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In this paper, the contact characteristics of the carbon brush/slip ring of the hydrogenerator under the eccentric vibration of the
rotor are studied. *e influence of spring parameters on the contact loss of the carbon brush/slip ring was studied by establishing
the motion model of the carbon brush/slip ring for theoretical calculation and fitting the motion trajectory curve with MATLAB
software. Studies have shown that the loss of contact is mainly related to the spring damping coefficient and the precompression.
By optimizing these two parameters, the contact stability of the carbon brush on the ring surface of the slip ring can be improved.
It provides a theoretical reference for the design and optimization of the parameters of the carbon brush/slip ring spring.

1. Introduction

Hydrogenerator carbon brushes/slip rings are the key com-
ponents to guide the excitation current of the hydrogenerators
into the rotor windings, and both of them use sliding contact
to realize the conduction of current [1]. Carbon brush/slip
ring friction pair is a typical sliding friction pair under high
current and low contact pressure; under this working con-
dition, the surface contact of the friction pair belongs to a
more complex contact model in which electrical contact and
mechanical contact are coupled together [2, 3], so the contact
stability between the carbon brush and the slip ring has always
been a hot issue in engineering application research.

When the hydrogenerators are in operation, due to the
eccentric distance between the rotor center of mass and the
rotation center, it will produce eccentric vibration when the
rotor rotating. Under the influence of this eccentric vibration,
the contact force between the carbon brush and the ring
surface of the slip ring changes dynamically; under the in-
fluence of this dynamic contact force, the contact between the
carbon brush and the slip ring surface will be unstable, which
will lead to increased vibration and shock and electric-arc
discharge in severe cases [4]; this leads to some problems such
as carbon brush ignition and tempering which have seriously
affected the safe and stable operation of the hydrogenerators.

At present, most of the research studies on the surface
contact of carbon brushes and slip rings and the causes of
electric-arc generation mainly focus on the contact voltage
drop [5, 6] and current density [7, 8]. However, the root cause
of arc generation is vibration caused by unstable contact
between friction pairs [9] and then transient loss of contact,
which is caused by the current breaking through the air [10];
this is directly related to the spring pressure [11]. Argibay [12]
studied the asymmetric wear behavior of the brush on the
surface of the slip ring and found that even short periods of
instability can cause increased brush wear and rapid deteri-
oration of contact resistance and shorter life. Yasar [13]
studied the wear characteristics of the spring pressure on the
brush and found that when the spring pressure is insufficient,
an electric-arc and a higher voltage drop will be generated on
the contact surface; the pressure of the spring cannot be too
small or too large [14]. *ere is a suitable range so that the
brush can be in stable contact on the ring surface of the slip
ring without excessive pressure and increasing the wear of the
brush. *e increase of pressure within a certain range will
effectively improve the system reliability [15].

*erefore, this paper establishes the motion model of the
carbon brush/slip ring under the eccentric oscillation of the
hydrogenerator rotor, and through calculation, the motion
equation of the carbon brush in the eccentric rotation of the
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slip ring and the motion equation of the contact point on the
slip ring are obtained; then, we useMATLAB software to fit the
trajectory curve of the carbon brush and the trajectory curve of
the contact point on the slip ring and compare these two curves
to analyze the contact dynamic response of the carbon brush/
slip ring under the influence of rotor eccentric vibration; the
main influencing factor for the loss of contact between the
carbon brush and the slip ring is the spring parameter, in-
cluding spring stiffness, spring damping coefficient, and pre-
compression when the spring is installed; then, we
comprehensively analyze the influence of these factors on the
dynamic response of the carbon brush/slip ring surface contact.
It provides a theoretical reference for parameter optimization
design of carbon brush/slip ring friction pair spring.

2. Carbon Brush/Slip Ring Structure and
Working Principle

*e main components of the carbon brush/slip ring structure
of the hydrogenerators include four parts: carbon brush, brush
grip, spring, and slip ring; the structure diagram is shown in
Figure 1. *e slip ring is connected to the rotor through the
main shaft of the hydrogenerator; the carbon brush is installed
in the brush grip. In order to ensure the flexibility of the
carbon brush in the brush grip, the two use gapmates; one end
of the carbon brush provides stable pressure through the
spring, and the other end is in sliding contact with the ring
surface of the slip ring. *e bottom end of the brush grip is
fixedly installed on the frame of the water turbine generator. A
braid is installed at the end of the carbon brush, and the braid
is fixed on the brush holder by a fastening screw; the bottom
end of the brush holder is equipped with a plastic movable
handle, which is convenient to replace the carbon brush with
electric disassembly in practical engineering.

