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0 Introduction

Corrosion electric field of naval ships and cathod⁃
ic protection system can generate electric current in
shaft. When the shaft rolls, its periodical change of
impedance produces shaft-rate electric field.
Shaft-rate electric field has become a prominent sig⁃
nal of naval ship characteristics[1]. Some countries,
such as Russia, America, Britain and Canada, have
made great achievements in the research of
shaft-rate electric field suppression, and included
the elimination of electric field of naval ship in ship
building[2-4]. Attenuation law of shaft-rate electric
field accords with Maxwell's electromagnetic theory,
and its long propagation distance makes it easy to be
detected by enemy and its characteristic signal is
easy to be identified and thus applied to detect,
track, position and strike the naval ships[5-7]. There⁃

fore, the problem of suppressing shaft-rate electric
field of naval ship needs urgently solving at present.

Based on the studies of equivalent electrical mod⁃
el and electrical properties of naval ships which are
related to shaft-rate electric field, in this paper the
principle of shaft-ground active compensation sys⁃
tem is analyzed, generating module of shaft-ground
active compensation system is designed and
closed-loop real-time suppression system of
shaft-rate electric field of naval ships is developed.
What's more, the real-time suppression experiment
of naval ships is stimulated in laboratory to test
whether the technology can effectively suppress the
intensity of shaft-rate electric field, reduce the influ⁃
ence of shaft-rate electric field and weaken the char⁃
acteristic signal of naval ships used for remote detec⁃
tion so as to strengthen the stealth property of naval
ships and improve their vitality.
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1 Characteristic analysis of naval
ship shaft-rate electric field

Different metals composing modern naval ships
demonstrate different electrode potentials in sea wa⁃
ter, form corrosion primary battery, and generate cor⁃
rosion current. In order to enhance anti-corrosion
ability, naval ships usually adopt active cathodic pro⁃
tection system[8]. However, DC large current and cor⁃
rosion current provided by active cathodic protection
system are the main sources of electric field of naval
ships.

To study the features of shaft-rate electric field of
naval ships mainly needs to study the shafting of na⁃
val ships. Structural components of naval ships main⁃
ly include rotation shaft, back-up bearing, intermedi⁃
ate bearing, thrust bearing, propeller, slip ring, elec⁃
tric brush and marine engine system.

In the electrical analysis on shaft structure of na⁃
val ships, sea water is a significant part while the in⁃
fluence of marine engine is not strong. The contact
resistance between slip ring on the rotation shaft and
electric brush has great influence on relevant struc⁃
tural electrical properties of shaft-rate electric field
of naval ships, and it is an important part of electri⁃
cal properties of naval ships.

It can be known from the in-deep analysis on the
electrical properties of naval ship shafting that the
periodical change of shafting resistance with the vari⁃

ation of rotation shaft of naval ships can result in
fluctuation of electric current at different parts of cir⁃
cuit, in which periodical change of sea water current
can radiate shaft-rate electric field. Besides, contact
resistance of electric brush of naval ships causes
fluctuation voltage at both ends of the brush and is
closely related to current change in sea water.
2 Suppression method of shaft-

rate electric field of naval ships

2.1 Proposing of shaft-ground active
compensation method

Under regular ways of naval ship maintenance, the
contact resistance of electric brush of naval ships is
always obvious. Even if strict maintenance system is
adopted, the contact resistance of electric brush of
naval ships cannot be avoided and fluctuation volt⁃
age still exists at both ends of the electric brush. So
in this paper, adding a shaft-ground active compen⁃
sation system Ek between main shaft in circuit of na⁃
val ships and hull connecting ground is put forward,
as is shown in Fig. 1. This shaft-ground active com⁃
pensation potential Ek can be achieved by gradual
and controllable direct electromotive force. The intro⁃
duction of proper shaft-ground active compensation
system can suppress the shaft-rate electric field of
naval ships.

Fig.1 Schematic diagram of shaft system with compensation circuit
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2.2 Principle analysis on shaft-ground
active compensation system

Shaft-rate electric field of fishing boat JC is taken
as an example. The change of contact resistance be⁃
tween its shaft and bearing causes the change of volt⁃
age, producing electric field that changes periodical⁃
ly (i.e. , Rb is a variable resistance). If equal poten⁃
tial between main shaft and hull is guaranteed when

the main shaft is rolling, the fluctuation of
shaft-ground voltage can be ensured to be zero, thus
the shaft-rate electric field can be reduced. Under
the guidance of this idea, shaft-ground active com⁃
pensation system is proposed and Fig. 2 is the princi⁃
ple schematic diagram of this system, where Rx is
resistance of circuit; Rb1 is contact resistance of
electric brush or slip ring; Rb is the resistance be⁃
tween bearing and gear; Rw is the resistance from



propeller to hull; Ew is potential difference of corro⁃
sion or anti-corrosion between hull and propeller.

