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No-Load Voltage Waveform Optimization and
Damper Bars Heat Reduction of Tubular

Hydrogenerator by Different Degree of Adjusting
Damper Bar Pitch and Skewing Stator Slot

Zhen-nan Fan, Yong Liao, Li Han, and Li-dan Xie

Abstract—To analyze the influence of no-load voltage wave-
forms and damper bar losses and heat by the damper bar pitch
and stator slot skew, finite-element model (FEM) computations
are conducted. The calculation models are multislice moving elec-
tromagnetic field-circuit coupling model for the hydrogenerator
and three-dimensional temperature field FEM for the rotor. This
analysis considers the factors such as the rotor motion and the
nonlinearity of time-varying electromagnetic field, the anisotropic
heat conduction of the rotor core lamination, and the different heat
dissipation conditions on the windward and the leeward sides of
the poles. Then, the no-load voltage waveforms of a 36 MW tubular
hydrogenerator are optimized and the damper bar heat at the rated
load is reduced with the design scheme by adjusting the damper
bar pitch and the stator slot skew. The results show that the wave-
forms of the no-load voltage are improved and the temperature
of damper bars are reduced when reasonably increasing damper
bar pitch and skewing stator slots. The calculated results are well
coincident with the test data. The research is helpful for improving
the design standard and enhancing the operation reliability of the
large tubular hydrogenerator and electric network.

Index Terms—Damper bar heat, electromagnetic and temper-
ature field, finite element analysis, hydrogenerator, voltage har-
monic analysis.

I. INTRODUCTION

A S an important source of power energy, the voltage qual-
ity of hydrogenerator has important influence on the safe

operation of power grid and electrical equipment, especially the
distortion of no-load voltage waveforms, which not only ag-
gravate the losses and heat of equipments, but also may cause
false action of relay protection equipment. As an important part
of hydrogenerator, damper windings are the important protec-
tion of safe and stable operation of generator and grid. The
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geometric structure of damper windings influences the no-load
voltage waveforms and the distribution of losses and heat in the
dampers. The tubular hydrogenerator is a good type of genera-
tor which is suitable for exploiting and utilizing the hydraulic
resources with low water head and large flow rate [1]. However,
its air gap is small, its speed is slow, and its number of slots per
pole per phase is small. In the period of design, manufacturing
and operation, the engineers will usually face the problems such
as the bad quality of no-load voltage waveforms influenced by
the tooth harmonic electro motive force (EMF), and the damper
bar overheat at the rated condition [2]. In order to optimize the
power quality of electricity, and ensure the safe operation of
generator and grid, it is necessary to do the in-depth study of
combining the optimizing of no-load voltage of generator and
losses and heat of damper bars.

In the study of optimization of no-load voltage waveform,
Li [3] analyzed the improving performance of no-load voltage
waveform by the method of increasing air gap, fraction slot,
skewing the stator slot or rotor pole, improving the surface
shape of pole shoe, moving the pole position, and changing the
geometry of damper bars. These methods in the early litera-
tures by using analytical formula had clear concept and can be
understood by engineers easily. However, they are difficult to
consider the factors such as the nonlinearity of the time-varying
electromagnetic field, the skew of stator slot, the rotation of
rotor, and the eddy current of damper bars; therefore, the ac-
curacy of calculation needs improvement. In order to overcome
the aforementioned limitations, finite element (FE) method or
field-circuit coupling method is widely used in recent years. For
example, the magnetic field and harmonic voltage of a 150 kW
salient pole generator were calculated by the FE method [4]. The
influence of the pitch of damper bar and shift of damper bar on
the no-load voltage waveforms was analyzed in [5] and [6]. And
considering the skew of stator slots, the voltage waveforms were
analyzed based on multiloop method and FE method coupling
model [7].

