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To solve synchronous generator oscillations in marine power systems which cannot be effectively suppressed, according to the
nonlinearity and time variability of the ship power system, a method of synchronous generator excitation control for a ship based
on active disturbance rejection control (ADRC) is proposed. Under different working conditions, three methods are automatic
voltage regulator (AVR), automatic voltage regulator with power system stabilizer (PSS), and ADRC methods, which are applied
to the two-generator parallel-running excitation system of a ship in simulations. -e simulation results show that the excitation
control system based on ADRC is faster and has better anti-interference ability and has a better restraining effect on synchronous
generator oscillation.

1. Introduction

A ship power system is an islanded power system. When the
running conditions change or the load changes suddenly,
due to the inertial action of the synchronous generator rotor,
the power angle cannot be instantaneously maintained at a
new stable value, and adjustment of the near the steady-state
value under the action of the excitation control system is
required; that is, synchronous generator oscillation occurs
[1, 2]. -is phenomenon reduces the stability of the syn-
chronous generator set, and generator instability can occur,
thereby affecting the safe and stable running of the entire
ship power system [3]. -erefore, the generator excitation
system of a ship has always been a popular research topic. To
restrain synchronous generator oscillation, a generator ex-
citation system in the “X+AVR (automatic voltage regu-
lator)” mode, where “X” is the control method, is used on
land. At present, the studies that have been carried out on
control methods mainly focus on single variable control,
multivariable control, and nonlinear control [4–13]. How-
ever, the generator excitation system in the “X+AVR” mode
has shortcomings such as unreasonable error examples;
difficulty with realizing differential signals, which must be

improved; and unreasonable linear combinations of error
signals, which cannot resolve the contradiction between
rapidity and overshooting. In connection with the syn-
chronous generator oscillation of a ship power system, an
excitation system in the “AVR+PSS (power system stabi-
lizer)” mode is mainly used [14, 15]. When the disturbance it
is subjected to is relatively small, the system can maintain
approximate linearization characteristics; however, when
the disturbance the system is subjected to is relatively large,
leading to deviation from the normal working point, the
approximate linearization characteristics cannot be main-
tained, thereby leading to a decrease in the performance of
the control system. Due to the unique nature of the running
of the ship power system, the existing excitation system in
the “X+AVR” and “AVR+PSS” modes presents a negative
damping effect [16, 17]; thus, synchronous generator os-
cillations cannot be effectively restrained. -e active dis-
turbance rejection control (ADRC) in [18] regards the
internal and external disturbances of the system as a total
disturbance. ADRC combines the advantages of modern
control theory and nonlinear theory [19] and has a good
control effect even for nonlinear systems that are difficult to
establish accurate mathematical models. Because the
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algorithm does not depend on the specific model of the
control object [20], it has the advantages of high control
accuracy and strong anti-interference ability, so it has been
widely used in important fields such as national defense and
scientific research [21]. -e total disturbance of the system is
estimated in real time through an extended state observer,
and then the feedback loop of the system is quickly com-
pensated in with this estimated value of the total distur-
bance, which is a control method suitable for use in
nonlinear systems and is based on the proportional-integral-
derivative principle [22, 23]. -erefore, this paper attempts
to apply ADRC to the synchronous generator excitation
system of a ship from the perspective of compensating the
damping of the AVR for the ship power system.

2. Analysis of theNegativeDampingEffect of the
Synchronous Generator Oscillation of a Ship
Power System

When the generator is disturbed in the running process,
deviations are generated in its various electrical parameters.
-e electromagnetic torque, no-load electromotive force,
generator voltage, and rotor angle of the synchronous
generator are recorded as Me, Eq, Ut, and δ, respectively, and
the corresponding amounts of change are ΔMe, ΔEq, ΔUt,
and Δδ, respectively. -eir Heffron-Phillips model is
expressed in

ΔMe � K1Δδ + K2ΔEq
′,

ΔEq
′ �

K3

1 + Td0′ K3s
ΔEfd −

K3K4

1 + Td0′ K3s
Δδ,

ΔUt � K5Δδ + K6ΔEq
′,

Δδ �
ω0

TJs
2 ΔMm − ΔMe( .

(1)

-e structural block diagram corresponding to equation
(1) is shown in Figure 1.