When the hydrogenerators are running, the rotor rotates to
drive the slip ring to rotate; there are several carbon brushes
installed around the slip ring. Carbon brush sliding friction
comes in contact with the slip ring surface under the pressure
of the spring.With the continued friction and wear, the carbon
brush can always maintain stable contact with the ring surface
of the slip ring. *e excitation current of the hydrogenerator
flows through the carbon brushes through the brush braid and
then is conducted to the generator rotor winding through the
sliding contact of the carbon brush/slip ring [16] to provide the
required magnetic field for the generator rotor winding. As a
key component of the excitation system of the hydro-
generators, the stability of its operation directly affects the
safety and reliability of the whole excitation system, which in
turn affects the stable operation of the hydrogenerators.

3. Establishment of the Carbon Brush/Slip Ring
Movement Model

3.1. Force Analysis of Carbon Brush. Before carrying out the
force analysis, make the following assumptions based on the
characteristics of the system. (1) Since the size of the slip ring
in the Y direction is much larger than the size of the carbon
brush, the vibration in this direction does not affect its
contact, so we only consider the vibration in the horizontal

direction, the X direction. (2) *e carbon brush material is
usually electrochemical graphite, which is manufactured by
pressing, baking, and other processes [17]. *e slip ring is a
steel slip ring. Both can be regarded as isotropic materials
and both are rigid bodies. (3) Since the carbon brush is
regarded as a rigid body, the influence of the carbon powder
peeled off during the sliding friction process is not con-
sidered. (4) *e air, humidity, and oil mist in the slip ring
chamber mainly affect its wear characteristics and have little
impact on contact. *erefore, the influence of the air, hu-
midity, and oil mist in the slip ring chamber is not
considered.

According to the movement periodicity of the carbon
brush/slip ring system, take one cycle of the slip ring as the
research object.

Suppose the carbon brush is deflected in the brush box;
the force analysis diagram of the carbon brush is shown in
Figure 2(a). It can be seen from the figure that, in the X-axis
direction, the carbon brush is subjected to the spring force
FK and the supporting force of the slip ring facing the carbon
brush FN1

, and the friction between the carbon brush and the
inner wall of the brush box is f1 and f′1, In the Y-axis
direction, it is subjected to the friction force f2 of the slip
ring on it; suppose the deflection angle is α, and the sup-
porting force of the contact surface between the carbon
brush and the inner wall of the brush box is, respectively, FN2
and FN3

. Assuming that the slip ring rotates at a constant
speed, the carbon brushes make a variable acceleration re-
ciprocating linear motion in the X-axis direction under the
premise that the carbon brush and the slip ring are always in
good contact. *erefore, when t ∈ [0, T/4]∪ [3T/4, T],

FK + μ1FN2
cos α + μ1FN3

cos α − FN1
�

Gc

g
a. (1)

When t ∈ [T/4, 3T/4],

FK − μ1FN2
cos α − μ1FN3

cos α − FN1
�

Gc

g
a. (2)

In the formula, μ1 suggests the coefficient of friction
between the carbon brush, the inner wall of the brush box Gc
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Caron Brush

Slip Ring

Brush Grip

Figure 1: Schematic diagram of the carbon brush/slip ring
structure.
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suggests the carbon brush gravity (N), a suggests the carbon
brush acceleration (mm/s2),

FN2
sin α − FN3

sin α − f2 � 0, (3)

and α is equal to the angle between the carbon brush and the
brush box:

α � sin− 12δ
L

. (4)

In the formula, δ suggests the assembly gap between the
carbon brush and the brush holder (mm) and L suggests the
brush box width (mm).

With the passage of wear time, the contact surface of the
carbon brush will gradually form a curved surface with the
same curvature as the ring surface of the slip ring after the
carbon brushes are in stable contact with the ring surface of
the slip ring. At this time, the deflection angle of the carbon
brush in the brush box is so small that it can be ignored.
*erefore, in this case, the carbon brush does not deflect in
the brush box; the force analysis of the carbon brush is
shown in Figure 2(b). When α� 0, equations (1) and (2) can
be simplified as follows.

