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Abstract: Within the renewable energies portfolio, wind technology became one of the most mature and is now used worldwide. 
However, some drawbacks still persist related to their high maintenance cost. To complement this, new approaches for more efficient 
maintenance are being explored. The so-called "predictive maintenance" is aiming at a corrective action before a failure or a serious 
loss of performance occurs, thus having a favorable cost/benefit ratio. One of the main failure sources of wind turbines derives from 
the transformer used to couple the wind generator to the electrical grid. Within the transformer, the windings short-circuits are one of 
the most frequent problems, which can result in operating losses. Having this framework, this work focused on the influence of the 
transformer's faults in wind turbines operation and their detectability by on-line methods. To test several types and levels of 
transformer short circuits and to assess its influence on the wind turbine operation, an analytical mathematical model was developed. 
The model based was compared and validated through experimental tests, using an experimental set-up. After, the transformer was 
coupled to a wind turbine system and turn-to-turn short-circuits were simulated. This allowed us to assess the impact of the 
transformer's windings short-circuits in the performance of wind turbines. In addition, the experimental results allowed us to conclude 
that the magnetization current is an effective online method to detect turn-to-turn windings faults in transformers, based only in 
steady-state effective values, and may be applied as an anticipatory approach in wind turbines maintenance. 
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I. INTRODUCTION 

Wind turbines play a significant role in power 

generation transformation addressing environmental 
sustainability and security of energy supply. Currently, 
multiple real time data can help to forecast operational 
problems and to maintain high-performance turbines. Being 
one of the most rapidly emerging technologies, it is essential 
to acknowledge its full strengths and weaknesses [1]. There 
are considerable high costs incurred to the maintenance of 
wind turbines and the loss of production upon the failure of 
the system [2]. The maintenance is performed on a scheduled 
basis, which leads to, frequently, unnecessary costs. 
Additionally, it is also common that the failure occurs before 
the maintenance is performed or unexpected faults in elements 
of the system may lead to a disruption in the operation, 
originating a huge loss of energy. It is indispensable to 
establish effective Operation and Maintenance (O&M) 
strategies that can concurrently increase the economic 
performance of this technology [3].  

There is a significant unpredictability in the calculus of 
future O&M costs. O&M costs can take around 10% to 20% 
of the total cost of energy for a wind project, which is around 
3.5 - 6 cents/kWh. The deviation between the different typical 
estimates can impact the cost of energy and after tax return in 
approximately 10% [2]. It is essential to have cohesive O&M 
cost numbers to assure that the cost of energy metrics that are 
being utilized to classify wind technology is appropriate. The 
cumulative O&M costs of a wind turbine, according to 
Vachon [4], can represent between 75% to 90% of the 

investment costs. This study, based on a 20-year life cycle of a 
100 MW project, uses a statistical algorithm that utilizes cost 
and failure rates, enunciating the urgency to diminish these 
presented values. 

An option to reduce O&M costs is to understand what the 
most fragile components of a wind farm are and act based on 
that. For example, an important concern is wind turbine 
transformers, which are considered to be one of the most 
sensitive and weak equipment that is used in a wind turbine 
[5]. 

Permanent mechanical vibrations, strong load cycles and 
harsh climatic conditions cause additional stress to distribution 
transformers used in wind farms, they must face enormous 
stresses concerning electrical, mechanical, and thermal loads 
in the plant [6]. Ensuring the equipment working condition is 
therefore critical to the reliability of the electricity network. It 
is of extreme importance to comprehend the failure 
mechanisms the equipment is prone to and to identify the 
parameters that need to be monitored to certify that they are 
diagnosed before failures occur [7]. 

Windings faults are one of the major concerns when 
analyzing transformer failures. Specially turn-to-turn faults 
have been suffering an increasing concern [8]. These types of 
failures can cause severe transformer insulation failure, which 
leads to its interruption. One of the biggest problems in the 
study of turn-to-turn faults is the destruction that may cause 
the transformer when it is put under this type of fault. 

