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Abstract – This paper deals with the impact of wind power 
integration on the transient stability and other operational indices 
of the power system. The paper starts off by introducing the use of 
generic wind turbine model for studies involving large scale wind 
power integration. Using the generic model derived, voltage and 
power at the point of common coupling as well as the swing curves 
of conventional synchronous generators following a major grid 
fault were computed and the critical fault clearing times were 
determined and compared with one another for different levels of 
wind integration. It was found out that using the currently 
established controller structure and parameter settings, the 
transient stability performance of the system deteriorates with 
increasing wind integration. However, it was also observed that 
there are a range of options to improve the performance of the 
system even to the extent of improving on the performance beyond 
the baseline scenario where there is no wind power generation at 
all.  A 120-MW wind farm currently under installation in Ethiopia 
has been used for purposes of illustration. The result also gives 
insight into distinct features of wind power connected to the rest of 
the system via weak links. 

I. INTRODUCTION 

The last two decades have seen the transition of wind 
power from the fringes to the mainstream of electric power 
generation technology, achieving in the process a substantial 
market penetration. This trend is set to continue well into the 
future. In many countries, wind power already constitutes an 
indispensable component of the generation mix. The 
breakthrough for wind energy was precipitated by the priority 
status accorded to renewable energy in general by a number 
of countries borne out of environmental and energy security 
concerns. This in turn has created favorable framework and 
market opportunity for innovative solutions in wind power 
generation technology. As a result, wind at present is the 
fastest growing power generation technology. 

Wind installations today are to be found in most parts of 
the world and in all continents. For developing countries, the 
emergence of wind power has opened up new perspectives 
for electrification of un-served areas in decentralized, off-grid 
applications. There are also many wind based generation 
facilities with moderate power generation capacity, in which 
wind farms (WF) are connected to the grid through medium 
voltage overhead lines specifically designed for the transport 
of the WF output and thus usually representing a weak link to 
the grid. On the other side of the scale a large number of 
offshore and onshore WF feed into networks spanning whole 

continents giving rise to quite a different set of operational 
considerations. Whether the WF is part of a vertically 
integrated system or operating in a liberalized market 
environment adds to the list of issues that have operational 
implications. As the current power systems have largely been 
built on the traditional dispatchable conventional generation 
as the backbone, uncertainty in wind speed forecasting 
coupled with high penetration of wind power introduces a 
new set of challenges regarding plant interconnection and 
integration as well as proper system and market operations 
including power balancing, the provision of ancillary services 
and overall system security.  

Experiences to date indicate that wind has both positive 
and negative impacts on power system dynamics. On the one 
hand, modern wind turbines come with power electronic 
converters with fast acting controllers, which provide control 
options and speed of response that are normally not available 
in conventional synchronous machine based generation 
plants. The flipside of the fast response and the physical 
presence of converters between the wind turbine and the grid 
is that this configuration has the effect of reducing the overall 
inertia of the system by effectively shielding the machine’s 
rotating masses from the grid. As is well known, the 
immediate effect on conventional synchronous machines of 
any change in frequency caused by a disturbance in the grid 
is the increase or decrease in the kinetic energy of the rotating 
masses until the rate of change of frequency becomes zero. 
With the absence or reduction of the inertia as a medium of 
energy storage, converter based wind turbines are capable of 
only limited or no inherent inertial response. With the current 
trend of ever-increasing wind installations, it becomes 
necessary to understand whether there is a level of wind 
generation beyond which significant changes in system 
performance or other operational difficulties emerge, or more 
pointedly whether there is a fundamental limit to installed 
wind capacity. As a result, to what extent (if at all) the critical 
stability mechanisms in power system are affected by the 
presence of wind power is a topic of current research interest. 