For analyzing the currents, losses, and heat of rotor and
damper bar, Knight et al. [8] and [9] used a permeance model
with Fourier expansion approach to predict the damper bar cur-
rents. And an analytical algorithm based on equivalent network
was adopted in [10] to analyze the damper bar currents and
losses when the generator is operated at the rated and the no-
load conditions. In [11], a combined numerical and analyti-
cal method for the computation of unbalanced magnetic pulls,
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TABLE I
BASIC DATA OF THE GENERATOR

TABLE II
EIGHT DESIGN SCHEMES OF STRUCTURE

damper bar currents, and losses of laminated low-speed hy-
drogenerators in eccentricity conditions under the no-load was
proposed. In [12], the temperature field of rotor was calculated
by the three-dimensional (3-D) FE model. And the rotor tem-
perature distribution of hydrogenerator was calculated by flow
field and temperature field method in [13].

In this paper, the no-load voltage waveforms of a 36 MW
tubular hydrogenerator are optimized and the damper bar heat
is reduced with the design scheme by adjusting the damper bar
pitch and the stator slot skew, and the computations are im-
plemented and analyzed by multislice moving electromagnetic
field-circuit coupling model of the hydrogenerator and 3-D tem-
perature field FE model of rotor.

II. CALCULATION MODELS

A. Boundary-Value Problem of Moving Electromagnetic Field

The version of the generator is SFWG36-72/7350, and the
basic data of the generator are shown in Table I.

Eight different design schemes are calculated and shown in
Table II, where t1 is the stator tooth pitch, which is invariant, t2
is the damper bar pitch. In the eight schemes, scheme 1 is the
original design and scheme 6 is the practical design scheme.

According to the periodicity of magnetic field, a pair of poles
is chosen as the electromagnetic field calculation region. And
along the z-axis, the generator is divided into 12 slices, as shown
in Fig. 1.

Considering the saturation of iron core, the governing equa-
tion of nonlinear time-varying electromagnetic moving field
is [14]

∇× (ν∇× A) + σ

[
∂A
∂t

− V × (∇× A)
]

= JS (1)

where A is the vector magnetic potential, Js is the source cur-
rent density, ν is the reluctivity, V is the velocity, and σ is the
conductivity.

Fig. 1. Problem region and meshes of electromagnetic field.

In the multislice moving electromagnetic field model, for
each slice, the current density and vector magnetic potential
have only the axial z component, and the speed has only the
circumferential x component. With the Coulomb norm ∇·A = 0
and the boundary condition of the problem region, the following
two-dimensional (2-D) boundary-value problem of nonlinear
time-varying moving electromagnetic field for the generator is
then obtained:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

∂
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= −Jslz + σ
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∂t
+ Vxσ

∂Aslz
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Aslz |arc in = Aslz |arc out = 0

Aslz |cyclic boundary start = Aslz |cyclic boundary end

(2)

where Vx is the x component of velocity, Jslz is the axial z
component of source current density, and Aslz is the axial z
component of vector magnetic potential.

B. Coupling Circuits

To consider the influence of the stator end winding and the
rotor damper end rings, the coupling circuit models are estab-
lished. The external circuit equation and electromagnetic equa-
tion should be combined in the calculation [15].

Based on the stator coupling circuit, as shown in Fig. 2, the
voltage equation of stator circuit is

es = us + R1e is + L1e
diS
dt

(3)

where es, us , and is are the inductive EMF, the voltage and
current of the stator phase winding, respectively, R1e and L1e are
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Fig. 2. Coupling circuit of the stator.

Fig. 3. Coupling circuit of the damper winding.

the resistance and leakage inductance of the stator end winding,
respectively, and RL and LL are the resistance and inductance of
loads, respectively. By changing their values, different operation
conditions of generator can be set.

With the circuit of the damper winding as illustrated in Fig. 3,
supposing ik−1 and ik are the end ring currents of the left
and right branches of kth damper bar, the relationship among
ik−1 , ik , and the current of damper bar ibk can be obtained as
follows:

ik − ik−1 + ibk = 0. (4)

And the voltage equation to describe the relationship between
kth and (k+1)th branches of the damper bars is given by

uk − uk+1 = 2ikR2e + 2L2e
dik
dt

(5)

where R2e and L2e are the resistance and inductance of the
damper end ring, respectively.