As seen in Figure 1, the excitation system changes ΔMe2
by changing ΔEq

′. -e transfer function of the entire open-
loop system is obtained by moving the K4 summing point
forward:

ΔMe2(s)

Δδ(s)
�

K2G3 K4 + K5GE( 

1 + GEG3K6
. (2)

-en,

G3 �
K3

1 + K3Td0′ s
. (3)

For the rapid excitation system, the transfer function GE
is

GE(s) �
KA

1 + TEs
. (4)

Substituting equations (3) and (4) into equation (2), we
can obtain

ΔMe2

Δδ
� −

K2K3K4 1 + TEs(  + K2K3K5KA

1 + K3Td0′ s(  1 + TEs(  + K3K6KA

. (5)

Since in the rapid excitation system, TE≈ 0,K3K6KA is far
larger than 1, so we let s� jωd. Equation (5) is simplified to
obtain

ΔMe2

Δδ
�

K2/K6(  K4/KA + K5( 

1 + jωdTd0′ /KAK6
. (6)

Setting TEQ � Td0′ /(KAK6), we have

ΔMe2

Δδ
�

K2 K4/KA + K5( 

K6 1 + ω2
T
2
EQ 

+ jωd

K2TEQ K4/KA + K5( 

K6 1 + ω2
T
2
EQ 

.

(7)

Equation (7) can be rewritten as

ΔMe2 � ΔMsΔδ + ΔMdsΔδ. (8)

Equation (8) shows that two torque components can be
generated due to flux linkage changes, that is, the syn-
chronous torque ΔMsΔδ and the damping torque ΔMDsΔδ,
where

ΔMs �
K2 K4/KA + K5( 

K6 1 + ω2
T
2
EQ 
≈

K2K5

K6 1 + ω2
T
2
EQ 

, (9)

ΔMd �
K2TEQ K4/KA + K5( 

K6 1 + ω2
T
2
EQ 
≈

K2K5TEQ

K6 1 + ω2
T
2
EQ 

. (10)

Considering the inherent damping torque DSΔδ and the
synchronous torque K1Δδ of the synchronous generator, the
conditions necessary for oscillation instability and non-
periodic instability not to occur to the synchronous gen-
erator are expressed in

D + ΔMd > 0, (11)

K1 + ΔMs > 0. (12)

-e ship power system is often in a state of heavy load. In
this case, δ is relatively large, and K5< 0. From equation (9),
ΔMs> 0 is obtained; that is, the AVR causes the synchronous
ability of the system to increase; from equation (10),ΔMD< 0
is obtained; that is, the AVR causes the total damping torque
of the system to decrease. With increasing voltage ampli-
fication coefficient KA, TEQ decreases, and |ΔMD| increases.
Because the AVR uses voltage as the control variable, the
phase of the additional flux linkage it provides lags behind
Δδ and has a component that is a reversed-phase quantity
with respect to Δω. When the negative damping torque it
generates causes the total damping torque coefficient to
satisfy D+ΔMD< 0, Δδ becomes large, leading to a decrease
in the stability of the system, and it is impossible to effec-
tively restrain the oscillation phenomenon. -is type of
phenomenon in which the AVR worsens the damping of the
generator set can be expressed in Figure 2.

When the system is in an equilibrium state, because it is
subjected to external disturbance, the δ angle generates
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oscillations, which is expressed as Δδ. Let K5< 0; then the
first component of the voltage deviation ΔUt1 is the reverse
of Δδ. Afterwards, ΔEfd is input into the excitation system,
and the output ΔE’q is proportional to ΔMe2. When the AVR
amplification multiple is relatively large, K4 can be ignored,
as it is approximately equal to 0. -en, the block diagram of
the excitation system control is shown in Figure 3. -e
transfer function of Figure 3 is
ΔMe2

ΔUt1
� −

K2K3KA

K3K6KA + 1 + K3Td0′ s(  1 + TEs( 
. (13)

Because TE<< 1 and K3K6KA>> 1, equation (13) is
simplified as

ΔMe2

ΔUt1
� −

K2/K6

1 + Td0′ /K6KAs
. (14)

As seen from equation (14), the part from -ΔUt1 to ΔMe2
is equivalent to an inertia link, which generates a phase lag of
Φx � 0–90°. Figure 2 shows that the component of ΔMe2 on
the Δω axis is a negative value; that is, the damping torque is
negative. In the oscillation process, if δ increases, the ter-
minal voltage Ut1 decreases, and the excitation voltage is
increased after AVR regulation; however, due to the inertial
action, the flux linkage still increases when the rotational
speed Δω is a negative value, which causes the electro-
magnetic torque of braking to increase; that is, the so-called
“negative damping” effect. If a device is added to the ex-
citation, it can generate a positive damping torque large
enough to make the position of the combined torque of this
torque with ΔMe2 positive, which can compensate for the
phase lag of the excitation system and restrain the oscillation
of the system.

