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Abstract- In modern power systems the application of 

distributed generation with hybrid-conventional and 

renewable sources of power is taking place. Besides, it is 

planned that in nearest future the share of renewable 

power would be increased at the expense of wind and 

solar energy sources. Considering intermittent and casual 

character of power production by wind and solar PV units 

the probabilistic estimation of power system condition 

and development of new approaches to control system 

operation during stochastic changes becomes very urgent. 

Grow of power production from wind and solar PV plants 

would increase the share of stochastic processes at the 

power system and primarily would cause the probabilistic 

changes of voltage profile, its marginal values, which 

determine system stability. At this paper the authors made 

the estimation of voltage marginal values at the network 

with distribution generation with various shares of wind 

turbines being in operation and the number of which 

defined by casual process of power generation. Static 

voltage stability   for every wind power generation value 

was determined by loading Margin Method. Modeling of 

probabilistic regimes of power system with different 

number of working wind generators, system operation 

analysis on various stages of loading till voltage stability 

limit was conducted on the network of distributed 

generation integrated in Azerbaijan Energy System. 

Probabilistic characteristics of voltage marginal values at 

the PCC (point of common connection to the main grid) 

as a function of total wind energy are presented. 

Estimation of maximum available, considering provision 

of voltage static stability, total wind power connected to 

the studied network with distributed generation is done. 

 

Keywords: Voltage Stability, Voltage Stability Limit, 

Distribution of Voltage Profile Probability, Probabilistic 

Load Flow, Sequences Loading, Distributed Generation, 

Wind Sources. 

 

I. INTRODUCTION 

At the last 10-15 years, power production from 

renewable sources due to application of wind turbines 

and PV solar units grew substantially. As far as 

renewable generation grew every power company has 

needed to make appropriated changes in existing Grid 

Codes [1, 2]. 

Research made in Power Systems with considerable 

amount of connected wind energy reveal that with deep 

penetration of renewable power voltage variations in the 

network becomes more noticeable and exceed marginal 

limits [3, 4, 5]. 

    At many practical cases of steady state operation of 

wind plant the probabilistic assessment of maximum 

value for voltage variation is an important factor defining 

voltage stability. According to IEC 61400-21 CDV [6] it 

is recommended to use probabilistic load flow analysis to 

provide that connected to main grid wind turbines (WT) 

resulted in voltage values which would exceed stability 

limits at the cases then systems load and wind power 

production have maximum values.  

  Impact on voltage static stability of wind turbines 

equipped with induction DFIG machines studied at       

[7-10]. During strong wind gusts electromagnetic 

moment of wind turbine with induction generator has a 

big variability resulting in variability of produced active 

power. The consumption of machines reactive power is 

raised. And this may be a cause of voltage collapse. At 

these circumstances to provide a stable operation of WT 

it is necessary to apply reactive power compensation 

means [11-15]. 

  Control abilities of inverter from DFIG machine to 

improve voltage stability i.e. to expand stability margins 

studied at [16-19]. At this paper the probabilistic 

modeling and operation analysis of system with 

distributed generation having different share of acting 

wind turbines is offered. Wind turbine model is 

introduced as a casual power generation process, 

determined from wind speed measurement data.  
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Static voltage stability limit is determined by multiple 

repeated probabilistic load flow calculation carried out 

for preset sample of casual process of power generation 

and load values from nominal to maximum. The 

probabilistic marginal voltage characteristics at PCC as a 

function of total produced wind power as well as 

estimation of maximum available total wind power 

connected to the main system, considering a provision of 

voltage static stability are presented.  

 

II. MODELING OF CRITICAL VOLTAGE 

REGIME AT THE SYSTEM WITH DISTRIBUTED 

WIND PLANTS 

 

A. Random Sample Modeling of Wind Plant 

Generation 

With growth of wind power share at the system there 

is a necessity of voltage stability improvement occur and 

this problem can be solved by efficient control of reactive 

power and voltage. Considering indefinite and 

intermittent character of power generation from wind 

plants connected to the grid, parameters defining system 

stability as margins of transmitted power, critical values 

of nodal voltages would have random character of 

changeability.  

To determine values of these parameters taking in 

account a stochastic character of regime it is necessary to 

apply a probability model. There are a different digital 

and analog methods of analysis for probabilistic load 

flow calculation at energy system caused by stochastic 

character of load or generation [8, 13, 20]. The suggested 

digital methods of probabilistic load flow solution leads 

to iterative calculation of steady state operation for 

various random values of total wind power generation 

connected to a Grid [21-24].  

A sample of random values of power generated by 

wind sources is formed by evaluation considering wind 

speed measurement and wind turbines data in accordance 

with expression [4]: 
30.5( ) ( , )WTP С       (1) 

where,   is air density, A is blade swept area (m2), 

( , )С    is power factor (don’t mix with cos),   is 

wind speed (m/s), and β is blade turn (pitch) angle. 

