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ABSTRACT

Article history:

Eddy currents losses in the rotor in high power generators do not allow
operators, under high values of slip, to regulate voltage and control
of reactive power flow. The paper presents a method that can accurately
estimate the eddy current losses in electric machines with a less complicated
procedure. The suggested method allows researchers to analyze and reduce
the losses, and consequently, to improve the wind turbine induction
generators efficiencies. The given approach, based on the conventional
electric machine theory and the parameters supplied by the manufacturers,
predicts the eddy current losses theoretically without the need of
the measured material loss data or BH curve. Increasing the range of slip
variation of induction motor can be achieved by using a rotor of two layers
in the radial direction with different parameters. The first layer is a laminated
layer of height (h), and the second is a solid (the rotor yoke).
The computation of eddy current losses is useful to change the design
of the machine to minimize the losses. This paper presents a detailed
modeling of the effect parameters on the eddy current losses in wind turbine
induction generator.
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1.

INTRODUCTION
Wind energy is one of the fastest growing renewable technologies. It is regarded as one of the most
widely utilized distributed energy resources in the world. Furthermore, wind generation is the most variations
to other types of renewable energy [1]. The generated electric power and the loss in wind turbine generator
system (WTGS) change w.r.t wind speed variations and so the efficiency and the capacity factor
of the system are also changed.It is most important to analyze the losses characteristics of WG which
is found from wind speed to capture more energy from the wind. Furthermore, the most of the losses in wind
turbine system is non-linear losses. If used average wind speed to get the more profit but they may cause
many errors [2].
The prime reason for the utilization of wind turbines to generate electrical power is that they
produce very low CO2. Due to this fact they are regarded to be a clean and sustainable source of power,
and they are contending with electric utilities in providing economical clean power in various parts
of the world and help reducing climate change. Wind energy is used worldwide and several countries
are building more and more wind turbine and integrating them into their electricity. Induction machines
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or synchronous and permanent magnet generators are generally employed for the electromagnetic
conversion. [3]. Wind energy use depends on the means and variety of wind speeds in a given area [4].
Nowadays most of the world used large size Doubly-Fed Induction Generator (DFIG) systems due
to their quality to operate at variable speed by using power electronic converters in rotor circuit [5].
If the wind speed increases then the Iron loss and flux density will decrease. But the generator real power
and reactive power increases. The efficiency is important when comparing different systems because
the losses reduce the average power produced by the wind energy converter and, thereby, they reduce
the incomes [6, 7]. The estimated losses in the generators at rated load of a 500 kW for wind turbines
are shown in Table 1 [3]. The induction generator losses are calculated according to the conventional electric
machine theory. The losses are copper losses, hysteresis and eddy current core losses, windage and friction
losses, and additional losses. The copper losses depend on the currents, the hysteresis and eddy current core
losses depend on the flux linkage and the frequency, the friction losses only depend on the generator speed,
and the additional losses can be assumed to depend only on the current.

Table 1. Losses in the generators at rated load
Core losses
Copper losses, and Additional losses
Friction,windage, and cooling losses
Excitation losses
Total losses

Induction generator
(grid connected)
1.5%
1.5% stator & rotor
0.5%
3.5%

Synchronous generator
(diode loaded)
1.5%
1.15% stator
0.5%
0.75%
3.9%

Directly driven PM generator
(diode loaded)
1.2%
3.5% stator
1% incl.turbine bearing
5.7%