Within this context, this work focuses on online fault 
detection and impact analysis of transformers failures, within a 
wind turbines environment. The online fault detection is based 
on steady-state effective values of primary and secondary 
voltages and currents, and on the magnetization current. This 
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approach was chosen due to the typically available data in 
wind turbines. A transformer’s analytical model was 
developed and experimentally validated, to simulate windings 
failures. This model was then used within a wind turbine 
SIMULINK model to apply failure detection techniques and to 
study the impact of the transformer’s windings failures in the 
wind turbine operation. 
 

II. TRANSFORMER ANALYTICAL MODEL 
 

The model derives from the application of the Ampère and 
Induction laws to the transformer, under specific hypotheses: 
uniform magnetic flux density along each column of the 
magnetic circuit, no magnetic flux leakage and no hysteresis 
loop and losses inside the magnetic core.  Figure 1 represents 
the studied transformer scheme. It is a three-column three-
phase transformer with its primary and secondary windings 
coiled around each column. Windings A1, B1 and C1 
correspond to the primary windings and A2, B2 and C2 to the 
secondary windings. It is also shown in the image the 
considered flow (ΦA, ΦB, ΦC) and the direction of each 
winding. 

 

 
Figure 1 - Transformer's Flux Distribution 

 
By applying the induction law to each winding and the 

Ampère's law to the magnetic circuit it is possible to build an 
equation system capable of describing the transformer's 
operation. Please note that this equation system is not linear, 
due to the magnetic core B-H curve - Fig. 2, thus requiring an 
iterative process to solve it.  

 
Figure 2 - BH Curve 

 

𝜓!" = 𝑈!" − 𝑖!"𝑅!" 𝑑𝑡
𝜓!" = 𝑈!" − 𝑖!"𝑅!" 𝑑𝑡  
𝜓!" = 𝑈!" − 𝑖!"𝑅!" 𝑑𝑡

 (1) 

 
𝑙𝐻𝐴𝐿𝐴𝑇

− 𝐻!𝑙! = 𝑁𝑝𝑖!" + 𝑁!𝑖!" − (𝑁!𝑖!" − 𝑁!𝑖!")
𝐻𝐶𝑙𝐿𝐴𝑇 − 𝐻!𝑙! = 𝑁𝑝𝑖!" +  𝑁!𝑖!" − (𝑁!𝑖!" − 𝑁!𝑖!")

𝜙! + 𝜙! +  𝜙! = 0
 (2) 

 
The induced voltage is the input of the iterations and from 

the fluxes, the value of the magnetic induction field, B, can be 
computed, given by the relationship between the magnetic 
induction field and the area of the chosen section. 

Knowing that the flux linkage is the ratio between the 
number of turns and the flux, 𝜓 = 𝑁𝜙, is possible to deduce 
the following equations. 

 
𝜙! = 𝐵!𝑆! , 𝑗 = 𝐴, 𝐵, 𝐶   (3) 

 
From (1), with the flux linkage expression is possible to 

obtain the magnetic induction field, B, in relation to the 
number of turns, the cross section and the flux linkage (4).  

𝐵! =
!!
!!!!

, 𝑗 = 𝐴, 𝐵, 𝐶   (4) 

 
After the B value is obtained, the magnetic field is obtained 

using the BH curve. With the magnetic field, H, the flux 
density field, B, the secondary current, 𝐼!, and the primary 
voltage, 𝑈!, and the primary current are obtained. Equation (2) 
can be converted to a matricial form, as shown in (5). By 
inverting the equation matrix, the primary current, 𝐼!, can be 
obtained. With these values, the procession restarts until the 
final iteration. 

𝑙!"# −𝑙! 0 0 0 0 𝑁!" −𝑁!" 0
0 −𝑙! 𝑙!"# 0 0 0 0 −𝑁!" 𝑁!"
0 0 0 1 1 1 0 0 0

𝐻!
𝐻!
𝐻!
𝐵!
𝐵!
𝐵!
𝑖!"
𝑖!"
𝑖!"