According to the law of Kirchhoff, the
shaft-ground voltage Vx can be zero as long as Ew

is approximate to Iw Rw and Iw = I1 + I2 , where I1

is electric current generated by electrochemical cor⁃
rosion or anti-corrosion and I2 is output electric cur⁃
rent of compensation system. In the light of Theve⁃
nin's theorem, there is:

I1 =
Ew

Rw +
Rb Rb1

Rb + Rb1

（1）

I2 =
Ek Rb

Rb1(Rw + Rb) + Rb Rw

（2）
Ek = kVx （3）

Then

ì
í
î

ï

ï

Iw =
Ew(Rb1 + Rb) + kVx Rb

Rb1Rw + Rw Rb + Rb Rb1

Vx = Ew - Rw Iw

（4）

From Eq. (4), it can be seen that Vx and Iw have
connection. Substituting the expression of Iw into
Vx = Ew - Rw Iw , there is:

Vx =
Ew Rb Rb1

Rb1Rw + (1 + k)Rw Rb + Rb Rb1

（5）
From Eq. (5), it can be seen that with the increase

of compensation gain k , Vx decreases gradually. In
order to make Vx be zero, k®¥ . To research the
value of k corresponding to Vx approximate to zero,
parameters provided by Russian literature are used
for simulate calculation. The calculation conditions
are: Ew = 0.7 V , Rw = 0.07 Ω , and Rb = 0.03 Ω .
Supposing that Rb1 = 0.01 Ω , the change of Vx with
the change of k is shown in Fig. 3 (in vertical coordi⁃
nate, 1 μV is 0 dB). Fig. 3 shows that if Vx is con⁃
trolled within 100 μV, k should be above 1 700.

3 Design of shaft-ground active
compensation

3.1 Control framework

Designing actual shaft-rate electric field suppres⁃
sion system according to the theory of shaft-ground
active compensation system needs to take the follow⁃
ings into consideration on the basis of control system
composition principle (Fig. 2):

1) Reliable control system is needed for controller
so that the controller can adjust shaft-ground active
composition system Ek timely, and fits the change
of electric brush voltage UR automatically.

2) In order to make shaft-ground active compensa⁃
tion system fit the change of electric brush voltage
automatically, sensor needs to monitor a certain phys⁃

（a）Block diagram of composition

Emitterfollower

Poweramplifier

InverterInvertingintegratorEle
ctri

c
bru

shAGND Mainshaft
Non

iver
ting

amp
lifie

r

GND

（b）The equivalent circuit

（c）Circuit diagram of refine system
Fig.2 Schematic diagram of compensation circuit
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ical quantity that can reflect the change of electric
brush voltage. This system monitors the voltage be⁃
tween rotation shaft and hull of naval ships, and be⁃
cause electrical equipment shell is usually taken as po⁃
tential reference point (namely earthing point) of cir⁃
cuit, voltage between rotation shaft and hull of naval
ships is often called briefly as shaft-ground voltage.

Shaft-ground voltage is usually at around millivolt
level, so high-accuracy monitoring circuit needs to
be selected.

3) As for routine organization, because shaft-rate
electric field suppression system needs an inverse
electrodynamic potential provided by shaft-ground
active compensation system Ek , inverted controlla⁃
ble direct-current power supply is taken as imple⁃
menting module to achieve the self-adaptive adjust⁃
ment of shaft-ground active compensation system.
3.2 Function framework

The achievement of shaft-rate electric field sup⁃
pression system of naval ships based on
shaft-ground active compensation system needs the
combination of specific shafting structure.

According to function, this shaft-rate electric field
suppression system can be divided into several func⁃
tion modules, including voltage monitor, signal con⁃
ditioning, judgment, control, drive, power output,
etc. It is worth noting that due to the high integrity
and strong functions of many current circuit mod⁃
ules, structural modules in this system may not be
one-to-one correspondence with function modules.
Sometimes, one circuit structure module can achieve
two or more function modules simultaneously.

The input interface of this shaft-rate electric field
suppression system is the fluctuation voltage be⁃
tween rotation shaft and hull of naval ships. More⁃
over, voltage signal is weak and fluctuation is even
smaller. Thus, only the sensor sensitive to minor volt⁃
age fluctuation can meet the demand.