∆Mm ∆ω

∆E′q

∆Me1

∆Efd

∆δω0/s

∆Me2

–

–

–
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+ +
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Figure 1: Heffron-Phillips model of the synchronous generator.
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Figure 2: Torque vector diagram.
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3. ADRC-Based Control Methods for the
Synchronous Generator Excitation System of
a Ship

3.1. Principle of the Active Disturbance Rejection Controller.
-e ADRC is mainly composed of three parts, the tracking
differentiator (TD), the extended state observer (ESO), and
the nonlinear state error feedback (NLSEF) control law. Its
structural block diagram is shown in Figure 4. v(t) in
Figure 4 is the system input signal. After v(t) enters the TD,
the TD carries out rapid tracking of v(t) and obtains the two
output signals v1 and v2, where v1 is the tracking signal of
v(t) and v2 is the differential signal of v(t). -e output signal
of ESO is the output signal of the controlled object, and three
output signals—z1, z2, and z3—are given after state esti-
mation. z1 and z2 are the estimated values of the state
variables by the ESO for an uncertain model. z3 is the total
disturbance estimate by the ESO for an uncertain model.
Afterwards, v1 and z1 as well as v2 and z2 are compared to
obtain two sets of error signals, e1 and e2. NLSEF carries out
nonlinear combination of the two sets of error signals to
obtain the control signal u0(t); the control signal is multi-
plied by the ESO-estimated total disturbance state variable z3
and the coefficient 1/b, and the final control value u(t) is
obtained.

3.2. Design of the Active Disturbance Rejection Controller for
the Synchronous Generator Excitation System of a Ship.
Each part of the ADRC can be independently designed
according to the “separation principle” and then combined
into a complete closed-loop controller. -e steps for the
design of the active disturbance rejection controller for the
synchronous generator excitation system of a ship are as
follows.

3.2.1. Modeling of the Controlled Object. -e ADRC con-
troller does not require an accurate mathematical model; an
approximate model suffices. -e approximate mathematical
model of the synchronous generator excitation system is

δ
•

� ω − ω0,

_ω �
ω
H

Pm − Pe(  −
D

H
ω − ω0( ,

Eq
′ � −

1
Td0

Eq +
1

Td0
Ef.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

3.2.2. Arranging the Transition Process. -e purpose of
arranging the transition process is to quickly and accurately
track the input signal and the differential of the input signal.
In this paper, the terminal voltage rating taken by the ADRC
for the synchronous generator is the TD input voltage v, and
the fastest comprehensive function of the transition process
is fhan. -e TD transition process is arranged as

_v1 � v1 + hv2,

_v2 � v2 + hfhan v1 − v2, r, h( ,
 (16)

where r is an adjustable parameter and h is the integration
step size.

3.2.3. Design of the ESO. -e functional relationship be-
tween the terminal voltage and the excitation voltage of the
synchronous generator is regarded as an unknown function
f(x); then the state spatial equation of the excitation system
can be expressed as

_x1 � x2,

_x2 � f x1, x2(  + bu,

y � x1.

⎧⎪⎪⎨

⎪⎪⎩
(17)

Expanding f(x1, x2) into a new state variable, we have

_x1 � x2,

_x2 � x3 + bu,

_x3 � w,

y � x1.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18)

K2

K6

K5

∆Uref KA/1 + TEs K3/1 + K3T′d0s
–

–
+

∆δ

∆Me2∆E′q

Figure 3: Block diagram of the generator excitation system that ignores K4.

4 Mathematical Problems in Engineering



By introducing the fal function, we can design the fol-
lowing third-order state observer. -rough this state ob-
server, the total disturbance of the excitation system and the
terminal voltage Ut of the synchronous generator are
estimated:

e � z1 − y1,

z1 � z1 + h z2 − β01e − u1( ,

z2 � z2 − hβ02 − hfal e, α1, h( ,

z3 � z3 − hβ03fal e, α2, δ( ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

where β01, β02, and β03 are adjustable parameters and h is the
integration step size.