When t ∈ [0, T/4]∪ [3T/4, T],

FK + f1 − FN1
�

Gc

g
a. (5)

When t ∈ [T/4, 3T/4],

FK − f1 − FN1
�

Gc

g
a. (6)

Assuming that the average support force of the brush
box to the carbon brush is FN0

, then

FN0
− f2 � 0. (7)

Friction between the carbon brush and the inner wall of
the brush box is

f1 � μ1 FN0
+ Gc􏼐 􏼑. (8)

Friction between carbon brush and slip ring:

f2 � μ2FN1
, (9)

where μ2 suggests the friction coefficient between the carbon
brush and the slip ring.

From formulas (7)–(9),

f1 � μ1 μ2FN1
+ Gc􏼐 􏼑. (10)

Spring force:

FK � K Δx + x0( 􏼁, (11)

where K suggests the spring stiffness coefficient (N/mm), Δx
suggests the instantaneous deformation of the spring caused
by polarization (mm), and x0 suggests the spring pre-
compression (mm).

*e instantaneous spring deformation Δx of the spring
caused by polarization is a function of the polarization
position of the slip ring and is related to the rotation time of
the slip ring, which is

Δx � f(t). (12)
Among them,

f(t) � ∅(1 − cos ωt), (13)

where ω suggests the angular velocity of slip ring rotation
(rad/s) and ∅ suggests the eccentricity (mm).

*en, the relationship of spring force with time is

FK � K ∅(1 − cos ωt) + x0􏼂 􏼃. (14)

3.2. Motion Analysis of Carbon Brush. Assuming that the
carbon brush is always in stable contact with the slip ring, the
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Figure 2: Force diagram of the carbon brush in the contact state.
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positional relationship between the brush and the slip ring is
shown in Figure 3. Curve 1 represents the trajectory curve of
the center of mass of the slip ring, and Curve 2 represents the
trajectory curve of the contact point between the carbon
brush and the slip ring. *e position of the carbon brush is a
function of the corner of the slip ring, that is,

x � f(θ) � ∅(1 − cos θ). (15)

*e study found that the carbon brush and the slip ring
tend to lose contact when the slip ring is far away from the
spring end. *is stage is taken as the research object. *e
spring compression in the initial state is x0; that is, the spring
pressure at point A in Figure 4:

FKA
� Kx0, (16)

When the slip ring rotates eccentrically for T/4 cycles,
the carbon brush moves to point B in Figure 4. At this time,
the displacement of the carbon brush is ∅ � ωT/4, that is,
the compression amount of the spring is x0 + ωT/4; the
spring pressure becomes

FKB
� K x0 +

ωT

4
􏼒 􏼓. (17)

When the slip ring rotates eccentrically for 3T/4 cycles,
the carbon brush moves to point C in Figure 4. At this time,
the displacement of the carbon brush is − ∅ � − 3ωT/4, that
is, the compression amount of the spring is x0 − 3ωT/4; the
spring pressure becomes

FKC
� K x0 −

3ωT

4
􏼒 􏼓. (18)

During the process from B to C, the trajectory of the
carbon brush is shown in Figure 4. Due to the influence of
the spring resistance, the spring force is gradually reduced.
Set the spring damping coefficient to c, the resistance is
proportional to the movement speed, and the direction is
opposite to the speed direction. Suppose the resistance is fT

and the speed is v; then,

fT � cv. (19)

Taking the spring-carbon brush system as the research
object and assuming that the displacement of the carbon
brush at any moment in the process of moving from position
B to position C is x and the speed is v in Figure 3, then, at this
time, the compression of the spring is x0 +∅ − x, and the
spring pressure is

FK0
� K x0 +∅ − x( 􏼁. (20)

*en, the initial carbon brush speed v0 is

v0 �
FK0

− FN1

c
�

K x0 − x( 􏼁 − FN1

c
. (21)

During this process, the carbon brush performs a var-
iable acceleration linear motion. In the initial state, the initial
speed of the carbon brush is v0 � 0, and the displacement of
the carbon brush x � 0; then,

Kx0 − FN1

c
� 0. (22)

We can solve

FN1
� Kx0. (23)

It is assumed that the counterforce of the slip ring to the
carbon brush is always constant. According to Newton’s law
of motion,

FK0
− fT − f1 �

Gc

g
·
dv

dt
, (24)

which is

K x0 +∅ − x( 􏼁 − cV − μ1 μ2FN1
+ Gc􏼐 􏼑 �

Gc

g
·
dv

dt
. (25)

*e differential equation of carbon brush movement is

Gc

g

d2 x

dt
2 � K x0 +∅ − x( 􏼁 − c

dx

dt
− μ1 μ2Kx0 + Gc( 􏼁.

