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Abstract— Using hybrid coils, regulating Permanent magnet
Synchronous Generators without electronic conversion devices
is possible. These coils are placed around the magnets and
regulate the voltage and power factors. On the other hand, the
presence of damper winding required a preliminary study
concerning the combination and operation of two winding
systems on the rotor. Several configurations are analyzed using
the finite element method, and different parameters are
considered to select the most promising one.
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I. INTRODUCTION

The hybridization of permanent magnets in electrical
machines has recently aroused interest, especially for
performance regulation in the flux-weakening range [1-4].
Commonly, serial and parallel arrangements have been
applied in variable flux memory machines where the strong
(NdFeB) and the weaker (AINiCo or HMC [5],[6]) permanent
magnets have been used [7]. Another way to realize these
arrangements is by using particular coils [8]. The placement
in the magnetic core of the coils depends on the regulation’s
aim and the machine’s type.

In the case of the permanent magnet synchronous
generator (PMSG) [9-12], connected directly online without a
gearbox and electronic power conversion devices, the
hybridization coils show a new solution for voltage regulation.
The regulation in SG consists of an interval of RMS voltage
variation of about 10%, considering power factor and reactive
power condition. The hybridization coils are placed on the
rotor close to permanent magnets to maximise voltage
regulation. Another important aspect of the use of
hybridization is the cost savings, considering the missing
gearbox and inverter, even if the permanent magnets in NdFeb
are expensive.

On the other hand, the use of hybridization meets a critical
point: other coils are placed on the rotor as damper winding or
cage. This winding is constituted of low-resistance bars and
shorting circuit rings. The function of damper winding
consists of different uses: suppressing hunting oscillations due
to the variation of the load or frequency of the machine,
maintaining balanced voltages under unbalanced loading,
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providing braking torque for the generator during the fault,
starting operation for synchronous motors and condenser,
reducing the parasitic harmonic [13-16]. In that context,
maintaining the total harmonic distortion (THD) under the
required value (5%) is one of the aims [17],[18]. Also, the
damper cage current is affected by the open slot geometry of
the stator, which leads to specific variations of magnetic flux
in the air gap [19]. Considering all aspects mentioned above,
the appropriate design and control strategy between
hybridization and damper cage must be studied in detail.

The implementation of the control strategy consists of the
position of both types of coils. The location of hybridization
coils is almost identical to wound rotor synchronous machines
(WRSM) [20], using the brushes and slip-rings arrangements
to provide the DC supply. This solution produces sparking and
maintenance problems. In this context, using brushless exciter
[21-24] can resolve the mentioned drawbacks. However,
brushless excitation can increase the cost and size of the
generator and also can have the presence of electronic power
conversion devices. In that way, the proposed solution is not
connected directly online. Instead, an automatic voltage
regulator (AVR) and rectifier connect the hybridisation coils
through brushes and slip rings and permit their control. In
general, the alternating current (AC) AVR has a control
circuit, as in many cases, it is a microcontroller; it is not to be
confused with an inverter system for power conversion.

In the proposed work, the effects of the damper cage have
been studied for a hybrid permanent magnet synchronous
generator (HPMSG) used in small hydropower applications.
The generator is connected directly online with the use of an
AVR, and the inverter is not used, as shown in Fig. 1. The
assessment of different damper winding configurations has
been proposed. The activity was developed with
SicmeOrangel company, which has much experience

producing hydroelectric generators.
| electricity grid
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Fig. 1. Hybrid permanent magnet synchronous generator (PMSG):

connected directly online and controlled by an automatic voltage regulator



II. HYBRID PERMANENT MAGNET SYNCHRONOUS
GENERATOR

The generator with hybrid coils and V-type permanent
magnets is selected for this study. The machine operates
totally submerged with a Kaplan turbine for a rated power of
278 kW with the hybridization coils not activated (the current
density for hybridization coils is J=0 A/mm?). At the same
condition, the rated torque is 11028 Nm. The permanent
magnets are sintered NdFeB with a remanence of 1.13 T, and
hybridization coils are embedded in series arrangements near
the magnets. The maximum current density for hybridization
coils J is 4 A/mm?, while for the stator windings is 4.5 A/mm?,
In the case of the positive arrangement (J=4 A/mm?), the
power reaches the value of 286 kW and torque 11358 Nm.
Also, the voltage regulation of the RMS values is 24.7 V, more
than +5% of the rated voltage.