=

𝑁!" −𝑁!" 0
0 −𝑁!" 𝑁!"
0 0 0

𝑖!"
𝑖!"
𝑖!"

     (5) 

 
To simulate a fault condition in the transformer's windings, 

the previous equations were adapted. Two case-studies were 
analyzed: the first one to allow studying short-circuits between 
consecutive turns of the windings and the second one for non-
consecutive turns. 

 

A. Consecutive Turns Failures 
This model represents a diminution in the number of turns, 

due to consecutive turn failures. In figure 2, it is explained 
what occurs after a percentage of turns being short-circuited. 
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A short-circuit between consecutive turns can be simulated 
with a reduction of the effective number of turns. This type of 
short-circuit puts in parallel consecutive turns. 

 
 

 
Figure 2 - Consecutive Turns Model Explanation. 

 

B. Non Consecutive Turns Failures 
In this method, the short circuit is not between consecutive 

turns. When a short circuit happens, two turns touch each 
other, however, the turns that are in between them create a 
loop, as explained in figure 3. 
 

 
Figure 3 - Non Consecutive Turns Model Explanation 

 
In this case, there was a reconstruction of phase b compared 

to the previous model (the phase containing the short-circuit), 
maintaining the equations for phase a and c. In the following 
figure, the electrical circuit for the defect phase is represented. 
 

 
Figure 4 - Electrical Circuit of phase B. 

 
The segment of the coil without a short-circuit, has an 

induction coefficient LpB and a resistance RpB(1-fp), where, 
where fp represents the percentage of turns that are short-
circuited in the primary winding. The short-circuited part is 
represented by an 𝐿!.!" induction coefficient, a coil resistance 
RpBfp and a short-circuit resistance 𝑅!.!". 

When Induction Law is applied to the loop represented in 
red, in Fig.4, expressions (6) and (7) are obtained. 
 

𝑈!" = 𝑅!"#$(1 − 𝑓!)]𝑖!" + 𝑅!"#$𝑓!𝑖!"! +
𝜕𝜓!"
𝜕𝑡

 (6) 

𝜓! = 𝑢!" − 𝑅!"#$(1 − 𝑓𝑝) 𝑖!" − 𝑅!"#$𝑓!𝑖!"!   (7) 

 
When the Induction Law is applied to the short circuit, 

equation (8) is obtained. 
 

0 = 𝑅!"#$𝑖!"!𝑓! + 𝑖!.!"𝑅!.!" +
!!!.!"
!"

  (8) 
 

Knowing that the flux is represented by 𝜓!.!" = 𝑓!𝜓!", 
equation (9) is achievable. 

 
𝑖!.!! = − !

!!!!"#$
𝑖!.!"𝑅!.!" + 𝑓!

!!!"
!"

   (9) 

 
It is possible to determine the values of all currents 

presented in the fault phase circuit, applying Kirchhoff's Law, 
(10). 

 
𝑖!.!" = 𝑖!"! − 𝑖!"    (10) 

All the equations are then applied to the secondary winding 
of phase B, which will allow performing short circuits and its 
subsequent analysis. Lastly, using Ampère's Law to the same 
magnetic circuit of figure 1, but now with the new division of 
phase B, it is possible to obtain the following set of equations. 

 
𝐻!𝑙!"# = 𝑁!"𝑖!" − 𝑁!"𝑖!" − 𝑁!" 1 − 𝑓! 𝑖!" + 𝑁!"𝑓!𝑖!"!

+ [𝑁!" 1 − 𝑓! 𝑖!" + 𝑁!"𝑓!𝑖!"!] (11) 
 
𝐻!𝑙!"# = 𝑁!"𝑖!" − 𝑁!"𝑖!" − 𝑁!" 1 − 𝑓! 𝑖!" + 𝑁!"𝑓!𝑖!"!