The output interface of shaft-ground active com⁃
pensation system should be designed as a controlla⁃
ble direct-current power supply module.
4 Shaft-rate electric field suppres-

sion technology based on
shaft-ground active compensa-
tion system

4.1 Monitor and adjustment of shaft-
ground weak signals of naval ships

At present, isolation transmitter of TMxxxxCP se⁃

ries shown in Fig. 4(a) is the weak signal monitoring
device with good performance. Its front end uses ac⁃
tive isolation module with millivolt-level posi⁃
tive-negative bipolar signal input, and its back end
uses active isolation module with positive-negative
bipolar signal output.

Core parts of shaft-ground weak signal monitor
and adjustment components of shaft-rate electric
field suppression system adopt TM1630CP chips
(Fig. 4(b)) which together with peripheral ancillary
circuit can achieve monitor and adjustment of weak
signal.

4.2 Judgment and control of shaft-rate
electric field suppression system

Fig. 5 is the circuit of logical judgment and signal
control that aims to achieve shaft-rate electric sup⁃
pression system.

In the figure, Sout+ is the shaft-ground voltage be⁃
tween main shaft and hull, and the signal comes from
monitor and adjustment modules of shaft-ground
weak signal. When Sout + voltage increases, electric
current in circuit decreases with the increase of resis⁃
tance in loop. To ensure the sea water current is con⁃
stant, V sc output signal needs to be controlled
through logical judgment. Shaft-ground active com⁃
pensation system value is driven to increase in re⁃
versed direction. On one hand, it can bring down the
voltage Sout+ at both ends of bearing to the equilibri⁃

（a）Schematic diagram
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um position. On the other hand, the branch current
of slip ring is enlarged, and decreased electric cur⁃
rent by the increase of resistance in loop is compen⁃
sated, so as to maintain constant current in sea wa⁃
ter. On the contrary, when this Sout+ voltage decreas⁃
es, circuit drives shaft-ground active compensation
system according to reversed logic to control V sc out⁃
put signal and maintain the constant current in sea
water.

DAC and FB_AD signal interfaces are connected
with Digital Signal Processing (DSP) system. When
the influence of bearing resistance change on
shaft-rate electric field is eliminated to a very low
degree, the change rule of sea water resistance be⁃
tween propeller blade and the electrode can be esti⁃
mated using advanced algorithm by DSP system. The
DAC interface is connected with control circuit for
communication.

4.3 Drive and power output of
shaft-ground active compensation
system module

Shaft-rate electric field suppression system of na⁃
val ships, as the controllable power supply of
shaft-ground active compensation system, has the
characteristics of low voltage, large current and high
speed of load response. Factorized Power Architec⁃
ture (FPA) and integrated power V·I chip proposed
by Vicor company can meet the demand of this sys⁃
tem. As shown in Fig. 6, Voltage Transformation
Module (VTM) is a basic element of FPA and
Pre-Regulator Module (PRM) can transform un⁃

steady voltage input into steady voltage output. It us⁃
es the control framework of buck and boost voltage
stabilizer to provide accurate and steadily ascending
and descending adjustment of voltage.

The combination of PRM and VTM can provide
DC-DC converter which is isolable and has steady
voltage output. PRM only has the function of stabiliz⁃
ing voltage, and VTM has functions of transforming
and isolating voltage.

As for drive and power source modules of this sys⁃
tem, controllable power supply composed of
PRM_P045F048 and VTM48EF012T130A00, with
high efficiency, low voltage, large current and fast
speed of load response, is selected to produce

Fig.5 System logic judgment and signal control module
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shaft-ground active compensation system in the elec⁃
tric field suppression system.
5 Simulation test of shaft-rate

electric field suppression

5.1 Test devices

Scale model of a naval ship is adopted for the test,
as shown in Fig. 7. This scale model simulates the
parts of real ships that have the closest relation with
shaft-rate electric field. Bearing, electric brush, slip
ring and shafting are all scaled down. Propeller is
taken place by copper-made metal sheet and a metal
container containing sea water is placed on the pro⁃
peller end and the sea water contacts with the propel⁃
ler.

Electric field measuring electrodes are Ag/AgCl
electrodes, and they are respectively fixed at two
sides of a 2 m stick, namely that the distance be⁃
tween measuring electrodes is 2 m. Weight is added
on both sides of the stick to make the stick sink into
water and keep even. Meanwhile, the electrodes are
kept 1 m away from water, measuring electrodes are
3 m away from propeller and reference electrode is 1
m away from two measuring electrodes.