According to the periodic condition, the constraint condition
of the current and the voltage on the boundary are

i1 + in + ib1 = 0 (6)

un − u1 = 2inR2e + 2L2e
din
dt

(7)

where n is the number of damper bars in the problem region.
The stator–rotor coupling circuit equation of generator and

the electromagnetic equation are combined, the magnetic vector
potential Aslz of slices is calculated in time-step FE method,
then the flux density, voltage, current, and loss can be acquired.

C. No-Load Voltage Calculation of the Generator

In Fig. 2, the no-load operating condition of the generator is
simulated when the load resistance RL and inductance LL are

infinite. By the time-step FE method, the no-load line voltage is
then obtained as follows:

u0 =
√

3

⎛
⎝−R1e is − L1e

dis
dt

+
Nslsl

S

Nc l∑
j=1

N∑
i=1
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(8)

where Ncl is the number of slices, Ns is the number of series
conductors of the stator phase winding, lsl is the effective length
of the stator core in a layer, S is the current area of the phase
winding of each slice, S+

i and S−
i are the areas of a mesh

where the current inflows and outflows the winding of each
slice, respectively, and Aslzi is the average value of the vector
magnetic potential in the element.

The deviation between the actual and sinusoidal waveforms
of the line voltage is defined as the harmonic distortion factor
(HDF), whose value is calculated according to the standard
GB/T 1029-2005 [16]

HDF =

√
U 2

2 + U 2
3 + · · · + U 2

n

U1
× 100%. (9)

To weigh the disturbance for the harmonics of voltage wave-
form to telecommunication, the telephone harmonic factor
(THF) is defined as the following according to the GB/T 1029-
2005:

THF =

√
U 2

1 λ2
1 + U 2

2 λ2
2 + · · · + U 2

nλ2
n

U
× 100% (10)

where U is the actual line voltage, Uk (k = 1, 2, 3, . . ., n, where
n is the highest order considered) is the line voltage value of kth
harmonic, and λk is the weighted coefficient of kth harmonic.

For large generators, the GB/T 1029-2005 regulated
HDF ≤ 5%, THF ≤ 1.5%.

D. Loss Calculation of Damper Bars

In Fig. 2, the rated operating condition of the generator is
simulated when the load resistance RL and inductance LL are
with the rated values. In addition, owing to the assembling air
gap between the damper bar and the damper slot is only about
0.15 mm, the contact resistance between the damper bars and
pole core is very large. Besides, the rotor pole is laminated with
silicon electrical steel sheets, and there are oxide layers on the
surface of these sheets, leading to the very high resistance of
pole core; therefore, the effect of currents flowing from one
damper bar to the next through the pole core can be neglected.

For the jth layer of the multislice model, the eddy current
density of the kth damper bar is

Jjk = −σb
∂Aslz

∂t
+ σb

uk

lb
(11)

where σb is the conductivity of damper bar, lb is the length of
damper bar, and uk is the voltage of the kth damper bar.
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Fig. 4. Problem region of 3-D temperature field.

The current and loss of each mesh of the jth layer of damper
bar are given by

Ie =
∫∫

Δ e

Jjkdxdy (12)

pe = I2
e

lbsl

σbΔe
(13)

where lbsl is the length of the jth layer damper bar and Δe is
the area of the related mesh of the damper bar.

The eddy current loss of one damper bar is given by

pdb =
Nc l∑
j=1

N∑
e=1

pe (14)

where N is the number of meshes of one damper bar in each
slice and Ncl is the slice number of model.