3.2.4. Design of the Nonlinear Error Feedback. -e design of
the nonlinear error feedback is shown in the following
equation:

e1 � v1 − z1,

e2 � v2 − z2,

u0 � k1fal e1, α1, δ(  + k2fal e2, α2, δ( ,

u � u0 −
z3

b
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

where u is the control variable Uf, b is the control variable
coefficient, and k1 and k2 are adjustable parameters.

After the three core links of ADRC, that is, the TD, the
ESO, and the nonlinear error feedback, have been designed,
they are connected in accordance with the input of the
controlled object, the output, and the input and output of
each module according to the logical relationship, and an
ADRC-based synchronous generator excitation control
system for a ship is constructed. -e structural block dia-
gram of control is shown in Figure 5.

Figure 5 shows that the system input is the reference
voltage Uref. After going through the TD and NLSEF links,
the initial control voltage u0(t) is output. Afterwards, the

ESO carries out disturbance compensation for -z3/b to
obtain the control voltage u(t). -e control voltage u(t)
undergoes limiting, and the excitation voltage Uf is output
after the exciter starts the excitation. Afterwards, the voltage
of the synchronous generator is measured to obtain the
output terminal voltage Ut, and it is fed back to the ESO to
complete closed-loop control.

3.2.5. Parameter Tuning Methods. -ere are currently no
specific methods for ADRC parameter tuning. Manual
adjustment of parameters can be carried out only according
to empirical methods. In this paper, parameter adjustment is
carried out according to the order of TD, ESO, and NLSEF,
and actual simulation experience is combined with data
from relevant literature. -e following is a summary of the
experience in ADRC parameter tuning.

According to the TD principle described in the above
text, the TD is a system that contains linear and nonlinear
parts, and the selection of its nonlinear function and pa-
rameters greatly affects the performance of the TD.-emain
parameters of the TD are r and h. According to experience, r
mainly determines the speed in tracking the signal, and h
mainly affects the filtering effect of the TD and the quality of
the differential signal. -e parameter r cannot take on an
overly large value to ensure the tracking speed; otherwise,
the quality of the output signal is reduced, the TD output
signal is the same as the input signal, the function of
arranging the transition process is lost, and the contradiction
between speed and overshooting cannot be resolved. -e
parameter h should not take on an overly small value;
otherwise, the quality of the differential signal cannot be
ensured. -is parameter is generally between 0.001 and 0.01.

-e role of the ESO as the core of ADRC is to accurately
estimate the state variables and disturbances and compen-
sate for the control signal u0. If the parameters of the ESO are
not regulated properly, the entire closed-loop control is
greatly affected. β01, β02, and β03 are the three main pa-
rameters of the ESO. A large amount of simulation expe-
rience and data show the following. -e larger β01 is, the
faster z1 tracks a given signal y and the faster z2 tracks the
derivative of y. However, when β01 is too large, an oscillation

v (t)
TD v1

v2

e2

e1
+

+–

–
–

NLSEF
u0 (t) u (t)

W (t)

y (t)+ Controlled
plant

1/b

z3

z2

z1

ESO

b

Figure 4: Structural block diagram of the active disturbance rejection controller.
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phenomenon appears in z2 and z3; when β01 is too small, a
divergence phenomenon appears in the three state variables.
-e parameter β02 does not have too great of an effect on the
state variable x1; with increasingβ02, the estimation effect of
ESO on the disturbance x3 worsens, and high-frequency
noise appears, leading to a failure to track the disturbance; if
β02 is too small, then a divergence phenomenon appears in z1
and z2. -e parameter β03 has a greater effect on z1 and z2,
and an increase in the value of β03 causes z1 and z2 to diverge.
Decreasing the value of β03 generates a large error in the
estimated value of x1z1, and the estimated value of the
disturbance z3 becomes very poor. We can see from the
above experience that, only by fully considering the con-
straint relationship between the three parameters of β01, β02,
and β03 can a more ideal simulation result be obtained.

