure 8. Note that all the
reactive power consumption is supplied by the source 53 “Swing bus”.

Voltage Magnitude Profile

Vip.u]

30 60
Bus #

Figure 6. Voltage magnitude profile
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Figure 8. Reactive power profile

3.4. Impact of photovoltaic penetration on the voltage stability

3.4.1. Base Case

Figure 9 shows the bifurcation diagram at SPVG bus ‘13’ and the most critical
load bus “26” in the presence of the increasing photovoltaic generation margin A.
The voltage rises as the photovoltaic power injected increases to about A = 1.0 p.u.
In this first half of the curve the voltage increases. This behavior is due to the fact
that the feeder is decreasing its power injection into the distribution network.
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Figure 9. Bifurcation diagram of voltage at SPVG bus ‘13’ and at load bus 26’
as a function of the generation margin 1 in base case
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In the second half of the curve, the voltage decreases, as it is usual in nose
curves. This happens because the feeder reverts its power flow and the photovoltaic
farms are not only supplying local loads but also supplying power to the network.
The system collapses at a saddle-node bifurcation for Ay, = 2.35 p.u, i.e 9.425 MW
and therefore the maximum capacity of SPVGs that can be supported by the network
is 28.2750 MW 1i.e 9.425 MW#*3. Thus, the SNB is associated with maximum
generation margin in the power flow models. The system becomes voltage instable
at the operating point at which it’s tangent to the system PV curve. This is equivalent
to the singularity of the system Jacobian (Equation (6)).

3.4.2. System loading condition

To study the effect of system loading condition on the rate of the photovoltaic
penetration, we considered a case corresponding to a load equal to half of the load of
the network in the base case. Figure 10 shows the bifurcation diagram of voltage at
photovoltaic bus “13” and the most critical load bus 26 function of the photovoltaic
generation margin. The maximum penetration of the photovoltaic that can be
supported by the network is 23.2MW i.e '7.73MW*3', (i.e 1.932 p.u*).

Comparing this result from the previous case when the network has a rated load
(base case), there is a decrease in the margin from 28.2750 MW to 23.1900 MW, i.e
a decrease of 18% compared to the base case. This is explained by the fact that in a
lightly loaded network, the transit of powers is limited from the source to the loads
and the penetration of photovoltaic sources implies a reversal of the direction of
transit (SPVGs to the source station). This reversal will be faster if the network is
low load which implies a lower penetration rates on holidays and Sundays. Thus, the
maximum photovoltaic generation margin depends on the system loading condition.
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Figure 10. Bifurcation diagram of voltage at SPVG bus ‘13’ and at load bus “26”
as a function of the generation margin /. in lightly loaded case
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For the base case, the slack bus provides active power to the grid as in this case
the swing bus absorbs the power and seen its power is negative. The histogram in
Figure 11 shows that from the point A > 0.5, the swing bus reverse its injected power
and become negative to the saddle node bifurcation point.
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Figure 11. Real Power Profil at ). = 0.5 p.u

3.5. Dynamic performance

The focus here is to investigate the transient responses of the grid-connected
photovoltaic generators and the synchronous network generators when a grid fault
occurs. For this purpose, worst-case scenarios are considered in base case and in the
maximum photovoltaic penetration. We first test the system transient response to a
sudden group of photovoltaic power loss: disconnection of photovoltaic farm at bus
“13”. Then, disconnection of load is applied at a regular transmission network bus
“26”. Lastly, faulted voltage profiles are applied at the connection bus of the
photovoltaic farm at bus ‘13° and the load bus ‘26’. The reactive power of the
SPVGs is not plotted for all the simulation mentioned because the PV generator is
operating at unity power factor and therefore the reactive power consumed or
produced by the photovoltaic generator is equal to zero.

3.5.1. Base case
3.5.1.1 Perturbation 1: Disconnection of photovoltaic farm

The photovoltaic farm at bus ‘13’ is abruptly disconnected from the network
simultaneously by opening the circuit breakers. Immediately after the disconnection
at t=20s, as a result of the photovoltaic generation loss, the synchronous rotor speed
of swing bus dropped suddenly (Figure 12). The steady state rotor speed is about
47Hz corresponding to a significant frequency deviation of 3Hz which causes the
loss by sub frequency of the machine. The disconnection causes a drop in the overall
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network voltage profile. In particular, for the bus near to the photovoltaic islanded
bus bus ‘12, the voltage undergoes a decrease of 2% of its rated voltage (Figure
13). By against, the variation of the voltage at photovoltaic bus “46”, which
remained connected to the network, is limited (less than 0.5% of nominal voltage).