Measurement devices of electric field are com⁃
posed of signal adjustment circuit, power amplifier
and USB-6216 capture card. Signal adjustment cir⁃
cuit includes wave filter circuit and voltage amplifier
circuit, in which wave filter circuit is a band-pass fil⁃
ter is composed by the cascade of two-order
low-pass filter and six-order high-pass filter. The
range of pass band is 1-7 Hz, and amplifier circuit
can magnify signal within this range by about 5 000
times. USB-6216 capture card can conduct A/D
transformation on output signal of signal adjustment
circuit, and then transfer the transformed digital sig⁃
nal to computer. The computer controls data collec⁃
tion and storage through software.

5.2 Experimental method

In the experiment, small motor is used to drive the
propeller, and rotate speed is kept at around 150 r/min.
First, the shaft-rate electric field signal is measured
before shaft-rate electric active compensation sys⁃
tem is started. About 10 min later, shaft-rate electric
active compensation system is started and monitor⁃
ing of the shaft-rate electric field signal is continued.
5.3 Data analysis

Spectral analysis of the test data is conducted.
Measured data within a certain time before and after
the start of shaft-ground active compensation system
are selected for analysis, whose frequency domain
distribution is shown in Fig. 8. Fig. 8(a) is frequency
domain distribution of measured data before shaft-
rate electric suppression circuit starts and Fig. 8(b)
is frequency domain distribution of measured data af⁃
ter shaft-rate electric suppression circuit started.

Comprehensive data analysis on time and frequen⁃
cy domains shows that before shaft-ground active
compensation system starts, the average intensity of
alternating electric field with a frequency of 1-7 Hz
is around 2.86 × 10-4 V/m. After shaft-ground active
compensation system starts, the intensity of alternat⁃
ing electric field in this frequency domain decreases
obviously, with an average of about 0.72 × 10-4 V/m.

The distribution of frequency domain in Fig. 8(a)
shows that before shaft-rate electric field suppres⁃
sion circuit starts, alternating component with obvi⁃

Fig.7 Scale model of ship shaft system

（a）Before the start of suppression circuit

（b）After the start of suppression circuit
Fig.8 Frequency distribution of measurement data
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ous frequency of 2.2 Hz is contained in measured da⁃
ta of electric field and it is easy to calculate the cor⁃
responding rotate speed is 132 r/min. However, we
expect the rotate speed to be 150 r/min when the mo⁃
tor starts. Because of the influences including manu⁃
facture error of ship model, non-zero motor torque,
friction of the system and errors of voltage driven by
motor, frequency component (2.2 Hz) measured data
of electric field are considered to be identified to ac⁃
tual rotate speed of motor. Besides, an alternating
component with an obvious frequency of 6.6 Hz ex⁃
ists in the measured data of electric field, and this
frequency is the frequency multiplication of the fun⁃
damental frequency of 2.2 Hz, which also proves that
radiation electric field of naval ships has close rela⁃
tion with shaft-rate.

The distribution of frequency domain in Fig. 8(b)
shows that after shaft-rate electric field suppression
circuit starts, the original obvious frequency of 2.2
Hz from measured data and its frequency multiplica⁃
tion disappear. The frequencies have similar energy
and no obvious frequency exists. This means that af⁃
ter suppression circuit starts, measured radiation
electric field is mainly environmental electric field
with dispersed frequencies and shaft-rate electric
field is almost eliminated.
6 Conclusions

In the light of the studies on shaft-rate electric
field mechanism and its electrical equivalent model,
this paper puts forward a shaft-rate electric field sup⁃
pression technology based on shaft-ground active
compensation system. The working principle of
shaft-ground active compensation system is ana⁃
lyzed and systematic signal processing module, logi⁃
cal control module and power-drive module are de⁃

signed. Scale model of naval ship is adopted to simu⁃
late the electric field suppression test. The test
shows that this shaft-ground active compensation
system can suppress more than 75% shaft-rate elec⁃
tric field of naval ships, which is an effective
shaft-rate electric field suppression technology.
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舰船轴频电场的轴地有源补偿技术
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摘 要：为了有效减少舰船轴频电场的影响，降低舰船的暴露率，在分析轴频电场产生机理和相关电学特性的

基础上，提出舰船轴频电场的轴地有源补偿方法，分析轴地有源补偿系统的原理，设计系统的控制框架和功能

框架。研究舰船轴地微弱信号监测与调理技术以及电场抑制系统的判断与控制技术，设计轴地有源补偿系统

的驱动和功率输出模块，开展轴频电场抑制效果的模拟测试。试验结果表明：除去环境电场的影响，该系统对

轴频电场的抑制能力超过 75%，可以有效降低舰船轴频电场对舰船隐蔽性的影响。
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