According to the principle of nonlinear state error
feedback, the role of the two parameters k1 and k2 is similar
to that of kp and kd in proportional-integral-derivative (PID)
control. Increasing the parameter k1 can improve the ra-
pidity of system regulation, but the amount of overshooting
increases; the rapidity of the system is reduced by decreasing
the parameter k1, and the amount of overshooting decreases.
-e role of the parameter k2 is opposite to that of k1; in-
creasing k2 decreases the amount of overshooting, and the
system regulation time increases. Decreasing k2 increases the
speed of the system and the amount of overshooting.
Changes in the parameter b greatly change the control
variable u. As seen from the logical relationships in
Figures 5–8, increasing b can increase the control variable u,
but decreasing b decreases the compensation for the dis-
turbance. Selecting an appropriate value for the parameter b
is very important for the disturbance compensation effect.

4. Simulation Verification

4.1. ADRC Simulation Model. First, the simulation models
for the three core parts—TD, ESO, and NLSEF—are
established.

4.1.1. TD Simulation Model. -e TD simulation model
established in accordance with equation (16) is shown in
Figure 6.

To verify the effectiveness of the TD simulation model
built, a simple verification simulation is carried out. Given
the input of a sinusoidal signal of sin(t), the initial input
signal of the TD is v(t) � sin(t). -e simulation parameter
settings are an integration step size h� 0.005 and r� 100.-e
simulation curves are shown in Figure 7.

-e TD parameters are changed to an integration step
size h� 0.005 and r� 200, and the simulation curves are
shown in Figure 8.

-e TD parameters are changed to an integration step
size h� 0.008 and r� 100, and the simulation curves are
shown in Figure 9.

As seen from the above three simulation diagrams, the
established TD simulation model has a relatively good
tracking effect on the input signal and can obtain a good-
quality differential signal. Comparison of Figures 7 and 8
shows that when the value of the parameter r is increased,
the signal tracking is better, but the fluctuations in the
differential signal increase. Comparison of Figures 8 and 9
shows that increasing the value of h can obviously improve
the tracking result but reduces the quality of the differential
signal.

4.1.2. ESO Simulation Model. -e established ESO simu-
lation model is shown in Figure 10.

In the figure, the two fal modules arem files written with
the S-function.

Uref TD v1

e1

e2

v2

+

+–

–
–

NLSEF
u0 (t) u (t)+

Limit Excitation
Uf Ut

W (t)

1/b

z3

z2

z1

ESO

b

Synchronous
generator

Figure 5: Structural block diagram of the ADRC-based synchronous generator excitation control system of a ship.

1/z
++

++

+–

1
V1

2
V2

1
Uref

x1
x2 fhan

fhan

h

Figure 6: TD simulation model.
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4.1.3. NLSEF SimulationModel. According to equation (20),
the m files are written with the S-function. -e established
NLSEF simulation model is shown in Figure 11.

In Figure 11, the initial control variable u can be output
by carrying out nonlinear feedback regulation on the two
errors of e1 and e2 and carrying out reasonable parameter
regulation.

-e simulation models of the above three modules are
packaged and connected to form a complete ADRC simu-
lation model, shown in Figure 12.

To verify the effectiveness of the established ADRC
simulation model, a simple verification simulation experi-
ment is carried out. -e controlled object is assumed to be

G(s) �
1

s
2

+ 3s + 1
. (21)

-e simulation parameter settings are as follows: TD
parameters r� 100 and h� 0.005; ESO parameters β01 � 50,
β02 � 300, and β03 �10; compensation coefficient b� 0.5;
nonlinear state feedback parameters α1 � 0.5, α2 � 0.75, and
δ � 0.1. -e TD input is a sinusoidal signal, and the simu-
lation curve is shown in Figure 13.

-e above simulation curve shows that the establishment
of the ADRC controller simulation model is successful.
Moreover, Figure 13 shows that the ESO can very accurately
estimate state x1. Figure 14 shows that the ESO can carry out
more accurate estimation for state x2 but that the estimation
is not as good as the estimation for x1, which may be related
to the settings for the three parameters of β01, β02, and β03.

4.2. Sudden Loading and Sudden Unloading Simulation Test.
-e ADRC simulation model in Figure 12 and the two-
generator parallel-running simulationmodel of a ship power
system are combined to establish an ADRC-based two-
generator parallel-running simulationmodel of a ship power
system. -e simulation model is shown in Figure 15.