This paper attempts to provide an overview of the effect of 
wind on steady state and dynamic behavior of the system 
with particular emphasis on weak grids. First, the current 
state of the art in wind turbine modeling and control concepts 
will be reviewed, to be followed by the description of some 
salient features of wind farms operating on weak grid at a 
conceptual level.  On the basis of the models put together 



representative fault scenarios will then be simulated on a test 
network to highlight typical responses of variable speed wind 
turbine configurations to such faults. The theoretical insight 
thus gained will be applied to the Ashegoda Wind Farm, a 
project, which is currently under implementation in northern 
Ethiopia. The objective is to assess whether the wind farm 
once completed and connected to the grid will be able to 
contend with possible post fault voltage recovery process in 
the event of faults at critical locations or whether active 
voltage controlling devices might be needed to enhance the 
safety margin and preclude a voltage collapse following a 
grid fault. 

II. WIND FARM MODEL 

Typical detailed studies in power system require an 
extensive dataset of a system sometimes spanning 
transnational boundaries, often operated by different 
transmission system operators (TSO) and incorporating wind 
turbines of multiple manufacturers and technologies. 
Manufacturer-specific models, if available, are bound to give 
more accurate results.  But apart from the fact that they are 
not always easy to come by, the effort required to put 
together such an extensive dataset for the simulation makes 
this approach impractical. For preliminary system studies to 
estimate the broader impact of the wind farm on the system, 
therefore, the current trend points to the use of open source 
generic models with parameters that can be calibrated to 
conform to any given technology or topology.  

In this section the approach leading to such a wind farm 
model will be summarized. 

A. Classification 

As a general classification, wind turbines can be 
categorized in two groups - constant and variable speed wind 
turbines. The doubly-fed induction generator (DFIG) and 
full-rated converter synchronous or induction machine based 
wind turbines belong to the category variable speed. Constant 
speed wind turbines use a directly grid connected squirrel 
cage induction generator. Due to their poor aerodynamic 
efficiency and limited controllability, constant speed 
machines are no longer the machine of choice for new 
installations, especially in the MW range. For purposes of 
deriving models for use in simulation studies, the general 
classification of wind turbine generators is as follows [1], (2]: 

- Type 1 – Conventional directly connected induction 
generator 

- Type 2 – Wound rotor induction generator with variable 
rotor resistance 

- Type 3 – Doubly-fed induction generator (DFIG) 
- Type 4 – Full converter machine 
The full list of models needed in simulations includes the 

aerodynamic model of the turbine, a model for the shaft 
coupling and the gearbox, generator model and models for 

the power electronic converters and controllers (where 
applicable). Fig.  1 shows the layout and the major 
components involved for the Type 3 machine (DFIG).  

 

 
Fig.  1. Layout of a DFIG based wind turbine. 

B. Simplified model of the variable speed machine 

The pitch control system is much slower than the 
converter control. As a result, for study of power system 
dynamics, on which this paper places emphasis, detailed 
modeling can be restricted to the machine, the converters and 
their control systems only. The models will first be derived 
on the basis of the DFIG. It will subsequently be shown that 
these same models are also applicable to the full size 
converter machine as well. 

1) Overview of the functional characteristic of components 

The two back-to-back frequency converters (machine side 
converter (MSC) and line side converter (LSC)) enable 
variable speed operation needed for higher aerodynamic 
efficiency. The crowbar is designed to protect the MSC 
against over-currents and the DC capacitors against over-
voltages during grid faults. The crowbar is put into operation 
by short-circuiting the rotor terminals through a resistor in 
conjunction with blocking the MSC. Consequently, the 
generator becomes uncontrollable for the duration of the 
crowbar activation, in addition to the generator drawing 
reactive power by acting as an ordinary singly-fed induction 
machine. Crowbar activation therefore disables the machine 
from supporting low voltage fault ride-through (LVRT). 
According to grid code requirements, this is undesirable or 
even unacceptable. An appropriately designed DC chopper 
precludes crowbar ignition for most fault scenarios by 
switching the chopper resistor in parallel to the DC circuit 
thereby keeping the voltage rise in check. 