(26)

So, deforming the above formula, we concluded

d2x
dt

2 +
cg

Gc

dx

dt
+

Kg

Gc

x �
Kg

Gc

x0 +∅( 􏼁 −
μ1g
Gc

μ2Kx0 + Gc( 􏼁,

(27)

We can get the characteristic equation as

λ2 +
cg

Gc

λ +
Kg

Gc

� 0. (28)

Solve the characteristic root as

λ �
− cg/Gc ±

��������

cg/Gc( 􏼁
2

􏽱

− 4Kg/Gc

2

�
− cg ±

�������������

(cg)
2

− 4KgGC

􏽱

2Gc

.

(29)

*e general solution of the differential equation is

x � C1e
λ1t

+ C2e
λ2t

. (30)

Among them, C1 and C2 are both constants.
Suppose the special solution of this differential equation

is x � b0. Substituting formula (27),

b0 � x0 +∅ −
μ1
K

μ2Kx0 + Gc( 􏼁. (31)

*erefore, the general solution of the differential
equation is

x � C1e
λ1t

+ C2e
λ2t

+ x0 +∅ −
μ1
K

μ2Kx0 + Gc( 􏼁. (32)

*e speed v of the carbon brush is

v �
dx

dt
� C1λ1e

λ1t
+ C2λ2e

λ2t
, (33)
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where λ1 � − cg +

�������������

(cg)2 − 4KgGC

􏽱

/2Gc and λ2 � − cg−�������������

(cg)2 − 4KgGC

􏽱

/2Gc.
In the initial state, that is when the carbon brush is at

point B in Figure 4, t � 0, v � 0, and x � − ∅; substituting
formulas (32) and (33),

C1 + C2 + x0 +∅ −
μ1
K

μ2Kx0 + Gc( 􏼁 � − ∅, (34)

C1λ1 + C2λ2 � 0. (35)

Combining solutions (34) and (35), we can obtain

C1 �
x0 − μ1/K μ2Kx0 + Gc( 􏼁 + 2∅􏼂 􏼃λ2

λ1 − λ2
,

C2 �
μ1/K μ2Kx0 + Gc( 􏼁 − x0 − 2∅􏼂 􏼃λ1

λ1 − λ2
.

(36)

Substituting C1 and C2 into formula (32), we can get the
equation of motion of the carbon brush as

x �
x0 − μ1/K μ2Kx0 + Gc( 􏼁 + 2∅􏼂 􏼃λ2

λ1 − λ2
e
λ1t

−
x0 − μ1/K μ2Kx0 + Gc( 􏼁 + 2∅􏼂 􏼃λ1

λ1 − λ2
e
λ2t

+ x0 +∅ −
μ1
K

μ2Kx0 + Gc( 􏼁. (37)

When the research system is clear, generally, μ1, μ2, K,
x0, Gc, and ∅ are constant, so assuming
x0 +∅ − μ1/K(μ2Kx0 + Gc) � η, the carbon brush motion
equation can be simplified as

x �
(η +∅)λ2
λ1 − λ2

e
λ1t

−
(η +∅)λ1
λ1 − λ2

e
λ2t

+ η. (38)

3.3. Judgment of Loss of Contact between Carbon Brush and
Slip Ring. When the carbon brush loses contact with the slip
ring, the force analysis of the carbon brush is shown in Fig-
ure 5. At this time, FN � 0; the carbon brush is only subjected
to the spring forceFK and the friction forcef1 of the inner wall
of the brush box, and the carbon brush makes a linear motion
in the X-axis direction with variable acceleration.
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Taking the contact points on the torus of the slip ring as
the research object, its trajectory in one cycle is shown in
Figure 6, and the time period from B to C in the figure is
taken as the research object, so its motion equation at this
stage is

X � ∅ cos ωt. (39)

Suppose the rotation speed of the slip ring is V, the
radius is r, and the time for one revolution is t, so the
rotation period T is

T � t �
2πr

V′
�
2π
ω

. (40)

Among the parameters of the carbon brush and the slip
ring, Gc, V, r, ∅, μ1, and μ2 can be regarded as fixed pa-
rameters; K, c, and x0 are spring parameters, which are
optimizable parameters and regarded as variable parameters.
Relying on the actual working conditions and the actual
operating parameters of the carbon brushes/slip rings of the
power plant, the fixed parameters of the carbon brushes/slip
rings are shown in Table 1.