Among various generators used to convert wind energy, the induction generator has attracted more
attention due to its lower cost, lower requirement of maintenance, variable speed, higher energy capture
efficiency, and improved power quality [7, 8]. However, such direct connection with grid would allow
the speed to vary in a very narrow range and thus limit the wind turbine utilization and power output.
On the other hand, the DFIG with variable-speed ability has higher energy capture efficiency and improved
power quality, and thus dominates the large-scale power conversion applications.The generator is dedicated
to the conversion between mechanical energy, which is captured by turbine rotor, and electrical energy.
The generated electrical energy then needs to be regulated and conditioned to be connected to the power grid
for use. However, the lower generator speed, and thus larger torque, requires more poles, larger diameter,
and volume, and hence higher cost [9-18]. Through the control of rotor resistance, the slip of the generator
is varied. The losses in electric machines consist of copper loss, mechanical loss, and core loss. According
to previous studies, core losses constitute 20%-25% of the total losses in sinusoidal voltage fed machines.
These losses further increase when the machine is fed with pulse width modulated variable speed drives [19].
Currently, core loss estimations are performed in finite element analysis (FEA) software packages using flux
density waveforms in each element of the model.
These methods are based on Steinmetz equation and the loss separation principle,
with the coefficients of the respective nonlinear equations determined using the core loss measurement data
under certain conditions. When it comes to the electric machine core loss estimation, these models result
in more than 100% estimation error in some cases, even at rated conditions, these models are very complex,
they require detailed material information, and they are hard to integrate into the FEA software. Therefore,
a better method that can accurately estimate and simplified the core losses in electric machines with a less
complicated procedure is highly desirable [20]. Better understanding of loss components allowed researchers
to analyze and reduce the losses, and consequently, to improve the machine efficiencies [2, 7, 19-22].
Thus, the two loss components, hysteresis and eddy current losses are caused by the same physical
phenomena: any change in magnetization causes the domain walls to move, which induces eddy currents
resulting in Joule heating [23-25]. It is a fact that hysteresis losses occur even at zero frequency.
While macroscopic magnetization changes slowly, the magnetization inside the domain changes rapidly
and thus induces eddy currents [24, 26]. Therefore, separating losses into loss types such as hysteresis losses,
eddy current losses and excess losses is an engineering-oriented empirical approach. The core losses
are expressed as an exponential function depending on the peak magneticflux density and the frequency.
The aim of this paper is to predict the eddy current losses practically without the need
of the measured material loss data or BH curve. The needed parameters are mostly supplied by
the manufacturers or can be easily extracted from the manufacturers` loss measurement data. In summary;
there is a wide range of available core loss models for estimating the core losses in electric machines.
The Steinmetz Equation based models and the loss separation models are the most common models used
for core loss estimations due to their simple structure and straightforward calculation procedures. The given
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work shows that the range of slip variation of induction motor can be increased by using a two layers rotor
in the radial direction with different parameters. The first layer is a laminated layer of height (h), and
the second a solid, the rotor yoke [27]. WTGS is of low cost in comparison with other generation systems
using renewable energy. However, the electric power obtained from wind generators (WG) is not constant
due to wind speed variations. The generated electric power and the loss in WTGS change corresponding to
the wind speed variations, and consequently the efﬁciency of the system also change [28]. By using
the presented method eddy current losses can be calculated quickly.The wind turbine induction generator is
contributing more than 50% in wind power generation [29, 30].The computation of eddy current losses is
useful to change the design of the machine to minimize the losses in order to expand the required slip range
of the wind turbine induction generator.

2.

CALCULATION METHOD
Eddy current loss determination requires knowledge of the magnetic material characteristics for all
the different magnetic motor components. Iron losses comprise three components: eddy current loss,
hysteresis loss and excess loss. Hysteresis loss is an effect that occurs within the ferromagnetic materials.
Hence, material selection is minimizing the core loss. Iron losses depend on the fundamental frequency ƒ,
the peak value of the magnetic flux density Bm, the conductivity of the materialγ, the thickness
of the lamination d, the slip S and the loss coefficients. Generally, the manufacturer of the magnetic sheets
provides the value of iron loss in watts per kilogram for given values of magnetic flux density and frequency.
Based on this knowledge the loss coefficients can be identified [31-35].
Eddy current losses are calculated in this paper. The induction motor is treated as an eddy current
ﬁeld problem. In eddy current ﬁeld problems, the electric and the magnetic ﬁelds are coupled, because
the ﬁeld quantities are depending on the time variation; however, the displacement current density can be
neglected [36]. The eddy current loss generated in the laminated core and in the rotor yoke can be calculated
using the formula in (1) [28]. Eddy-current loss generated in the rotor yoke is the result of small circulating
currents that are induced when the flux density changes in the magnetic material.
𝛻𝐵𝒛 = 𝑱𝑺⍵𝜸µ𝑩𝒛

(1)

where: S=the slip of the induction machine.
ω=2𝜋ƒ
ƒ=System frequency
γ=conductivity
µ=magnetic permeability
Bz=Magnetic field
In the solid rotor with laminated layer the following assumptions are applied:
- The Magnetic field is uniform.
- The stator and rotor Magnetic permeability assumed to be constant.
- The first harmonic is only considered.
Under these assumptions, the whole losses in the solid rotor with a laminated layer from eddy
currents after some manipulations can be determined using the following equation [28, 37]:
𝑃=𝛾