E. Boundary-Value Problem of Rotor 3-D Temperature Field

Because of the symmetric structure of the rotor pole and its
ventilation system, the distribution of rotor temperature field is
mirror symmetric on the both sides of the rotor shaft middle
profile. Therefore, an half axial section of the whole rotor pole,
which consists of rotor core, damper bar, field winding and its
bracket, etc., is selected as the problem region for the 3D temper-
ature field solving, and the region includes 256 256 elements,
as shown in Fig. 4. There are four damper bars on each pole
shoe. For easy discussion, the damper bar on the leeward side
is numbered as the first and the damper bar on the windward is
numbered the fourth.

Considering the anisotropic heat conduction condition of ro-
tor core, the boundary-value problem of 3-D steady temperature
field can be expressed as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎨
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= −α(T − Tf )

(15)

Fig. 5. Electromagnetic field distributions with no load and rated load t2 /t1 =
0.93 and 0.5 slot skewed. (a) Field with no load. (b) Field with rated load.

where T is the temperature, λx , λy , and λz are the heat con-
ductivity on each direction, respectively, qv is the heat source
density that is obtained by the loss calculation mentioned ear-
lier, S2 is the rotor middle profile and the interface between
rotor core and rim related with the thermal insulation boundary
condition, S3 is the outside surface of the rotor related with the
heat dissipation boundary condition, α is the heat dissipation
coefficient of S3 , and Tf is the environment air temperature.

III. COMPUTATION RESULTS AND DISCUSSIONS

A. Distribution of Electromagnetic Field

According to the models mentioned above the magnetic field
is calculated, and the magnetic field distributions of scheme 6
are shown in Fig. 5.

Fig. 5 shows that the distributions of magnetic field of each
slice are similar. When the generator operates at the no load,
the distribution of the magnetic field about the center axis of
the pole is symmetric. Because of the armature reaction, the
distribution of the air gap magnetic field is distorted when the
generator operates at the rated load. The magnetic field on the
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TABLE III
HARMONICS AND QUALITY OF NO-LOAD VOLTAGE

windward is weakened, while it is strengthened on the leeward
side.

B. Analysis for the No-Load Voltage

In the harmonic analysis, the tooth harmonics should be con-
sidered. The ordinal number of tooth harmonics of voltage in
the generator is

ν = k2mq ± 1 (16)

where k is the order of tooth harmonic, m is the number of
phases, and q is the number of the slots per pole per phase. In
this paper, the ordinal number of first-order and second-order
tooth harmonics are 8th, 10th, 17th, and 19th, respectively.

Because of the symmetry of the no-load line–line voltages
Uab , Ubc , and Uca , this paper only discuss Uab . The waveform
and the spectrum of the no-load voltage are listed in Table III.
Some results are presented in Figs. 6 and 7.

The earlier figures and tables indicate that, in scheme 1,
t2 /t1 = 0.6, the tooth harmonics of no-load waveform are large,
and the waveform distortion occurs obviously. HDF and THF
are 4.36% and 5.77%, respectively. The THF is 3.05 times of
the upper limit in the GB/T 1029-2005, which is 1.5%. Without
considering the slot skew, when the t2 /t1 ratio increases from
0.6 to 0.93, the values of HDF and THF first decrease and then
increase. When t2 /t1 = 0.8, the values of HDF and THF are the
minimum as 2.43% and 3.22%, respectively, and the waveform
is the best of the four schemes without stator slot skew. When
t2 /t1 = 0.93, the values of HDF and THF are the maximum
values as 4.39% and 5.90%, respectively, and the waveform is
the worst of these schemes. These results indicate that by only
changing t2 without stator slot skew, the no-load voltage wave-
forms are not ideal. In scheme 3, which is the best design of
the four schemes without stator slot skew, the value of THF is
2.15 times of the upper limit in the GB/T 1029-2005.