Substituting these known parameters into formula (37),
we can get the equation of motion of the carbon brush as (the
acceleration of gravity g � 10m/s2)

x �
x0 − 0.3/K 0.3Kx0 + 1( 􏼁 + 2􏼂 􏼃λ2

λ1 − λ2
e
λ1t

−
x0 − 0.3/K 0.3Kx0 + 1( 􏼁 + 2􏼂 􏼃λ1

λ1 − λ2
e
λ2t

+ x0 + 1

−
0.3
K

0.3Kx0 + 1( 􏼁.

(41)

According to the actual parameters of the carbon brush/
slip ring spring of a power station, the spring parameters are
shown in Table 2.

Substituting the spring parameters into formula (41), we
can get the equation of motion of the carbon brush as

x �
2.85
10

�
2

√ (10 − 5
�
2

√
)e

(− 10− 5
�
2

√
)t

− (5
�
2

√
+ 10)e

(5
�
2

√
− 10)t

􏼔 􏼕 + 1.85.

(42)

*emotion equation of the contact point on the slip ring
can be expressed as

X � cos
3467
530

t. (43)

*e time T for the slip ring to make one revolution is

T �
2πr

V′
�
1060π
3467

. (44)

According to the motion equation of the carbon brush
and themotion equation of the contact point on the slip ring,
the trajectory of the carbon brush and the contact point on
the slip ring in a period can be drawn, respectively, as shown
in Figure 7. Curve 1 represents the trajectory of the carbon
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ω
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f1

Figure 5: Force diagram of the carbon brush under loss of contact.
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Figure 6: Running track diagram of the slip ring in one cycle.
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brush during this period. Curve 2 represents the trajectory of
the contact point on the slip ring in this period.

By comparing the movement trajectory of the carbon
brush with the movement trajectory of the contact point on
the slip ring in a cycle, it can be judged whether the carbon
brush and the slip ring have lost contact. If the trajectory of
the carbon brush is always below or coincides with the
trajectory of the contact point on the slip ring, it means that,
in this process, the displacement of the carbon brush without
the reaction force of the ring surface of the slip ring is always
greater than or equal to the displacement of the contact point

on the slip ring. It means that there is no loss of contact
between the carbon brush and the slip ring during this
process. If the trajectory of the carbon brush is above the
trajectory of the contact point on the slip ring within a
certain period of time, it means that the carbon brush and
the slip ring have lost contact during this period of time. It
can be seen from Figure 7 that the carbon brush and the slip
ring start to lose contact in 0.3 seconds.

*e displacement difference between the carbon brush
and the slip ring, that is, the straight distance between the
two curves, can be expressed as

ξ � x − X �
2.85
10

�
2

√ (5
�
2

√
− 10)e

(− 10− 5
�
2

√
)t

− (5
�
2

√
+ 10)e

(5
�
2

√
− 10)t

􏼔 􏼕 + 1.85 − cos
3467
530

t. (45)

Table 1: Carbon brush/slip ring fixed parameter table.

Parameter name
Carbon brush gravity (N) 1
Slip ring speed (mm/s) 3467
Slip ring radius (mm) 530
Rotor eccentricity (mm) 1
Coefficient of friction between the carbon brush and the inner wall of the brush holder 0.3
Friction coefficient between the carbon brush and the slip ring 0.3

Table 2: Spring preset parameter table.

Parameter name
Spring stiffness (N/mm) 5
Spring damping coefficient 2
Spring precompression (mm) 1
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) (
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m
)

x
X

Curve 1
Curve 2

Figure 7: Running track diagram of the carbon brush and the slip ring in one cycle.
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Among them, the time t ∈ (0, T), as can be seen from the
movement characteristics of the carbon brush and the slip ring;
the loss of contact mainly occurs during the time period when
the slip ring is away from the spring end, that is, t ∈ (0, T). In
the time period, the four time points are evenly taken in this
time period as atT/8,T/4, 3T/8, andT/2; we study the influence
of spring parameters on ξ at these four times and draw a graph
of the relationship between spring parameters and ξ.