Generated wind power as a function of wind turbine 

speed may be presented as: 
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where, Рm is wind units nominal power, ,CI CO   and H  

turn on, turn off and nominal speed. 

For wind turbine equipped with induction machine 

production of active power and reactive power 

consumption may be determined from: 
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Ignoring power losses, production of active power in 

Equation (3) may be expressed as: 
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It becomes evident that random variation of active 

and reactive power of wind units induction generator 

reflected a stochastic character of volatility dependable 

from stochastic wind speed   through the slip function 

of  . 

 

B. Stochastic Character of Wind Power Generation in 

Modeling Energy System Operation 

Study of wind plant impact on voltage stability is 

important to determine a marginal value of power for 

installed wind units, connected to the main Grid. 

Calculation at this study helps to support reliable 

operation of the system providing voltage stability at all 

nodes of electrical network in spite of wind power 

fluctuation. Estimation of probability for marginal 

voltage values distribution with stochastic character of 

wind power generation is a subject of this paper. 

The probabilistic model of system operation at 

stochastic wind power production may be expressed in 

the form: 
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where, ( ) ( )g iP   and ( ) ( )g iQ   are generation of active 

and reactive powers produced by conventional sources of 

power, connected to node i,  
t
WT iP  and ( )

t
WT iQ  are  

random values of generated active power and consumed 

reactive power by wind energy sources using observation 

of wind speed stochastic variation for the certain time 

interval t, ( ) ( )t
H iP   and ( ) ( )t

H iQ   active and reactive 

power for load at node i, ( )CR iQ  is capacity of 

compensation unit connected to node i,  and ij ijG B  are 

active and reactive admittances between i and j nodal 

points,   is network loading factor (load increment 

factor), N is total node numbers as PU PQN N N  ,   

 and i jU U  are calculated voltages at nodes i and j nodes 
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for assigned values of  
tk
WT iP  and ( )

tk
WT iQ  from random 

sample  
t
WT iP  and ( )

t
WT iQ , and tk , k are fixed time value. 

Power samples of  
tk
WT iP  and ( )

tk
WT iQ  of total wind 

turbines production for a certain time periods is set up 

considering results of calculations and measurement or 

modeling of wind speed data for time intervals: sа - 

speed then wind turbine (WT) is starting on, ab  - speed 

then WT is making stop, nт  - speed then WT producing 

nominal power. Taking in account expressions [5] it is 

possible to evaluate WT power production for various 

periods of observation as a function of wind speed 

variations at the speed intervals sа   and nт sа  . 

( )
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if   ( )
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Voltage stability with help of above mentioned 
probabilistic models is estimated using results of 
probabilistic load flow analysis by iterative method of 
calculation. The general description of used algorithm is 
to be followed. 
1. Data collection about conditions of studied energy 
system (power P, Q of generation and load nodes, 
limitations on power flow through the transmission lines, 
nodal voltages). 
2. Load flow solution for a base normal regime (nominal 
values of power at nodes of generation and consumption 
with nominal wind power production by the plant). 
3. Probabilistic load flow solution for wind plant power 
production at the time intervals defined by daily schedule. 
4. Load flow solution in terms of power production 
received from its random sample by repeating calculation 
until loads marginal value. 
5. Record values of corresponding Pmax, Ucr.  
6. To continue evaluation for various values of connected 
wind power 
7. To decrease load for minimal value and at the same 
time diminish power generation from conventional 
sources so that there not to be regime limitation. Make 
evaluation and determine wind plant power generation. 
8. Repeat the same for the case of load increase. 
Determine wind plant power generation. 
9. Compose array of samples for calculation variants for 

different values of connected wind power Pmax, Ukp, Pwind. 

10. To show a function PmaxPwind. The value Р
lim

wind  

then Pmax takes the maximum value is a maximum 

available power of wind plant connected to the main 

power system, grid. 
 

III. STUDY RESULTS 
Suggested method and algorithm were realized at the 

Azerbaijan Energy System. Probabilistic characteristics 
of power generation, its impact on voltage stability, and 
total available power of connected wind plant with 
satisfaction of systems voltage stability condition was 
evaluated. 

The simplified circuit of studied system is shown on 
Figure 1. The network presented in the form of two 
connected parts. To one of them wind park consisting of 
wind turbines with unit power of 2.5 MW is connected. 

During experiments the gradual increase of installed 
wind capacity as 50 MW for every stage of development 
was taken in account. As the results of wind speed 
probabilistic characteristics and stochastic variations of 
power generation it was accepted to model these 
variations at the interval (0-5%), (0-10%), (0-20%). 

Results of probabilistic load flow solution for 
stochastic changes of wind power is done below. 
 
A. Impact of Probabilistic Changes of Wind Plant 
Generation on Voltage Profile 

Modeling is done considering minute measurement of 
wind speed. Some data fragments of wind speed and 
wind plant power generation are pictured on Figures 2 
and 3. 