In the case of a submerged electrical machine, the
proposed current density values guarantee safe thermal
operation in ordinary conditions. The design and
characteristics of HPMSG are reported in Fig. 2 and TABLE L.
The hybridization coils are defined, but the damper cages,
position, number and operation are studied hereafter.
Therefore, modified rotor geometries will be proposed based
on the described design. The following analysis is carried out
by the finite element method [25],[26] in the Flux Altair
environment, and the operation condition consists of
maintaining the synchronism after a perturbation.

Hybridization Coils

Fig. 2. HPMSG geometry design
TABLE I. DESIGN DATA OF THE HPMSG
Number of Poles 24
Number of Slots 144
Rated Current 410 A
Rated Power 278 kW
Rated Speed 250 RPM
Rated Torque 11028 Nm
Current Density 4.5 A/mm?
Max operating temperature 80+90°C
Air Gap 4 mm

III. DAMPER CAGE IN HYBRID PERMANENT MAGNET
SYNCHRONOUS GENERATOR

Several configurations and combinations of damper cages
with hybrid coils are proposed. The exam was conducted
taking into account the damper cage current (magnitude and
exhaustion), harmonic content and THD for line-to-line no-
load voltage, damper cage joule losses and Lorentz force
related to the damper cage.

A. First case: hybridization coils are connected in a
shorting circuit

In the proposed case, the hybridization coils are connected
in a shorting circuit during the load or frequency variation or
in the presence of a fault. In this context, the hybrid coils
operate like a damper cage, as shown in Fig. 3. The line-to-
line voltage and relative harmonic content are shown in Fig.
4. The first harmonic is 511.08 V, and THD is 0.78%. The
transitory trend of the total damper winding current at the
rated condition is shown in Fig. 5. The perturbation causes
high current values, and the current is not completely reduced
after 0.12 s. The joule losses in the damper cage depend on
magnetic flux variation in the air gap due to the slot opening.
The variation is generally high if the ratio between slot width
and airgap thickness is high and the effect on the induced
current in the damper cage is significant. They are not
exhausted after perturbation and remain present at steady-state
conditions. The damper cage losses are 2.76 W and 29.40 W
at no-load and rated load conditions, respectively. The
maximum Lorentz force the damper cage produces to provide
braking torque is 844 N. The force is considered at the no-load
operation to evaluate only the effect of the damper cage.

In the end, the proposed solution shows positive aspects
concerning the THD and damper cage losses; however, the
very high current values, 9208 A, do not allow this
configuration to be used due to heating problems [27]. Other
configurations will be analysed, considering the drawbacks
mentioned above.

Hybridization Coils
= Damper Cage

Fig. 3 HPMSG with hybrid coils used as damper cage
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Fig. 4. No-load linked voltage and relative harmonic content for
HPMSG where hybrid coils are damper cage
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B. Second case: 7 damper cage bars for the magnet pole
and no hybridization coils

The 7 damper cage bars are implanted in the pole piece
between the two magnets that form the V-type. The hybrid
coils are not applied in this configuration (open circuit). The
design is illustrated in Fig. 6. The total damper cage current
shows very low values with respect to the previous case, as
reported in Fig. 8. The transitory of such current is reduced
after 0.064 s; however, the current oscillations due to slot
opening produce permanent losses of about 68.64 W at no-
load and 124.32 W for rated condition. The section of bars is
lower compared to the previous case, and the bars' position on
the rotor pole arc affects the losses and THD values.
Therefore, the THD in the proposed case is 1.96%, and the
first harmonic is 509.40 V, as reported in Fig. 7. Both values
are worse with respect to the previous case due to adding the
bars.

On the other hand, the maximum force for braking torque
is 1552.5 N. The significant change in value with respect to
the previous case is due to the higher magnetic induction that
afflicts the damper cage compared to the hybrid coils. The
damper windings are embedded in the rotor surface, while the
hybrid coils are positioned close to the air gap.