It can be seen that if ξ � x − X≤ 0, it means that there is
no loss of contact between the carbon brush and the slip ring.
Otherwise, if ξ � x − X> 0, it means that the carbon brush
has lost contact with the slip ring. *erefore, the spring
parameters can be optimized by using ξ as the optimization
target. *e relationship diagram of ξ with time t is shown in
Figure 8. It can be seen from the figure that ξ > 0 between
0.3 s and 0.5 s indicates that the carbon brush and the slip
ring have lost contact during this time period.

4. Analysis of Contact Dynamic
Response Characteristics

4.1. FactorsAffectingLoss ofContact. Due to the difference in
stiffness and damping coefficient of the spring, its rebound
time after being compressed is also different. We call this
rebound time the response time of the spring. If the response
time is too long, the carbon brush will lose contact with the
slip ring and will be affected by the eccentricity of the rotor.

It can be seen from the motion equation of the carbon
brush that the motion of the carbon brush is related to the
following parameters: μ1, μ2,K, x0, c, andGc. Among them, μ1,
μ2, and Gc are predetermined parameters, which are only
related to the material properties of the brush holder, the slip
ring, and the carbon brush. *erefore, the main factors af-
fecting the loss of contact between the carbon brush and the slip
ring are the spring parameters, namely,K, c, and x0. In order to
obtain the influence of the three factors on the loss of contact of
the carbon brush/slip ring, the control variables are used to
study the influence of K, c, and x0 on the loss of contact.

(1) Control c and x0 are to be constant; we take c � 2
and x0 � 1mm; at this time, the displacement dif-
ference between the carbon brush and the slip ring
can be expressed as

ξ �
[3 − 0.3/K(0.6K + 1)]λ2

λ1 − λ2
e
λ1t

−
[3 − 0.3/K(0.6K + 1)]λ1

λ1 − λ2
e
λ2t

+ 2 −
0.3
K

(0.6K + 1)

− cos
3467
530

t,

(46)

where λ1 � − 20 +
���������
400 − 40K

√
/2 and

λ2 � − 20 −
���������
400 − 40K

√
/2.

Respectively, we take t � T/8 � 265π/6934,
t � T/4 � 265π/3467, t � 3T/8 � 795π/6934, and
t � T/2 � 530π/3467; within the allowable range

Kϵ(1N/mm, 10N/mm), we change K to get the re-
lationship curve between K and ξ, as shown in
Figure 9.

(2) Control K and x0 are to be constant; we take K �

5N/mm and x0 � 1mm; at this time, the displace-
ment difference between the carbon brush and the
slip ring can be expressed as

ξ �
2.85λ2
λ1 − λ2

e
λ1t

−
2.85λ1
λ1 − λ2

e
λ2t

+ 1.85 − cos
3467
530

t, (47)

where λ1 � − 10c +

�����������

(10c)2 − 200
􏽱

/2 and λ2 � − 10c−�����������

(10c)2 − 200
􏽱

/2.
Respectively, we take t � T/8 � 265π/6934,
t � T/4 � 265π/3467, t � 3T/8 � 795π/6934, and
t � T/2 � 530π/3467, within the allowable range
cε(1, 5). We change c to obtain the relationship
curve between c and ξ, as shown in Figure 10.

(3) Control K and c are to be constant; we take K �

5N/mm and c � 2; at this time, the displacement
difference between the carbon brush and the slip ring
can be expressed as

ξ �
0.91x0 + 1.94( 􏼁λ2

λ1 − λ2
e
λ1t

−
0.91x0 + 1.94( 􏼁λ1

λ1 − λ2
e
λ2t

+ 0.91x0 + 0.94 − cos
3467
530

t.

(48)

In the formula, λ1 � − 10 + 5
�
2

√
and λ2 � − 10 − 5

�
2

√
.

Respectively, we take t � T/8 � 265π/6934,
t � T/4 � 265π/3467, t � 3T/8 � 795π/6934, and
t � T/2 � 530π/3467, within the allowable range
x0ϵ(0mm, 5mm). We change x0 to get a graph of the re-
lationship between x0 and ξ, as shown in Figure 11.

In the three figures, curve 1, curve 2, curve 3, and curve 4,
respectively, represent the relationship curves of K, c, x0,
and ξ when the time is T/8, T/4, 3T/8, and T/2.
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Figure 8: *e relationship between the displacement differences
between the carbon brush and the slip ring with respect to time.
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It can be seen from Figure 9 that, with the increase of K,
the displacement difference ξ between the carbon brush and
the slip ring first decreases and then increases and is always
less than 0. *is shows that the carbon brush and the slip
ring will not lose contact under the influence of the rotor
eccentric vibration.