The primary function of the LSC is to maintain the 
prescribed DC voltage. It can also be used for optimization of 
the reactive power sharing between MSC and LSC in steady-
state operation and also for the provision of reactive power 
during grid faults. The central control function in DFIG, 
which is to control the machine speed in such a way that it 
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matches the tracking characteristic, is performed via the MSC 
control.  Optionally a fast-acting local voltage controller can 
be implemented.  

Normally MSC control is a cascaded structure with the 
inner rotor current loop receiving its reference value from the 
outer power control loop. But in this simplified approach, the 
wind speed (and with it the aerodynamic torque) is assumed 
to remain constant. The voltage across the DC link is also 
assumed to remain unchanged. In the following steps, the 
resulting model of the MSC control and the dynamic model 
of the machine are formulated.  

2) Machine model 

The following set of mathematical expressions describes 
the dynamic behavior of the machine in a synchronously 
rotating reference frame [6], [7]: 

Voltage equations: 

S0
S

SSS ψωj
dt

ψd
iru ⋅⋅++⋅=  (1)  
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Flux linkages: 
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The denomination of the variables and constants is as 
follows:  

Variables/constants: 
l: inductance ,  r: resistance, u: voltage, ψ: flux-linkage, 
ω: angular velocity.  

Superscripts/subscripts: 
0: synchronous (speed), S: stator, R: rotor, d: direct axis, q: 
quadrature axis component. 

The reduced order (sometimes referred to as the quasi 
stationary model) is then obtained by neglecting the 

derivative term in (1), i.e. by setting  0S
d
dt
ψ

≈ . 

Solving the resulting equation in (1) for
S
ψ and then 

equating the result with (3) leads (after some re-arrangement) 
to: 
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Next, eliminating the rotor current from (2) using a 

relationship obtained by solving (3) for Ri , results in:  

( )0
R R

S RR R RR
R

d
j k r i u

dt T
ψ ψ

ω ω ψ= − − − + +  (6)  

Eq. (6) together with equation of motion (which, as stated 
above, will not be considered here) constitutes the quasi 
stationary model of the machine [4], [5]. This mathematical 
relationship can be illustrated using a block diagram as 
shown in Fig.  2. (the lower part inside a dashed 
rectangle)[3], [4]. 

 

 
Fig.  2. Model of the DFIG including rotor current control. 

3) Machine side converter control 

An approximate control equation for the rotor current 
control is obtained by setting the derivative term (2) zero and 
eliminating the stator current using (1) (again after the setting 
the derivative term zero), which leads to:  

hS R
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with 𝑠 = !!!!!
!!

 
The voltage drop on the rotor resistance, in a first 

approximation, is used as a signal to be controlled by a PI 
controller, which results in the desired rotor voltage to be 
produced by the converter [8]. The second term in (7) is 
considered as a feed-forward term to make the transition of 
the rotor current to the set value faster. The resulting current 
control loop is shown in Fig.  2. (upper part).  

4) Simplification of the model - the generic model 

The generic model will unavoidably involve simplifying 
assumptions, and the results obtained using this model will be 
less accurate compared to those of the detailed model. But as 
long as the simplifications do not stunt the model 
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fundamentally, and the underlying physical phenomena 
remain visible, it represents acceptable compromise given the 
difficulty of obtaining manufacturer-specific models. The 
most significant advantage of the generic model is that it 
keeps the modeling of wind turbine as simple as possible, yet 
the accompanying loss in accuracy for preliminary system 
studies or estimating grid code compliance remains within 
acceptable limits. 

The generic model can be deduced from the quasi 
stationary model (Fig.  2) as the basis by neglecting the 
following: 

- The rotor flux feedback through the term 𝑗 𝜔! − 𝜔!  
- The feed-forward term containing the slip (s) as factor 
- The magnetization current (by implication rotor 

current and stator current (both in per unit) are 
assumed equal) 

The resulting model (separated in real and imaginary 
parts) is given in Fig.  3.  

 
Fig.  3. Generic model of the variable speed WT. 