To verify the effectiveness of the ADRC-based two-
generator parallel-running simulationmodel of a ship power
system established in Figure 15 and to verify the restraining
effect of the ADRC-based synchronous generator excitation
control system of a ship on the synchronous generator
oscillation shown in Figure 15, the three excitation control
methods (AVR, AVR+PSS2B, and ADRC) are used to carry
out simulation experiments under different working con-
ditions to verify the effectiveness of the proposed method.

-e following parameters of the synchronous generator
from a certain real ship are used. -e parameters of the
synchronous generators G1 and G2 are as follows:
Pn � 3.125×106 VA, Un � 450V, fn � 60Hz, Xd � 1.56,
Xd’� 0.296, Xd’’� 0.177, Xq’� 1.06, Xq’’� 0.177, X1 � 0.052,
Td’� 3.7, Td’’� 0.05, and Tq0 � 0.05. -e parameters of the
TD are as follows: r� 100, h� 0.005; those of ESO are as
follows: β01 � 80, β02 � 50, β03 �10, h� 0.1, α1 � 0.75, and
α2 � 0.75; and those of the nonlinear state feedback are as
follows: k1 � 35, k2 �150, α1 � 0.5, and α2 �1.25.
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Figure 7: Simulation curves with r� 100 and h� 0.005.
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Figure 8: Simulation curves with r� 200 and h� 0.005.
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Figure 9: Simulation curves with r� 100 and h� 0.008.
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In this test, the simulation time is 35 s. -e synchronous
generators G1 and G2 start running in parallel with no load
at 0 s, are suddenly loaded with Load 1 at 5 s, are suddenly
loaded with Load 2 at 15 s, and are suddenly unloaded of
Load 2 at 25 s. -e load parameter settings of Load 1 and
Load 2 are P� 1.5×103 kW andQ� 1.2×103 kW.-e curves
of the changes in each parameter of the synchronous gen-
erator are shown in Figure 16.

Figure 16 shows that when the synchronous generator
starts with no load at 0 s, in the cases where the excitation
system uses the control methods of AVR and AVR+PSS2B,
the generator can quickly start, and in the case where ADRC
is used,Ut has an adjustment process with a large amplitude,
which shows that, under no disturbances, the regulation
effect of AVR and AVR+PSS2B is better than that of ADRC.
With the sudden loading at 5 s and 15 s, the use of ADRC for
approximately 0.3 s can restore Ut to a stable value, and
almost no overshooting occurs in the regulation process,

whereas the regulation time using AVR+PSS2B is ap-
proximately 1 s, and the voltage slightly overshoots in the
regulation process. In the case where only AVR is used, the
amount of overshooting in voltage is the largest, and the
regulation time is the longest. With the sudden unloading at
25 s, after the maximum voltage is increased to 1.02 with the
use of ADRC and the voltage is restored to 1 after 0.2 s, the
maximum voltage is increased to 1.05 with the use of
AVR+PSS2B and AVR, the voltage tends to stabilize after
approximately 3 s23, and the voltage fluctuation is smaller in
the AVR+PSS2B regulation process.

Figure 17 shows that, with the sudden loading at 5 s and
15 s as well as the sudden unloading at 25 s, in the case where
the excitation system is using AVR control, the fluctuation in
the rotational speed of the synchronous generator is the
greatest, and the regulation time is the longest; when
AVR+PSS2B is used, the maximum value and theminimum
value of the rotational speed fluctuation are both reduced,
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and the time needed for restoration to a stable value is
shorter. After ADRC is used, the rotational speed fluctuation
of the synchronous generator reaches the minimum.

As seen in Figure 18, after sudden loading with Load 1 at
5 s, the active power is increased to 0.2, and after sudden
loading with Load 2 at 15 s, the active power is increased to
two times the original value. Under the two control modes of
AVR and AVR+PSS2B, after the active power is restored to
a stable value, there is a slight fluctuation, and after ADRC is
used, the active power exhibits a large fluctuation only for an
instant at sudden loading; afterwards, this parameter is
quickly restored to the stable value and does not oscillate
after restoration to the stable value. At 25 s, when half of the
load is suddenly unloaded, after a slight fluctuation, the
active power drops to half of the original, and the ADRC
restores the steady-state value the fastest.