+ [𝑁!" 1 − 𝑓! 𝑖!" + 𝑁!"𝑓!𝑖!"!] (12) 
 

𝐵! + 𝐵! + 𝐵! = 0 (13) 
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The simulation of a non consecutive short-circuit in this 

model is done by changing the parameters 𝑓! and 𝑓!, that 
represent the percentage of short-circuited turns for the 
primary and secondary side, respectively. Finally, making the 
recursive links between blocks, the simulation is performed 
visualizing thus the effects of currents and voltages on each 
side of the transformer. 

 

C. Model Validation 
To validate the developed model, experimental tests were 

done in the Electrical Machine's Laboratory at Instituto 
Superior Técnico. Considering the options available in the 
laboratory, the equipment in Figure 5 was the most viable 
option, since was mandatory to obtain a transformer that 
allowed to make the necessary changes in order to induce the 
type of turn to turn failures that are being studied. 
 

 
Figure 5 - Modified Transformer 

 
The transformer is composed of one delta connected 

primary winding and five wye connected secondary windings. 
Since the proposed failures are turn-to-turn ones, one of the 
aspects of the transformer topology was how its windings 
were placed, so it was then possible to alter them. The 
windings of this transformer are concentric, with an inner 
layer with the primary winding and with the five secondaries 
on the outer layer.  

The failures are made according to a percentage and, to 
have better control over the windings, it was decided that the 
secondaries should be connected in series. To connect the five 
secondaries in series, the wye connections had to be broken 
and reconnected. For the new connections, a custom board 
was built, which also allows it to be used in future works for 
different types of connections. In Figure 5 they are connected 
in order to put the five secondaries in series. On the left side of 
the acrylic, there are three terminals for the primary windings 
and three terminals for the secondary windings. The terminals 
on the right side represent the percentage of the different short 
circuits. 
 

 
Figure 6 - Custom Board and its connections 

 
1) Consecutive Turns 

After the tests to assess the transformer's working condition, 
the Consecutive Turns Failures on the secondary side of the 
transformer were performed. Two percentages of short circuits 
were used: 0.85% and 1.50%. The simulation model was also 
altered, taking into account the new current, voltage and 
resistance values. In table 1, the obtained values are presented 
in both cases and in Table 2, its deviation. 
 

Table 1 - Comparison of Consecutive Turns Failures between the 
Simulation Model and the Experimental Procedure 

 
 

Table 2 - Deviation values of Table 1 

 
Although there are some differences between the simulation 

and the experimental procedure, the trends of the results are 
similar. It is noteworthy mentioning that in the experimental 
procedure there are some constraints due to the transformer's 
unbalance and its suffered modifications, so, inevitably there 
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will be some differences between the two situations. 
Nonetheless, the tendencies are similar in both cases. Besides 
the small discrepancies in the primary current, it is observed in 
both cases diminishing of the primary voltage of phase B. 
And, when looking for the secondary variables, there is a 
considerable decrease in both methods for the secondary 
current and voltage. This similar tendency between both 
methods validates the analytical model developed. 
 
2) Non Consecutive Turns 
 

The same tests done to the consecutive turns failures were 
done in the non consecutives turns failures. The difference 
was only the way the windings were connected.  

Table 3 – Comparison of the Non Consecutive Turns Failures between the 
Simulation Model and the Experimental Procedure 

 
 
Table 4 - Deviation of Table 3 

 
 

The results allow us to confirm the theoretical model 
validation. The obtained data in the experimental setup has 
similar tendencies to the one obtained in the simulation model. 
Although there are some more alterations when looking for the 
experimental setup, it is explained by the constraints in which 
the experimental setup was done.  
 
3) Magnetizing Current 
 

In Table 5, the values of the magnetizing current for the 
consecutive turns failures experimental procedure are 
presented and, in Table 6, for the non consecutive turns 
failures. Two values are obtained, the first one is the 
magnetizing current in Ampère units and the second one is 
according to the percentage of the nominal current, which is 
8.8 A in this transformer. Since the transformer had suffered 

major alterations (added cables to connect the five secondaries 
in series and cuts made in the windings), there will be a huge 
impact on the current losses, which will increase the 
magnetizing current. Even for the normal case, since the 
transformer is now so unbalanced, it is expected to have a high 
value of the magnetizing current, due to the new locations 
where current may be lost. 