5) Why the above generic model is also applicable to the 
full converter machine 

The wind turbine generators used in conjunction with the 
full size converter are either separately excited or permanent 
magnet excited synchronous generator (SG) or squirrel-cage 
asynchronous generator (ASG). Gearbox is used in most 
cases. The salient topological feature of the full size converter 
WT is the fact that the grid and the generator are separated by 
a DC capacitor with the MSC and LSC on either side. As a 
result, the generator and the MSC do not have direct bearing 
on the grid’s dynamic behavior. The generator and the MSC 
can therefore be modeled merely as a controllable current 
source [2]. 

The following table summarizes the notations to be used:  
zc converter choke imped. zTr transformer imped. 
uc injected voltage uG terminal voltage 
ics injected current iG terminal current 

 The equations leading to the Norton and the Thevenin, 
equivalent circuits, respectively, are given in (8) and (9). 

𝑖!" = −
𝑢!
𝑧
            𝑤𝑖𝑡ℎ  𝑧 = 𝑧! + 𝑧!" (8)  

𝑢!   = 𝑢! − 𝑖!∙𝑧 (9)  

The resulting model using a PI controller for the LSC is 
given in Fig.  4.  The converter is represented by a first order 
delay with the time constant Tc.  

 

 
Fig.  4. Model of full size converter WT. 

Some simplifying assumptions are necessary to show the 
structural equivalence between Fig.  3 and Fig.  4. For the 
details the reader is referred to [2]. In Fig.  3 the reactance x’ 
represents the transient reactance of the machine, whereas the 
impedance z is the combined impedance of the transformer 
and the converter choke. One of the assumptions to be made 
during the process of simplification is the assumption that the 
impedance z is infinity.  

The simplifications and assumptions needed to obtain the 
generic model make the direct calculation of the model 
parameters impossible. One way to determine the parameters 
is comparing the simulation results based on the simplified 
model with measurement results and employing a heuristic 
optimization to determine parameters that minimize the error. 

III. SYSTEM PERFORMANCE WITH AND 
WITHOUT WIND 

The emphasis in this paper is - using the generic model of 
a variable speed wind turbine discussed in the preceding 
sections- to study the effect of increased wind power 
generation on the transient stability performance of the 
interconnected system. Using the test network shown in Fig.  
5, a symmetrical three-phase fault of 150 ms duration was 
introduced at bus A06. The output power of the wind turbine 
was increased in stages from zero output power to 40 % of 
the total demand, which in this case is 320 MW. The 
resulting swing curves for the synchronous generators A01 
and B03 (shown in Fig.  5) for three levels wind power in-
feed, namely 0 %, 20 % and 60 % of the total demand is 
shown.  

Both curves reveal that the power angle swing curves 
increase with the share of wind [9]. In fact, it can be 
concluded that the larger the share of wind power generation, 
the worse the transient stability performance of conventional 
generators becomes. In the absence of additional measures, 
the critical fault clearing time decreases as the share of wind 
power generation increases. Although variable speed wind 
turbines are capable of restoring the real power output 
quickly to the pre-fault value following the fault clearance - 
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crucially as far as the transient stability performance of the 
whole system is concerned - the reactive power support by 
the wind turbines at PCC is limited.  

 

 
Fig.  5. Test network. 

 

 
Fig.  6. Power angle deviation of generator A01 following a 150 

ms grid fault. 

 
Fig.  7. Power angle deviation of generator B03 following a 150 

ms grid fault. 

IV. WF OPERATING ON A WEAK GRID- THE 
ASHEGODA WIND FARM IN ETHIOPIA 

In the previous section, it was shown using test networks 
that the connection of a wind turbine of any sizeable output to 
the electrical grid will have an impact on the operational 

variables of the system. In this section, these theoretical 
insights are to applied to a planned wind farm, which 
partially is already implemented. The objective is to 
demonstrate when the strength of the system to which the WF 
is connected is relatively low compared to the amount of 
power delivered by the WF, this impact becomes even more 
pronounced.  