Figure 19 shows that the mechanical power of the
synchronous generator running with no load from 0 to 5 s is
0, the mechanical power increases after sudden loading at 5 s
and 15 s, and the mechanical power drops to half of the
original after the sudden unloading of half the load at 25 s. In
this process, under the three cases of AVR, AVR+PSS2B,
and ADRC, the ADRC regulation time is the shortest, with
the smallest amplitude fluctuation in the active power fol-
lowed by AVR+PSS2B, and the AVR regulation time is the
longest, with the largest amplitude fluctuation in the active
power.

-e above simulation results show that, under sudden
loading and sudden unloading working conditions for the
ship power system, compared with the control methods of
AVR and AVR+PSS2B, when the excitation system uses the
ADRC method, the oscillation amplitudes of the parameters
of the synchronous generator are the smallest, and the time
of restoration to stability is the fastest.

4.3. Sudden Loading and Single-Phase Short-Circuit Fault
Simulation Test. In this test, the simulation time is 25 s, the
synchronous generators G1 and G2 start running parallelly
with no load at 0 s, the heavy load of Load 3 is suddenly
added at 5 s, and a single-phase short-circuit fault occurs
suddenly at 15 s, with a fault duration of 0.1 s. -e load
parameter settings of Load 3 are P� 3.1× 103 kW and
Q� 2.5×103 kvar. -e curves of the changes of each pa-
rameter of the synchronous generator are shown in
Figure 20.

As seen from Figure 20, when a heavier load is suddenly
loaded at 5 s, the results are still the same as the analysis of
the previous scenario; the control effect of the ADRC is the
best, followed by that of AVR+PSS2B, and the control effect
of AVR is the worst. When a single-phase short-circuit fault
occurs at 15 s, an obvious drop appears in the terminal
voltage of the synchronous generator under the three control
modes of AVR, AVR+PSS2B, and ADRC, and the ampli-
tudes of the drops are basically the same; however, under the
two control modes of AVR and AVR+PSS2B, the voltage
needs to undergo approximately 2.5 s of regulation before it
is restored to stability, and the voltage oscillation amplitude
in the AVR regulation process is greater than that of

AVR+PSS2B. Under ADRC, the voltage needs to go
through only approximately 1 s of restoration, it can be
restored to the stable value, and the voltage oscillation
amplitude in the regulation process is very small.

Figure 21 shows that when the heavy load is suddenly
added at 5 s, the differences in the curves of the rotational
speed for the three control modes are relatively large, with
the control effect of ADRC being the best; when the short-
circuit fault suddenly occurs at 15 s, a slight drop appears in
the rotational speed of the synchronous generator, dropping
to 0.996 under all three control modes, and then the voltage
is restored to a stable value after undergoing 3-4 s [23] of
regulation. In the regulation process, the oscillation in the
rotational speed of the AVR control mode is somewhat large,
and the curves for the two control methods of AVR+PSS2B
and ADRC are almost the same.

Figure 22 shows that when the heavy load is suddenly
added at 5 s, the active power increases to 0.5 after under-
going transient oscillation; the oscillation amplitude with
ADRC is the smallest, and its time for restoration to a steady
state is the shortest. -e control effect of AVR+PSS2B is the
second best, followed by that of AVR.When the single-phase
short-circuit fault occurs at 15 s, a sudden change occurs in
the active power, which increases to 1.4 at the maximum and
drops to 0.3 at the minimum; the curves of the three control
modes are almost the same.

Figure 23 shows that when the heavy load is suddenly
added at 5 s, the mechanical power quickly rises and sta-
bilizes at 0.45 after undergoing transient regulation. -e
oscillation amplitude is the greatest under the AVR control
mode, and the increase in the oscillation amplitude is the
smallest with ADRC. After the short-circuit fault occurs at
15 s, a slight sudden increase occurs in the mechanical
power, which is restored to stability after undergoing ap-
proximately 3 s of regulation; the effects of the three control
modes are almost the same.

-e above analysis shows that when small disturbances
such as single-phase short-circuit faults occur in the ship
power system, the restraining effect of ADRC on the os-
cillation of various parameters of the synchronous generator
is slightly better than those of the other two control methods.

4.4. ;ree-phase Short-Circuit Fault Simulation Test. In this
test, the simulation time setting is 20 s. -e synchronous
generators G1 and G2 start at 0 s with Load 3, and a three-
phase short-circuit fault occurs in the system at 10 s, with a
fault duration of 0.1 s. -e curves of the changes in each
parameter of the synchronous generator are shown in
Figure 24.