When t2 /t1 = 0.93 and stator slot is skewed, the values of
HDF and THF are reduced and the waveform is improved. In
scheme 8, when the stator is skewed by one slot, the values of
HDF and THF are the minimum values as 0.69% and 0.33%,

Fig. 6. Voltage waveforms at no load. (a) t2 /t1 = 0.6 and no skew. (b) t2 /t1 =
0.8 and no skew. (c) t2 /t1 = 0.93 and no skew. (d) t2 /t1 = 0.93 and 0.5 slot
skewed.

respectively. In scheme 6, when the stator is skewed by 0.5 slot,
the no-load waveform optimization is close to scheme 8. It
means that, with simple manufacturing technique and low cost,
the closest optimum no-load waveform is obtained in design
scheme 6.
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Fig. 7. Voltage harmonics at no load. (a) t2 /t1 = 0.6 and no skew. (b) t2 /t1 =
0.8 and no skew. (c) t2 /t1 = 0.93 and no skew. (d) t2 /t1 = 0.93 and 0.5 slot
skewed.

Combining the harmonic results shown in Table III and spec-
trums in Fig. 7, it can be seen that only changing the value of
t2 /t1 without stator slot skew, the second-order tooth harmonic

TABLE IV
LOSSES AND TEMPERATURES OF DAMPER BARS FOR DIFFERENT PITCHES

cannot be reduced effectively, especially in schemes 1 and 4;
the percentage of the second-order tooth harmonic is the largest,
which causes the worst waveform. When the design scheme of
stator slot skew is adopted, the second-order tooth harmonic
is reduced significantly, and then the optimized waveform is
achieved, even if t2 /t1 = 0.93.

Because the fractional slot stator windings can reduce the
first-order tooth harmonic more effectively than the integral
slot stator windings, the results show that the first-order tooth
harmonics are very small for all the schemes. However, it cannot
reduce the second-order tooth harmonic effectively, so the stator
slot skewed schemes are adopted.

C. Analysis for the Heat of Damper Bars

When the generator operates at the rated load, the results of
losses and heat of damper bars are listed in Table IV. Some
results are also presented in Fig. 8. For easy discussion, P1−P4
and

∑
P are used to represent the losses of the first–fourth

damper bars and the total losses of the damper bars, respectively.
Tmax and Tmin are used to represent the maximum and minimal
temperatures of damper bars, respectively.

Table IV and Fig. 8 show that the losses and heat of the first
and second damper bars that are on the leeward are significantly
larger than those of third and fourth damper bars that are on the
windward. Because of the armature reaction, the distribution
of the air gap magnetic field is distorted when the generator
operates at the rated load. The magnetic field on the windward is
weakened while it is strengthened on the leeward. Then, the eddy
current and losses on the leeward are significantly larger than
those on the windward. In addition, the dissipation condition
on the leeward is weaker than that on the windward, and the
dissipation condition on the middle profile is weaker than that
on the end profile. Then, the maximum temperature is at the
middle of damper bar which nears the leeward of the rotor pole.

Table IV and Fig. 8 also show that the losses and tempera-
ture decrease obviously with the increase of t2 , when t1 keeps
unchanged. Because of the uneven air gap of generator, when t2
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Fig. 8. Temperature distributions of damper bars with the rated load. (a)
t2 /t1 = 0.6 and no skew. (b) t2 /t1 = 0.93 and 1 slot skewed.

increases, each damper bar becomes closer to the edge of pole
and smaller eddy current is induced. Therefore, the losses and
temperatures of the damper bars also decrease.

When t2 /t1 = 0.93 and the stator slots are skewed, with
the increase of skew degree, the damper bar loss further de-
creases. In scheme 8, the losses and heat of damper bars are
reduced to the lowest. The reason of that is the stator skew
slot can reduce the eddy current losses of damper bars, which
are induced by the harmonic magnetic field. However, the ef-
fect of slot skew is limited on the reduction of damper bar
loss and heat. It is not as obvious as the design scheme ad-
justs damper bar pitch. With the further comparison of differ-
ent slot skew schemes, the difference of damper bar loss and
heat is not great, especially for schemes 6 and 7, which are
0.5 slot skewed and 0.75 slot skewed, respectively, similar to
scheme 8. It means that, with simple manufacturing technique
and low cost, the closest lowest temperature of damper bar can be
acquired.