 
Table 5 - Consecutive Turns Failures Magnetizing Current 

 
 

Table 6 - Non Consecutive Turns Magnetizing Current 

 
One of the objectives of this work was to see if the 

magnetizing current was an efficient method to determine 
when something is wrong with the transformer's work 
condition. As it is possible to see, according to the data in 
Table 3, the magnetizing current has a very high value, as 
expected due to the transformer unbalance, but it is notorious 
that there is an increase when the percentage of short circuit 
increases too. So, one can conclude that a verification of the 
magnetizing current can be a valid method to control the 
transformer's condition.  
 

III. WIND TURBINE SYSTEM 
A 10 MW wind turbine was modeled in a simulation 

environment, including the developed transformer’s model. 
This system consists of a wind turbine with a 10 MW/575 V 
doubly-fed induction generator connected to a 25 kV/575V 
transformer. 
 

 
Figure 7 - Wind Turbine System 
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The three-phase grid is modeled by three controlled voltage 

sources which create an interface between the wind turbine 
and the developed analytical model. Due to convergence 
stability, it is necessary to apply a transient in its voltage 
amplitude, starting from zero and converging to its maximum 
value in a specific time, 25 kV. The choosing of this transient 
time is crucial, as a fast time will induce an oscillatory 
behavior in the transformer's magnetic quantities and a slow 
time will origin large computational times. From preliminary 
tests, this transient time was set to 20 s, which led to the best 
compromise between computational time and fast decay of 
unwanted oscillatory behaviors. 

The first step is to make a simulation with the balanced 
system, where an increasing grid voltage is applied, starting in 
0 and converging to the 25 kV in 20 s, and followed by the 
grid in a steady-state for 20 more seconds. The aim of this is 
to give sufficient time to the numerical process to converge to 
its permanent regime since it is an electrical and mechanical 
system. To reduce the time required for the convergence of 
mechanical quantities, the wind turbine inertia was reduced by 
10, in the first stage. This allowed us to start new simulations 
with the computed steady-state conditions as the initial 
condition. 

After stabilizing, the final state is saved and then 
simulations are carried out with the failed transformer. 
 

A. Primary Side Failures 
 
1) Consecutive Turns 

In the Consecutive Turns Failures, it is not possible to 
identify any defect in the transformer. The variables did not 
suffer any considerable alteration, except for the rotor current 
in the generator, that increased 2.10% when 5% of the turns 
were short-circuited.  
 
 
2) Non Consecutive Turns 

The alteration seen in this situation occurs in the primary 
current of the transformer, which also alters the magnetizing 
current. When a non consecutive turns failure occurs on the 
primary side, there is a constant decrease in the primary 
current, this is seen in Figures 8 and 9. These figures present 
the evolution of the currents rms values. 

 

 
Figure 8 - Primary Current when a Failure in Non Consecutive Turns occur 

in the Primary Side of the Transformer 

 
Figure 9 - Secondary Current when a Failure in Non Consecutive Turns 

Failure occurs in the Secondary Side of the Transformer 
 
There is no impact on the generator’s variables when this 

type of fault occurs. 
 

B. Secondary Side Failures  
 
1) Consecutive Turns 

In the Consecutive Turns Failures, when looking for the 
transformer variables, there is a modification of the primary 
and secondary current as for the secondary voltage. It is 
possible to detect this type of failure if there is a decrease of 
the currents in the phases that are not short-circuited and an 
increase in the phase that suffers the failure. Also, it is notable 
a small increase in the secondary voltage of the defective 
phase. Is also possible to utilize the magnetizing current as a 
valid method to detect this type of failure. In Figures 10 and 
11, the currents alterations are displayed. 
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Figure 10 - Primary Current when a Failure in Consecutive Turns occurs in 

the secondary side of the transformer 

 
Figure 11 - Secondary Current when a Failure in Consecutive Turns occurs 

in the secondary side of the transformer 
 
In the generator variables, the impact is not as harmful, 

although, is seen a considerable difference in the stator and 
rotor currents. The differences can be encountered in Table 7, 
in the Annex Section. 
 