The simulations results show that there is a strong relation between the terminal
voltage of the PV generators and the rotor angle of the conventional generators. The
scenario becomes worse as the photovoltaic penetration decrease. The disturbance in
the bus terminal voltage directly affects the performance of the photovoltaic
generator.
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Figure 13. Variation of terminal voltage at PQ bus ‘12’ and at SPVG bus ‘46’
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3.5.1.2. Perturbation 2: Disconnection of load

The second disturbance scenario simulated corresponds to a loss of load at bus
“26” (the most loaded bus), by opening the line at what this bus is connected. As the
photovoltaic generators are of type SPQ and don’t allow the voltage regulation,
there has been a rise in voltage at the buses of the considered network. The voltage
profile undergoes a 4% increase in the nominal voltage (Figure 14). The increase of
the frequency due to this disturbance is of the order of 0.12 Hz which is acceptable
and within the acceptable margin (Figure 15).
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3.5.1.3. Perturbation 3: Voltage dip faults at photovoltaic generator

The system performance to transient three-phase voltage dips is assessed. The
reactive power requirements of photovoltaic farms are within a power factor unit. At
t = 20s, a fault was applied at the connection bus of the photovoltaic generator at bus
13. The fault was cleared after 150 ms and the voltage has to drop 0.1 p.u.

Figure 16 shows the behavior of the photovoltaic generator during the fault-ride
through. Immediately after the fault occurs, the voltage at the SPVG bus “13” drops
to 0.1 p.u. Immediately after the fault is cleared at 20.15 s, the voltage at the SPVG
terminal starts to rise and recovered to the steady state value of 1.0 p.u. The
simulation results confirm that the SPVG controllers are capable of re-establishing
the voltage at the photovoltaic terminal after the clearance of the short-circuit fault.
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Figure 16. Variation of terminal voltage at SPVG bus “13” and load bus “26”

3.5.1.4. Perturbation 4: Network short-circuit

We have chosen the network bus “26’°, as the faulted bus, since it has exhibited
weak static voltage. A three-phase short circuit is applied at t=20s, then cleared after
150ms. The resulting voltage profiles at photovoltaic generator of bus ‘13’ and bus
“26” are shown in Figure 17. We can see a significant voltage drop at the
photovoltaic connection of bus 13 reaching 0.38p.u and at faulted bus, reaching
down to 0.08p.u. The simulation results confirm that the SPVG controllers are
capable of re-establishing the voltage at the photovoltaic terminal after the clearance
of the short-circuit fault when a disturbance occur in the most loaded bus.
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Figure 17. Variation of terminal voltage at SPVG bus “13” and load bus “26”

3.5.2. Case of maximum photovoltaic penetration
3.5.2.1. Perturbation 1: Disconnection of photovoltaic farm

The SPVG farm at bus ‘13’ is abruptly disconnected from the network
simultaneously by opening the circuit breakers. Immediately after the disconnection
at t=20s, as a result of the PV generation loss, the synchronous rotor speed of swing
bus dropped suddenly (Figure 18). The steady state rotor speed is about 41 Hz
corresponding to a significant frequency deviation of 9 Hz which causes the loss by
sub frequency of the machine.

The disconnection causes a drop in the overall network voltage profile. In
particular, for the bus “12”: the load bus near to the photovoltaic islanded bus; the
voltage undergoes a decrease of 8% of its rated voltage (Figure 19). By against, the
variation of the voltage at photovoltaic bus 46, which remained connected to the
network, is 4% of its rated voltage.

The simulations results show that there is a strong relation between the terminal
voltage of the photovoltaic generators and the rotor angle of the conventional
generators. The scenario becomes worse as the photovoltaic generators are at
maximum penetration. The disturbance in the bus terminal voltage directly affects
the performance of the photovoltaic generator.

It can be concluded from Figures 18 and 19 that with higher photovoltaic
penetration, disconnection of photovoltaic generators at bus ‘13’ results in a
significant frequency deviation in generator rotor angle and cause the system to be
less transiently stable and could eventually lead to a bus voltage collapse.
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Figure 19. Variation of terminal voltage at SPVG bus “13” and load bus “26”

3.5.2.2. Perturbation 2: Disconnection of load

The second disturbance scenario simulated corresponds to a loss of load at bus
“26” (the most loaded bus), by opening the line at what this bus is connected. As the
photovoltaic generators are of type SPQ and don’t allow the voltage regulation,
there has been a rise in voltage at the buses of the considered network. The voltage
profile undergoes a 4% increase in the nominal voltage Figure 20. The increase of
the frequency due to this disturbance is of the order of 0.12Hz which is acceptable
and within the acceptable margin (Figure 21).
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Figure 21. Variation of synchronous rotor speed at swing bus