Damper Bars

Fig. 6.
coils

PMSG with 7 damper bars for a magnet pole without the hybrid
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Fig. 7. No-load linked voltage and relative harmonic content for PMSG
without hybrid coils
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Fig. 8. Total current of the damper cage in the case of 7 damper bars for
a magnet pole (no hybrid coils)

C. Third case: 7 damper bars and hybridization coils in a
shorting circuit

The hybrid coils and 7 bars are connected together in a
shorting circuit during the perturbation, as shown in Fig. 9.
The THD value of 2.13% is increased compared to the second
case. The first harmonic is reduced, 502.84 V, as shown in Fig.
10. The further variation of the magnetic path slightly worsens
the THD value; however, the value remains significantly
lower compared to the threshold of 5%. The total current of
the damper configuration shows very high values (Fig. 11),
which makes the heating phenomenon unsustainable for the
designed machine. Moreover, the current transitory trend has
not been completed. The damper cage joule losses are 147.96
W for no-load and 214.44 W for full load, respectively. The
maximum force is 1662.3 N.

The only positive aspect is the increment of the braking
effect; however, the high damper cage current value, 5514 A,
produces serious thermal problems. For this reason, in the
following cases, the hybrid coils will be maintained open to
avoid the high current until the time 0.1 s; after that, the same
hybridization circuit coils will be closed.



Damper Bars

Fig. 9.
circuit

HPMSG with 7 damper bars and hybridization coils in a shorting
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Fig. 10. No-load linked voltage and relative harmonic content for
HPMSG with 7 damper bars and hybridization coils in a shorting circuit

6000 +
g ——==-=-===—-=-=-=-"--=-=-=" 1
|722001 0,105 0,11 0,115 Timc[sq'nl
5000 - L 1
1 -260 :
4000 - 1280 1
1-300 1
| 1320 1
3000
L 1
: -360 1
2000 A b 1
00 Current [A] 1
R e - d
1000 RN !
S ~ \ .
Current [A ~ flime [s]
0 T T T T ~% |
0,02 [() T 12
-1000 -
Fig. 11.  Total current of the damper cage in the case of 7 damper bars and

hybridization coils in a shorting circuit

D. Fourth case: 7 damper bars with delayed activation of

hybridization

The damper cage is composed of only 7 bars, and
hybridization coils are closed after 0.1 s from perturbation. It
is possible due to the strategy control implemented using an
AVR. The HPMSG with 7 damper winding for a magnet pole
is shown in Fig. 12. The proposed configuration is affected by
hybridization, which allows the voltage to be regulated. For
this reason, the effect of the maximum positive and maximum
negative arrangements will be investigated.

The harmonic content is shown in Fig. 13 and permits the
determination of the THD values: positive arrangement PA->
2.10%, J=0-> 1.95%, and negative arrangement NA -

2.01%. The THD value is better for zero hybridisation current,
but the hybrid regulation maintains the THD in a more than
acceptable interval between 1.90+2.10%. On the other hand,
the first harmonic variation due to hybridization is described
hereafter: PA-> 528.32 V, J=0-> 509.40 V, negative
arrangement NA-> 489.53 V. The positive regulation
increases the voltage and permits a maximum delta variation
of the RMS AV of 38.78 V.

The transient of the current is over at 0.058 s, as reported
in Fig. 14. The maximum damper current is 20.7 A. The effect
of hybridization affects the steady-state joule losses of the
damper cage at no-load operation: PA-> 72.84 W, J=0->
68.64 W, NA-> 63.96 W. The same happened for rated load
operation: PA> 125.64 W, J=0-> 124.32 W, NA-> 123.00
W. The maximum force for braking is 1552.6 N.

Hybridization Coils

Damper Bars

Fig. 12. HPMSG with 7 damper bars with delayed activation of
hybridization
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E. Fifth case: 5 damper bars with delayed activation of

hybridization

It is similar to the previous case; the only difference
consists of the 5 damper windings for a magnet pole. The
damper cage bar has the same section as the previous case.
The reduction of bars will always keep a total negative
number. The generator's design is shown in Fig. 15. The
decrease in bar numbers allows the reduction of the joule
losses but also affects the THD and maximum force.

From Fig. 16, the THD values are determined: PA—>
1.67%, J=0> 1.54%, and NA-> 1.59%. Again, the lower
THD value is for no current in hybrid coils, but all values are
minor compared to the fourth case. Also, the first harmonics
are higher: PA-> 529.39 V, J=0-> 51042 V, and NA->
490.50 V. In practice, an increment of 1 Volt has been noted
with reducing the bar numbers. The maximum delta variation
of the RMS AV is 38.89 V; compared to the value in the fourth
case, the increase is almost negligible.