It can be seen from Figure 10 that, with the increase of c,
the displacement difference ξ between the carbon brush and
the slip ring gradually increases, and when c approaches
positive infinity, ξmust bemore than 0, whichmeans that, as
the spring damping coefficient increases, the carbon brushes
and the slip ring will lose contact under the influence of the
rotor eccentricity. It can be seen from the figure that when
t�T/2 and c≤ 2.0, ξ ≤ 0; it means that, under the premise of

certain other parameters, when c≤ 2.0, the carbon brush and
the slip ring will not lose contact under the influence of the
eccentric vibration of the rotor.

It can be seen from Figure 11 that, as x0 increases, the
displacement difference ξ between the carbon brush and the
slip ring gradually decreases. When t�T/4 and x0 ≥ 0.7mm,
ξ ≤ 0; when t� 3T/8 and x0 ≥ 1.25mm, ξ ≤ 0; when t�T/2
and x0 ≥ 1.2mm, ξ ≤ 0; it means that, under the premise of
certain other parameters, when x0 ≥ 1.25mm, the carbon
brush and the slip ring will not lose contact under the in-
fluence of the eccentric vibration of the rotor.

4.2. Case Study. Take a hydrogenerator of a hydropower
station as an example; the carbon brush did not lose contact
with the ring surface of the slip ring during a period of
operation. *e length of the carbon brush changed by
2.5mm after abrasion measured on-site. *e pre-
compression amount set when the spring was installed was
5mm, and the compression amount of the spring after wear
becomes 2.5mm. *e specific parameters are shown in
Table 3. According to the calculation of the above theoretical
formula, the movement trajectory curve of the carbon brush
before and after wear and the movement trajectory curve of
the contact point on the collector ring are obtained, re-
spectively, as shown in Figure 12. It can be seen from the
figure that the displacement of the carbon brushes before
and after wear is always greater than the displacement of the
contact point on the slip ring; this shows that there is no loss
of contact between the carbon brush and the slip ring under
the influence of the rotor eccentricity. *e theoretical cal-
culation results are consistent with the actual case.

Because the most important factor that affects the loss of
contact between the carbon brush and the slip ring is the
spring parameter, therefore, in order to ensure the stable
contact between the carbon brush and the slip ring during
the operation of the hydrogenerators, we can optimize the
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Figure 9: *e relationship curve between spring stiffness K and ξ.
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Figure 10: *e relationship curve diagram of spring damping
coefficient c and ξ.
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parameters from the spring parameters. According to the
calculation results of the above theoretical formulas, the
influence of each spring parameter on the surface contact
characteristics of the carbon brush/slip ring can be judged,
and the spring parameters can be optimized accordingly.

4.3.OptimizationofSpringParameters. *e contact stability
of the carbon brush and the slip ring directly affects its
contact stress and contact resistance. When the slip ring
rotates, it will drive the surface air to rotate together.
When there is a gap between the carbon brush and the slip
ring, the rotating air will enter to form a layer of air
cushion, which increases the contact resistance between
the carbon brush and the slip ring. In order to solve this
problem, the contact stability of the carbon brush and the
slip ring can be improved by adjusting the spring pressure
[18].

*e spring is composed of thin steel sheets crimped into
multiple concentric circles. *e pressure can be adjusted
according to the number of turns [19]. In addition, the
thickness of the steel sheet will affect the stiffness and
damping coefficient of the spring. *erefore, the pressure,
stiffness, and damping coefficient of the spring can be ad-
justed by changing the number of turns and the thickness of
the steel sheet. *e material of the spring is usually
2Cr19Ni9Mo; different materials have different pressures to
the same limit. *erefore, the pressure, stiffness, and
damping coefficient can be adjusted by changing the spring
material. For any carbon brush/slip ring system of a
hydrogenerators, its structural parameters μ1, μ2, V, r, Gc,
and ∅ are all known constant parameters; when these pa-
rameters are known, the relationship between the surface
contact characteristics of the carbon brush/slip ring and the
spring parameters can be calculated according to the above
formula:

Table 3: Carbon brush/slip ring parameter table.