Table 5 - Stator and Rotor Currents when occurs a Failure in the Secondary 
Side of the Transformer 

 1% 2% 3% 5% 
Istator d -0.57% -1.14% -1.69% -2.78% 

q 0.59% 1.18% 1.79% 3.02% 
Irotor d -0.67% -1.35% -2.02% -3.38% 

q 0.67% 1.34% 2.00% 3.30% 
 
2) Non Consecutive Turns 

In the non consecutive turns failures, there are some 
differences in the transformer variables but not the sufficient 
to conclude that failure may be occurring since as it is possible 
to see in Figures 11 and 12, the values are stabilized after the 
transient. 
 

 
Figure 12 - Primary Current when a Failure in Non Consecutive Turns 

occurs in the secondary side of the transformer 
 

 
Figure 13 - Secondary Current when a Failure in Non Consecutive Turns 

occurs in the secondary side of the transformer 
 
The same happens in the generator variables. They suffer 

some alteration, but not enough to deduce that a fault is 
occurring (Table 7). 

 

C. Algorithm Representation 
 
To help in the failure diagnosis, the following flowchart –

figure 14, shows the diagrammatic representation of the 
algorithm that could be implemented according to the data 
obtained in Table 6, in the annex section.  
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Figure 14 – Flowchart 

 
As it is possible to observe, through the secondary current 

and voltage modification we can identify the side of the 
failure, only secondary side failures have an impact on the 
secondary variables. Unfortunately, it is not possible to 
identify a consecutive turns failure on the primary side, but if 
there is a decrease in the primary voltage, it is possible to 
detect a failure in non consecutive turns. 

According to the primary voltage alteration, is possible to 
distinguish if the failure is in the consecutive turns or in the 
non consecutive turns. If the defective failure increases, it is a 
consecutive turns failure, but, if not, it is a non consecutive 
turns failure. 

IV. CONCLUSIONS 
This work contributed to an advance on online fault 

detection and impact analysis of dry transformers inserted in 
wind turbines environment. Different from other state-of-the-
art methodologies based on the harmonic content of the 
transformer electric quantities, the proposed one is only based 
on the steady-state effective values of the electric quantities. 
This was done due to the typically available data on wind 
turbines, lacking information on harmonic contents. 

First, an analytical model was developed to simulate 
different types of turn-to-turn failures in transformers, and 
allow its coupling with SIMULINK models of wind turbines. 
To validate the transformer's analytical model, an 
experimental setup was developed. This setup consisted of a 
4kVA low voltage transformer, which was opened and its 
windings adapted to perform turn-to-turn failures, in a 
controlled environment. This setup allowed us to perform 
consecutive and non-consecutive turn-to-turn short-circuits 
and to compare the simulations results with the experimental 
ones. The analytical results followed the trend of the 
experimental ones, thus allowing the validation of the 
analytical model. 

Secondly, the analytical model was coupled with a Simulink 
wind turbine generator (DFIG) and the turn-to-turn failures 
were simulated. Results showed to be possible to detect turn-
to-turn failures using the effective value of the magnetizing 
current, computed directly from the primary and secondary 
rms current values. Briefly, is possible to summarize: 

 
i) the magnetizing current method to detect turn-to-turn 

failures in transformers is effective; 
ii) when coupled in the wind turbine, it is possible to detect 

non consecutive turns faults occurred in the primary side and 
consecutive turns faults occurred in the secondary side 
according to the magnetizing current method; 

iii) transformer failures are detectable but do not have a 
substantial impact on the generator working condition; 

 
Therefore, on-line monitoring of the magnetizing current 

may bring value to the renewable energy market, contributing 
to an increase in the wind technology profit.  

For future work, it is suggested to apply the developed 
detection algorithm in real-time data from wind turbines. 

 
Appendix  
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ANNEX 
 

Table 6 - Transformer Variables Modification 

 
Table 7 - Generator Variables 
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