A. Weak grids 

In facilities with moderate power generation, WF are 
typically connected through dedicated medium voltage 
overhead lines specifically dimensioned for the transport of 
the WF output. The main problem associated with this 
arrangement is the poor voltage regulation at the point of 
common coupling (PCC). The combination of weak grids, the 
fluctuating nature of wind power together with stochastically 
changing system load may produce a voltage profile at the 
PCC and beyond, which can adversely affect the overall 
power quality in the system.  

The term ‘weak grid’ in a general context with or without 
wind energy denotes that the voltage at the point of 
interconnection is not “stiffly” constant. Weak grids are 
usually found in more remote places where the feeders are 
long and operated typically at a medium voltage level. In a 
weak grid it is necessary to take possible voltage fluctuations 
into account, since there is a high probability of the standard 
voltage values being violated. The problem with WT 
operating on weak grids is that the poor voltage regulation at 
the PCC in combination with the fluctuating nature of wind 
power and stochastically changing system load can produce a 
voltage profile at the PCC and beyond, which can adversely 
affect the overall power quality in the system. 

B. The Ethiopian power grid and location of the Ashegoda 
WF within the grid 

The parastatal Ethiopian Electric Power Corporation 
(EEPCO) is the sole owner and operator of the electricity 
industry in Ethiopia. In addition to the interconnected system 
(ICS), EEPCO operates a number of small isolated systems 
supplying remote areas without access to the grid. 
Hydropower generation plants are by far the most important 
source of power. There is one small geothermal and some 
diesel units. The aggregate installed capacity within the ICS 
as of this writing is about 2000 MW. EEPCO has launched a 
number of ambitious hydro power development projects in 
recent years, which, if successfully completed, are slated to 
increase the installed capacity four-fold within the coming 
five years.   

Overhead lines are the only means of power transmission. 
The transmission voltage levels are 380 kV, 230 kV and 132 
kV, with the sub-transmission voltages of 66 kV, 45 kV and 
33 kV.  Many of the generation plants are located at a 
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considerable distance from the main load center of Addis 
Ababa and its environs. Generally the Ethiopian high voltage 
transmission system at the moment is characterized by long 
range transmission lines carrying only limited power.  

The Ashegoda wind park is situated on a high plateau in 
northern Ethiopia at an altitude of 2400 m above sea level. 
The project site is approximately 20 km north of the city of 
Mekelle and 720 km from the capital city, Addis Ababa. 
According to the feasibility study, the average wind speed in 
the area is 8.79m/s. The aggregate installed capacity of the 
WF, when completed, is 120 MW. According to the initial 
plan, in all 120 turbines of the type VERGNET GEV HP 
were to be installed, making it the largest WF in Africa as of 
now. The already installed 30 turbines are pitch-controlled, 
variable speed, two-blade, upwind turbines. The rotor 
diameter of the turbine is 58 m and the hub height70 m. 
Squirrel-cage induction generators with two-stage gearbox 
are used. The generator terminal voltage is 690 V, and each 
wind turbine is attached to a pad-mounted transformer that 
steps up the generator terminal voltage (690V) to a medium 
voltage level of 33 kV.  

The original plan envisaged in all 120 turbines grouped 
into 10 clusters, with each cluster containing turbines ranging 
from 3 to 24. The turbines within a cluster are connected to 
one another through underground cables, and 33-kV overhead 
lines connect each cluster to the central substation. The 
central substation itself has two 63MVA (33/230kV) 
transformers. Two outgoing 230-kV overhead lines link the 
WF to the grid at two locations, one at Mekelle substation at 
a distance of 20km and another at Alamata substation, which 
is 120 km away from the WF. Fig.  8 is the figurative 
summary of the topology of the WF and the link to the grid. 
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Fig.  8. Ashegoda Wind farm configuration. 

C. System operational indices without wind 

The Ethiopian high voltage transmission network, by and 
large, exhibits a radial structure. Long overhead transmission 
lines deliver only modest loads at the receiving-end. As a 
result, maintaining a voltage profile within a tolerable band 
around the nominal value presents itself as an operational 
challenge. Shunt reactors (some permanently switched) are 
installed at various points in the system. The total Mvar 
absorbed by these reactors at any given moment can reach up 
to 40 % of the total load MW, with the accompanying real 
power loss is just under 1 MW.   