As seen from Figure 24, when the three-phase short-
circuit fault occurs in the system at 10 s, a large drop occurs
in the terminal voltage of the synchronous generator, and
then the terminal voltage quickly rallies and is restored to
stability. Under AVR control, the terminal voltage drops to a
minimum of 0.2, increases to a maximum of 1.185, and is
restored to stability after approximately 5 s. Under
AVR+PSS2B control, the terminal voltage drops to a
minimum of 0.2, increases to a maximum of 1.18, and is
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restored to stability after approximately 3 s. Under ADRC,
the terminal voltage drops to a minimum of 0.2, increases to
a maximum of 1.15, and is restored to stability after ap-
proximately 2 s.

Figure 25 shows that after the three-phase short-circuit
fault occurs in the system at 10 s, an obvious drop appears in
the rotational speed of the synchronous generator, and the
rotational speed is restored to stability after undergoing a
short period of oscillation regulation. Under AVR control,
the rotational speed drops to a minimum of 0.987, increases
to a maximum of 1.009, and is restored to stability after
undergoing approximately 6 s of regulation. Under

AVR+PSS2B control, the rotational speed drops to a
minimum of 0.987, increases to a maximum of 1.007, and is
restored to stability after undergoing approximately 5 s of
regulation. Under ADRC, the rotational speed drops to a
minimum of 0.987, increases to a maximum of 1.005, and is
restored to stability after undergoing approximately 4 s of
regulation.

Figure 26 shows that after the three-phase short-circuit
fault occurs in the system at 10 s, a large oscillation appears
instantaneously in the active power of the synchronous
generator, and the active power is restored to stability after
undergoing a short period of oscillation regulation. Under
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AVR control, the active power drops to a minimum of 0,
increases to a maximum of 3.3, and is restored to stability
after undergoing approximately 2.5 s of regulation. Under
AVR+PSS2B control, the active power drops to a minimum
of 0, increases to a maximum of 3.3, and is restored to
stability after undergoing approximately 2.2 s of regulation.
Under ADRC, the active power drops to a minimum of 0,

increases to a maximum of 3.2, and is restored to stability
after undergoing approximately 1.5 s of regulation.

Figure 27 shows that after the three-phase short-circuit
fault occurs in the system at 10 s, the mechanical power of
the synchronous generator increases instantaneously, falls
back, and is restored to stability after undergoing a short
period of oscillation regulation. Under AVR control, the
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mechanical power drops to a minimum of 0.35, increases to
a maximum of 0.88, and is restored to stability after un-
dergoing approximately 6 s of regulation. Under
AVR+PSS2B control, the mechanical power drops to a
minimum of 0.37, increases to a maximum of 0.88, and is
restored to stability after undergoing approximately 4.5 s of
regulation. Under ADRC, the mechanical power drops to a

minimum of 0.4, increases to a maximum of 0.88, and is
restored to stability after undergoing approximately 3 s of
regulation.

-e above simulation analysis in this section shows that
when larger disturbances such as three-phase short-circuit
faults occur in the ship power system, compared with the
control methods of AVR and AVR+PSS2B, the ADRC

–0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Pe
/p

u

0 5 10 15 20 25
t/s

AVR
AVR + PSS2B
ADRC

Figure 22: Comparison of the active powers of the synchronous generator under sudden loading and single-phase short-circuit fault
working conditions.
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method has a better restraining and regulating effect on
synchronous generator oscillations caused by large
disturbances.

5. Conclusion

In this paper, the negative damping effect of the excitation
system is first analyzed from the perspective of synchronous
torque and damping torque in accordance with the Heffron-
Phillips model of the synchronous generator, and the ap-
plication of ADRC to the synchronous generator excitation
system of a ship is proposed. Finally, simulation experiments

of the two-generator parallel-running system of the syn-
chronous generator of a ship are carried out under different
working conditions, comparative simulation tests are carried
out under different working conditions for the three exci-
tation control methods of AVR, AVR+PSS2B, and ADRC,
and the simulation results show the effectiveness of the
proposed method. Notably, when the system is subjected to
disturbances under different working conditions, the
restraining effect of ADRC on the oscillations of various
parameters of the synchronous generator is the best. ADRC
replaces the PID control in the traditional marine syn-
chronous generator, and constructs an ADRC-based marine
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synchronous generator excitation control system in the
future.
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