Relative average value of wind speed at the time of 
observation is to be formed. Period of measurement is 
corresponded to the morning peak load of daily demand. 
As it is seen from the given curve the mean value of wind 
plant power production at the time of measurement was 
15-20 MW (Figure 3).  

Considering power production data, the random 
sample of power values was formed which was used then 
for repeatable calculation of load flow. The function of 
voltage changes at the PCC (Figure 1, sub/st. 110 kV 
Khurdalan) then wind turbine operating with mean speed 
of 12.5 m/s is presented on Figure 4. As it can be seen 
from Figure 4 the voltage is changing at the interval of 
+/- 0.3% relatively to initial value. 
 
B. Regime of Marginal Values of Voltage and Maximal 
Values of Power Transferred along Transmission Line 

Connected Wind Plant with Main System 
In accordance with described algorithm multivariant 

iterative load flow calculation for various wind speed 
observed at typical time of a day was conducted. On the 
base of wind speed data samples of wind plant power 
production using models [2] were composed and 
probability of wind plant power distribution for different 
periods were formed. For every power value produced by 
wind plant at various time periods evaluation of 
trajectories of more heavier regimes till maximum peak 
load and wind speed variation at the time interval of     
5.5-14.5 m/s were performed. 
 
C. Evaluation of Maximal Power of Wind Plant 
Connected to the Grid in Accordance with Voltage 
Stability Conditions 

To find the maximum available power of wind plant 
connected to the main network it is necessary to analyze 
load flow at studied system for different total power of 
wind turbines and stochastic variation of wind speed. 
Generalized results of maximal loading values calculation 
and corresponding to marginal power values critical 
voltages are collected in Table 1. 
From data at Table 1 it is evident that maximum available 
power of wind plant connected to the energy system 
equal to 200 MW with critical voltage value of 64.35% 
from nominal Unom. 
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Figure 1. The simplified circuit of studied system 

 

 
Figure 2. Changes of wind speed made up on subsequent averaging of the minute measuring 

 

 
Figure 3. Example of power production by one WT (at wind speed interval 7.0-11.4 m/s) 

 

Speed of Wind, m/s 

Observed Time, hours 

Observation of wind at every 6 hours (Sector II) 
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Figure 4. Voltage variation 

 

 
 

Figure 5. Frequency of voltage distribution 

 
Table 1. Calculation results for various regime of generation and consumption for HV lines at 110 kV Khurdalan substation 

 

 

Operation and capacity of connected 

wind power 

Calculated values of 

critical voltage as % 

from nominal 

Ucalc.% critical 

Рmax 

MW 

It,av 

A 

Pt,av 

MW 

Voltage values at 

max. acceptable 

current 

U%   It accept. 

No wind generation 61.64 123.5 413.7 73.1 89.72 

Wind generation is 50 MW (cos=1) 62.12 126.4 413 72.9 89.55 

----- » ------     100 MW (cos=1) 62.46 128.4 413.5 73.1 89.71 

----- » ------     150 МW (cos=1) 62.76 130.3 413.3 73.1 89.82 

----- » ------     200 МW (cos=1) 64.35 131.1 413.9 73.2 89.86 

----- » ------     250 МW (cos=1) 64.36 131.1 412.5 73 88.89 

----- « ------     300 МW (cos=1) 65.76 130 412.2 72.9 89.86 

----- « ------     350 МW (cos=1) 67.07 128.1 412.7 73 89.78 

----- « ------     400 МW (cos=1) 68.23 124.8 412.8 72.9 89.66 

----- « ------     50 МW (cos=0.95) 61.53 122.8 412.8 72.8 89.17 

----- « ------     100 МW (cos=0.95) 62.6 12.7 413.5 72.8 88.97 

----- « ------     150 МW (cos=0.95) 63.64 118 413.1 72.7 88.74 

----- « ------     200 МW (cos=0.95) 64.36 113.1 413.6 72.4 88.13 

 

IV. CONCLUSION 

1. Penetration of wind and solar PV units to the power 

system are creating new challenges on every stage of a 

development which can be as following: 

- addition to the main power system energy sources with 

intermittent and uncertain character of generation; 

- growth of systems with distributed generation with 

hybrid power sources; 

- the placement of wind or PV solar power plants is not 

determined economical factor of being close to the nodes 

of consumption; 

- creation of new software for control and analysis of 

power system operation with probabilistic modeling. 

2. To estimate an impact of these challenges study of 

regime variations at the time of commissioning of a new 
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wind power  generation was conducted. Mainly this study 

may be characterized by following results: 

- model of probabilistic load flow with connected wind 

plant is developed; 

- algorithm for evaluation of static voltage stability 

margin taking in consideration stochastic nature of 

produced wind power; 

- method to estimate maximum acceptable wind power 

which can be put into the main power system with 

voltage stability  was suggested; 

- The suggested method and algorithm have been tested 

on real energy system. 
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