3.5.2.3. Perturbation 3: Voltage dip faults at photovoltaic generator

The fault is applied at the connection bus of the photovoltaic and lasts 150 ms.
Figure 22 shows the behaviour of the voltage at photovoltaic bus “13” and load bus
“26” during the fault-ride through. Compared to the base case, the voltage dip
occurs with a voltage off-peak level expressed in percent: h;= §0%. Immediately
after the fault occurs, the voltage at the photovoltaic bus and load bus drops
significantly to 0.2 p.u and 0.5 p.u respectively. After the fault is cleared, the
terminal voltage is recovered to the steady state value. The simulation results
confirm that the SPVG controllers are capable of re-establishing the voltage at the
photovoltaic terminal after the clearance of the short-circuit fault. The photovoltaic
farms at bus “13”, participate in supporting the network voltage.



Impact of large scale photovoltaic generation 135

T T T T
=T -t -1
| | | |
09H — =4 — =1+ =~ =
| | | |
08H— — +— —+ — — - —
| | | |
07H — — 4 — — b — — - —
| | | | |
I | N N A 4
o8r, | | | | 13SFARHL | |
0_5,:,,,:,,:,,,: ,,,,,,, :,_stPR\NC\PA ,:,
T T
| | | | | | | |
L e e e A (it Rl el i [ T
| | | | | | | |
03— —7-—~—1 -~ [ e At
| | | | | | | |
02H-——4—-—+-——F—-~g =+ - -+
| | | | | | | | | | |
OAH - — 4 — =+ —— — =l —H = — 4 — = — == — o — — +
| | | | | | | | | | |
] A v
I I I I I I I I I

| |
196 197 198 199 20 201 202 203 204 205 206
time (s)

Figure 22. Variation of terminal voltage at SPVG bus ‘13’ and load bus 26’

3.5.2.4. Perturbation 4: Network short-circuit

We have chosen the network bus “26”, as the faulted bus, since it has exhibited
weak static voltage. A three-phase short circuit is applied at t=20 s, then cleared in
150 ms. The resulting voltage profiles at buses 13 and 26 are shown in Figure 23.
We can see a significant voltage drop at the SPVG connection of bus- reaching 0.50
p.u and at the faulted bus “26”, reaching 0.1 p.u. Voltage regulation at SPVG bus is
assured since the photovoltaic farms has been extended by a fast, continuously
acting controller.
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Figure 23. Variation of terminal voltage at SPVG bus ‘13’ and load bus “26”
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4. Conclusions

This paper investigated the dynamic performance of the radial Tunisian
distribution networks integrating 12 MW photovoltaic energy. In this study, we
noted a significant improvement in voltage profile due to the integration of
photovoltaic farms. Voltage bifurcation diagrams indicated that with a high rate of
photovoltaic energy, saddle-node bifurcation may occur. The maximum capacity of
photovoltaic that can be supported by the Tunisian distribution network area in the
southern suburbs of Tunis is 28.2750 MW in base case and 23.19 MW in case of
holidays and Sundays i.e a decrease of 18% compared to the base case. This is
explained by the fact that in a lightly loaded network, the transit of powers is limited
from the source to the loads and the penetration of photovoltaic sources implies a
reversal of the direction of transit of SPVGs to the source station. Thus, the
maximum photovoltaic generation margin depends on the system loading condition.

The study of the static voltage stability of the network is completed by an
analysis of transient stability. The total and instantaneous disconnection of the
photovoltaic generators in the base and in the maximum solar penetration case is not
without consequences on the stability of the power network that wants to maintain
the greatest possible continuity of supply of photovoltaic energy on the network and
participation in the setting of voltage and frequency. This disconnection resulted in a
decrease in the frequency to values outside normal limits, resulting in the loss of
frequency of all the connected machines.

Finally, the transient response of SPVGs to faults was discussed. The behavior of
simulated solar farms into the Tunisian distribution network against the short-circuit
failure shows the capacity of the photovoltaic farms variant to take better during
voltage dips and can participate in the setting of the voltage. Therefore, these
simulations demonstrate that these types of SPVGs are recommended to better meet
the requirements of some network operators.

As a continuation to this work, we intend to extend this study to investigate the
effects of different parameters of the photovoltaic generator: temperature and
irradiance on the dynamic voltage stability of the grid using bifurcation diagrams.
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