(𝑠𝜔𝜏1 𝑑)2
12𝜋

. 𝑃𝑙𝐵02 (1 − 𝑒 −2𝑘1ℎ ) + 𝛼𝑝

1.5

(𝑠𝜔) √𝛾2
𝜋2

√𝜇22

𝜏23 𝑃𝑙𝑘𝜆 . 𝐵02 . 𝑒 −2𝑘1ℎ

(2)

where: τ=The pole pith in meters
l=The rotor length in meters
d=The thickness of the rotor lamination inmeters
h=Height of the rotor slots in meters

3.

RESULTS AND DISCUSSION
Eddy current losses calculations were held on a wind turbine induction generator [38-39] a rated
stator power (at unity power factor) 𝑆𝑛𝑠 = 2𝑀𝑊, at 690 V, ƒ=50Hz. 𝑆𝑚𝑎𝑥 = ±0.25, and a rated ideal
speed=1500rpm, number of poles(2p)=4, efficiency=95%, The stator outer diameter=0.8m, The pole pitch
(𝜏 = 0.4𝑚, The design current density=6.5A/mm2, B0=1.5T, The rotor length (Li)=0.52m, assuming that
𝛾 = 1.25 ∗ 106 , 𝜇 = 4000 , the rated rotor power (at unity power factor) 𝑆𝑛𝑟 = 𝑆𝑛𝑠 ∗ 𝑆𝑚𝑎𝑥 = 0.5𝑀𝑊.
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Based on the rotor material, rotor dimension, and the current density, the allowable eddy current loss
in the rotor is estimated to be around 38Kw. Using (2) the total eddy current losses in the rotor can be
calculated and the results are shown in Figures 1-4. Figure 1 shows that the eddy current losses reached
the maximum limit when the the rotor is solid (h=0), in this case, it is clear that the induction generator
operates safely in the slip range between 0 and 0.03 only. If the generator operates outside this range
(at higher speeds), an excessive heat produced in the rotor, that should be dissipated outside the machine,
in case of poor cooling system, the machine may uncapable to dissipate the generated rotor heat completely
to the outside of the machine. So, a conclusion can be made as follows: if the rotor is solid constructed
without a lamination layer, then, the wind power induction generator could be operated in a very limited
range of wind speed changes.
Figure 2 shows an opposite case to that shown in Figure 1. Theoretically if h=τ=0.40m, the eddy
current losses in the rotor are minimum, the slipe range of the generator operation here is increased,
which means that the generator could work with wide range of wind speeds. the case of h=τ, is an unpractical
case from the machine construction overview, but the rotor could be constructed with h less than τ
(rotor of two layers solid and laminated layers), then the eddy current losses decreases and the slip range
of the generator increases.

Figure 1. Eddy current losses d=0.01m

Figure 3. Eddy current in induction
generator (d=0.015)

Figure 2. Eddy current losses d=0.01m

Figure 4. Eddy current in induction
generator (d=0.02)

Figures 1, 2, and 3 clearly show that the operation condition of the generator could be changed
depending on the selected values of d and h. for instance, if d=0.02m and h=0.2m then the induction
generator works in a wide slip range which can be extended to a range of 0.2 without exceeding the allowable
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limit of the eddy current losses ( thermal limit) in the rotor, and the machine with the provided cooling
system works safely at wide range of variation of wind speeds. Close sight to Figure 4, with d=0.015m
and h=0.3m, the slip reaches the point of 0.2, which is a desirable value of operation for wind turbine
induction generators systems especially in areas where the wind speed varies from low speeds (3m/s) to high
speeds ( >14m/s), the case that is encounterd in many places of the world and Jordan could be taken
as an example [4].

4.

CONCLUSION
The integration of wind turbine induction generators with electrical power systems requires
a change of slip range. The research work showed that there is a possibility of increasing the range of the slip
using a laminated layer in the solid rotor in the wind turbine induction generators. This can make
the induction generator to operate in an extended slip range without exceeding the allowable eddy current
losses limit. Since the slip is allowed to change, then a machine, with a cooling system, would work safely
at a wid range of wind speed variation. Therefore, the use of solid rotor with a laminated layer in induction
generators with a fixed voltage and frequency is one approach of using high power generators in power
systems with high speed variation.
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