Parameter name Remarks
Carbon brush gravity (N) 1 D172 carbon brush
Slip ring speed (mm/s) 3467
Slip ring radius (mm) 530
Rotor eccentricity (mm) 1
Coefficient of friction between the carbon brush and the inner wall of the brush holder 0.3
Friction coefficient between carbon brush and slip ring 0.3
Spring stiffness (N/mm) 2
Spring damping coefficient 1
Spring precompression (mm) 5
Spring compression after carbon brush wear (mm) 2.5
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Figure 12: Running track diagram of carbon brush and slip ring during half cycle before and after abrasion.
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ξ �
x0 − 0.3/K 0.3Kx0 + 1( 􏼁 + 2􏼂 􏼃λ2

10
�����

c
2

− 2
􏽱 e

− 5c+5
���
c2− 2

√
( )t

−
x0 − 0.3/K 0.3Kx0 + 1( 􏼁 + 2􏼂 􏼃λ1

10
�����

c
2

− 2
􏽱 e

− 5c+5
���
c2− 2

√
( )t

+ x0 + 1

−
0.3
K

0.3Kx0 + 1( 􏼁 − cos
3467
530

t.

(49)

If the spring material and structural parameters are
determined, substituting the spring stiffness and damping
coefficient into formula (49), the relationship between
surface contact characteristics and precompression can be
obtained.*erefore, the contact stability between the carbon
brush and the ring surface of the slip ring can be improved
by adjusting the amount of precompression. *e amount of
precompression can be adjusted by changing the installation
position of the spring on the brush holder.

Optimize the spring parameters according to the preset
parameters in Tables 1 and 2. Because spring stiffness and

damping coefficient are spring structure parameters, which
are related to its material and size. However, once the
material and size of the spring are determined, its stiffness
and damping coefficient remain unchanged. *erefore, in
actual engineering, the precompression of the spring is
usually adjusted to change the surface contact stability of the
carbon brush and the slip ring. Substitute the spring
structure parameters into formula (38). *e relationship
between the displacement of the carbon brush and the
precompression of the spring is

x �
0.91x0 + 1.94

10
�
2

√ (10 − 5
�
2

√
)e

(− 10− 5
�
2

√
)t

− (5
�
2

√
+ 10)e

(5
�
2

√
− 10)t

􏼔 􏼕 + 0.91x0 + 0.94. (50)

Figure 7 is the movement track diagram of the carbon
brush when the spring precompression is 1mm. It can be
seen that the carbon brush has lost contact with the annular
surface of the slip ring at this time. Adjust the amount of
precompression by changing the installation position of the
spring. Figure 13 shows the motion trajectory of the carbon
brush when taking 0.4mm to 2mm for the precompression
amount. Combining Figures 11 and 13, it can be seen that

when the precompression amount is adjusted to 1.2mm, the
carbon brush and the slip ring will not lose contact.
*erefore, to ensure stable contact between the carbon brush
and the ring surface of the slip ring under these parameters,
combined with the amount of wear of the carbon brush after
a period of wear, the precompression of the spring needs to
be adjusted above 1.2mm. In engineering applications, we
can use this method to adjust the precompression of the
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Figure 13: *e running track diagram of the carbon brush when the precompression is 0.4mm∼2mm.
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spring under the premise that the system structural pa-
rameters are determined to improve the contact stability of
the carbon brush and the slip ring.

5. Conclusions

By establishing the mechanical model and the movement
model of the carbon brush/slip ring of the hydrogenerator
and combined with the comparative analysis of the move-
ment trajectory curve of the carbon brush/slip ring, it is
concluded that

(1) Considering that the shape of the wear surface of the
carbon brush/slip ring is the same, when the force of
the carbon brush is analyzed, the model can be
simplified as the situation when the carbon brush
does not deflect in the brush box.

(2) *e contact between the carbon brush/slip ring is
related to these parameters: μ1, μ2, Gc, ∅, K, c, and
x0.

(3) *e loss of contact between the carbon brush/slip
ring is mainly related to the spring parameters K, c,
and x0. *e stability of the contact between the
carbon brush/slip ring can be improved by opti-
mizing the spring parameters.

(4) When the spring structure and size are determined,
the safety range of the precompression amount is
calculated, and the carbon brush wear condition is
combined to guide the installation of the carbon
brush and the pressure adjustment in the actual
project. In addition, the stiffness and damping co-
efficient of the spring are related to the material of
the spring, the thickness of the spring steel leaf, and
the number of turns. *e calculation results can
guide the selection and design of the spring.
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