The part of the grid to which the WF is to be connected is 
far removed from the rest of the grid. Apart from a number of 
radial 132-kV and 66-kV lines supplying the surrounding 
areas, the direct link to the rest of grid is via two sections of a 
230-kV line. The first section is 120 km long and the second 
runs a further 340 km. This fact is clearly reflected on the 
effect of the WF on the steady state operational indices of the 
overall system. 

D. Effects of the wind farm on operational indices of the 
grid. 

For the study of the effect of the WF on the performance 
of the rest of the system specific datasets were created for the 
interconnected system and alternative scenarios were 
computed using a power system computation software 
package. The system includes 206 buses, 143 transmission 
lines, 109 transformers, 23 hydropower generating units and 
10 groups of wind turbines, for which an aggregated model 
was used. 

Load flow simulations show that the WF will have strong 
influence on the voltage profile in part of the grid in its 
environs. The WF creates a new capability to control the 
voltage by injecting or absorbing reactive power. This will of 
course depend on the wind speed situation. When there is 
enough wind, the real power will have priority and the 
reactive power needs to curbed, which limits the operational 
flexibility. However, the long transmission line and the 
weakness of the link to the wider network restrict this benefit 
to the part of the network around the WF. 

A detailed analysis of the impact of the WF on the systems 
dynamics is still ongoing. However, it can already be stated 
that it is rather limited. Given the nature of the grid and the 
level of the installed capacity, the WF is unlikely to supplant 
any of the other generation plants. It is to be expected that 
WF is to come on line with the other generators remaining 
operational as well, simply by changing the settings of the 
generators depending on wind speed situation. Crucially for 
the transient stability behavior, the inertia of the system is not 
going to change. Additionally, the fast response capability of 



the WF will restore its output power rather quickly. As a 
result, the initial assumption is that overall the WF in this 
particular case will have a positive impact.  

Although wind turbines are capable of increasing reactive 
power output to provide voltage support during fault 
relatively quickly its effect in terms of boosting the voltage at 
PCC is rather limited. Due to the low overload capability of 
the converters the reactive current that can be injected is 
limited. Conventional synchronous generators are capable of 
supplying a significantly larger reactive power as they have a 
much larger overload capability. It can thus be stated that the 
larger the share of wind power generation, the worse the 
transient stability performance of conventional generators. 
Additionally, the voltage boosting effect of the reactive 
power injection at the PCC during fault is constrained on 
account of the fact that the voltage boost as a result of 
reactive current injection is partially offset by the active 
current if the R/X ratio of the series impedance is 
significantly high (in excess of 0.25), which is the case in 
many medium voltage links. One possible solution for 
overcoming this effect is the voltage dependent reduction of 
the active current. 

V. CONCLUSION 
In this paper the effect of increased wind power generation 

on the transient stability performance of the interconnected 
system has been analyzed, the modeling details analyzed and 
a simplified generic model for quick analysis of the impact of 
WF on the interconnected system introduced Using realistic 
values for the primary power equipment and controller 
parameters the swing curves of the conventional synchronous 
generators as well as the critical fault clearing times were 
computed for various scenarios involving different levels of 
wind integration. It was observed that the overall impact of 
wind on the transient stability performance of the network, as 
exemplified by the critical fault clearing time, can be 
characterized as adverse. In fact, the CCT decreases as the 
share of wind in relation to the overall installed capacity 
increases.  

For the WF in a remote part of the Ethiopian grid, which 
was the focus, of this study it can be shown that wind, by and 
large, have positive effects. The voltage profile of the 
network, due to its remoteness from the grid will achieve a 
voltage control capability, which would not have been 
possible without the installation of active voltage control 
devices. The impact of the WF on the dynamics of the system 
can also be assessed positive. 
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