The damper current, reported in Fig. 17, shows a slight
increment, and the maximum value is 30.7 A. The current
transitory is over at 0.04 s. The lower number of damper bars
reduces the damper cage losses, and for no-load operation are
PA-> 48.72 W, J=0~> 45.12 W, and NA-> 41.76 W; while for
rated load are PA-> 85.80 W, J=0-> 84.24 W, and NA—>
83.16 W. The maximum force for braking during
perturbations is 1927.6 N. The increase in value corresponds
to the increment of the damper cage current.

Hybridization Coils

Damper Bars

Fig. 15. HPMSG with 7 damper bars with delayed activation of
hybridization
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F. Sixth case: 9 damper bars with delayed activation of

hybridization

The 9 damper winding for a magnet pole is applied; other
rotor geometry remains the same, as shown in Fig. 18. In Fig.
19, the first harmonics at no-load conditions are reported:
PA-> 519.08 V, J=0-> 501.42 V, and NA—> 483.02 V. All
values are decreased compared to fourth and fifth solutions of
about ten volts. The reason is that the magnetic material
located at the rotor edges is reduced to increase the number of
bars. On the other hand, the THD values remain higher
compared to the case with 7 damper bars: PA-> 1.87%, J=0->
1.84%, and NA—> 1.79%. In this case, the minimum THD is
obtained for NA. The 11" and 13™ harmonic are lower during
the negative arrangement of hybridization with respect to
other abovementioned cases. The maximum delta variation of
the RMS AV is 36.06 V, which depends on the general voltage
reduction noted for the examined case.

In Fig. 20, the transitory of the current of the damper
winding is not completed. However, the current values are
low. The damper winding losses at no-load conditions are
PA-> 84.84 W, J=0-> 82.20 W, and NA-> 79.08 W, while for
full load operation are PA—> 150.12 W, J=0-> 150.84 W, and
NA-> 151.68 W. Only for this condition the losses are a
reverse trend concerning the hybridization arrangement. The
maximum force for braking during perturbations is 1576.4 N.

Hybridization Coils

Damper Bars

Fig. 18. HPMSG with 9 damper bars with delayed activation of
hybridization
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IV. RESULTS DISCUSSION

A comparison of the results was made, taking into account
THD, damper cage joule losses, and braking force. The no-
load operation has been selected to summarize the results. For
THD values (Fig. 21), it is possible to note the lowest value
for the case where hybrid coils are used as the damper
winding, but thermal issues afflict that configuration, so it
cannot be employed. The following good solution is
represented by 5 damper bars with delayed activation of
hybridization. The THD remains between 1.54+1.67%, which
is a promising result. The next potential solution is represented
by 9 damper bars.

For joule losses in the damper windings, the comparison is
made in Fig. 22. The very low value is again obtained for the
first case, but as mentioned above, that configuration can't be
applied. The configuration with a minor number of damper
bars has lower damper cage losses. On the other hand, the
damper cage losses are very small compared to rated power,
about 0.1%.

The produced forces by the damper cage to limit and
exhaust the perturbation are compared in Fig. 23. The
maximum force is obtained for 5 damper bars design. The
second force is recorded d for the system with hybrid and
damper windings connected in the same circuit; however,
such configuration suffers from high temperature produced by
damper cage current during the perturbation.

In the end, the best design for an HPMSG with a damper
cage is represented by 5 damper bars. It is important to note
that the number of bars can affect the THD values and losses,
and a hydroelectric generator always has a damper cage.
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Comparison of the maximum force for braking during
perturbations

V. CONCLUSIONS

Different designs of HPMSG with damper cages have
been proposed. Several parameters have been investigated to
select the appropriate design: harmonic content, THD, damper
cage current and losses, and Lorentz force. The configuration
with 5 damper bars and delayed activation of hybridization
shows the best results. Also, the delta variation of the RMS
AV is maximum for the selected design. The transitory
damper cage current for the promising case does not generate
thermal problems. In the end, it is demonstrated that the use of
hybridization coils in the generators must consider the damper
cage and control strategy.



For future activity, the reduction of the slotting effect
through distance variation between the same number of the
damper bars or using the magnetic wedge will be investigated.
Also, the control strategy will be planned in detail.
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