It can be seen that the increase of the damper bar pitch and
the stator slot skew can reduce the loss and heat of damper
bars effectively. In this paper, by the comparison of scheme 8
and scheme 1, the total losses and maximum temperature are
reduced by 64% and 37%, respectively. Considering the factors
such as manufacture technique and cost, scheme 6 is the best.

From Table IV, it can be seen that at the rated load, the
damper bar losses reduced by skewing the stator slot are small.
Therefore, at the rated load, the effects of phase belt harmonics
(fifth and seventh) on the loss of the damper bars are larger than
that of tooth harmonics.

Fig. 9. Schematics of voltage waveforms test.

Fig. 10. Measured voltage waveforms at no load.

TABLE V
VERIFICATION OF RESULTS OF NO-LOAD VOLTAGE WAVEFORMS (Uab )

TABLE VI
VERIFICATION OF RESULTS OF NO-LOAD VOLTAGE WAVEFORMS (Ub c )

TABLE VII
VERIFICATION OF RESULTS OF NO-LOAD VOLTAGE WAVEFORMS (Uca )

D. Verification

To verify the correctness of the models, the no-load voltage
measurement of generator is carried out for scheme 6. The test
scheme is shown in Fig. 9.

The sampling time is set as 0.01 ms, and the harmonic fre-
quency is taken at most 5 kHz. The results of no-load line–line
voltage waveform are presented in Fig. 10 and Tables V–VII.

The comparison shows that the results of the simulation are
close to the test results, and the differences between these three
line–line voltages can be neglected.
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TABLE VIII
TEST RESULTS OF AVERAGE TEMPERATURE OF FIELD WINDING

Since the damper bar is self-closed and, moreover, the gen-
erator is installed at the hydropower station for operation, the
directly test of the temperature of damper bars is very difficult.
However, the average temperature of field winding can be mea-
sured by the resistance method. So, according to the Chinese
National Standard, the resistance method is adopted in this paper
to test the average temperature of the field winding at the rated
load condition. Although this method cannot prove the calcu-
lated damper bar temperature directly, it is the necessary first
step to validating the damper bar temperatures indirectly. And
the direct method to validating the damper bar temperatures is
the task in the following study.

The measured average temperature of field winding is listed in
the Table VIII, which includes the environment air temperature
and the test result.

IV. CONCLUSION

For the tubular hydrogenerator in which the number of slots
per pole per phase is less than 2, when the stator tooth pitch t1
keeps unchanged, and only changing the pitch of damper bar t2 ,
the second-order tooth harmonic of no-load voltage cannot be
reduced effectively.

When the stator pitch keeps unchanged, the change of the
damper bar pitch influences the losses and heat of damper bars
significantly. Increasing the ratio of t2 /t1 can reduce the losses
and heat of damper bar effectively.

Beside the methods mentioned earlier, the scheme of stator
slot skew can achieve good no-load voltage waveform and re-
duce the losses and heat of damper bars.

Especially, compared with the design scheme which the stator
core is skewed 1 stator slot, the another design scheme which
the stator core is skewed 0.5 stator slot can simplify the man-
ufacturing technique and reduce the cost, and can acquire the
approximate optimum no load waveform and the lowest value
of damper bar losses and heat.

The multislice moving electromagnetic field-circuit coupling
model of the hydrogenerator and 3-D temperature field FE
model of rotor are implemented, and the factors such as rotor
motion and nonlinearity of the time-varying electromagnetic
field, the anisotropic heat conduction of the rotor core lamina-
tion, and different heat dissipation conditions on the windward
and leeward of the poles are considered. It can forecast the in-
fluences of different structure design schemes on the no-load
voltage waveform of hydrogenerator and heat of damper bars.
The research is helpful for enhancing the design quality and
operation reliability of tubular hydrogenerators.

This tubular hydrogenerator has been operating safely all
the times after it is installed at the hydropower station on July
2003. The good operating experience shows that the computing
models and design results of this paper are reasonable.
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