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Abstract: With renewable power sources and new topology structures being widely introduced into
the power system, the current local information-based power generation-side protection cannot fully
guarantee the protection performance and the safety coordination with the power grid. This paper
proposes an improved hierarchical protection system on the power generation-side. The proposed
system takes advantage of the fusion of multi-information provided by the system, station and
local layers. The system layer provides the information such as system voltage control and power
regulation demand, so that the generation-side protection and control system can adapt to the system
operation mode and power regulation demand. The station layer realizes the coordination of the
protection principle and action strategy among the related units through information interaction
with the power grid, the automatic control system and the local layer protection. The local layer
introduces the condition monitoring information and more abundant protection information to
enhance the protection performance and master the generation units’ safety condition. To illustrate
the hierarchical protection system construction method and actual application mode, the multi-
information fusion-based comprehensive local layer protection method and the multi-generators
information fusion-based hierarchical protection method are taken as examples. Case analysis shows
that the proposed methods can reflect more slight internal fault forms and can adaptively determine
the protection action characteristic and tripping strategy according to the system operating conditions
and other generators’ fault conditions, which effectively improve the protection sensitivity and
coordination capability. To provide reference and inspiration for follow-up research, the hierarchical
protection system construction mode, communication technology and research approaches of new
protection methods are further pointed out.

Keywords: power generation-side; multi-information fusion; hierarchical protection system; system
layer; station layer; local layer

1. Introduction

In order to satisfy green and low-carbon development, the power system has intro-
duced large-scale renewable power sources, new power transmission technologies and
new topology structures. As the main power supporting source, the security problems of
the conventional large power generators and their coordinated operation with the power
grid are becoming increasingly prominent. The current generation-side protection only
uses local information. However, it cannot master the generation units’ safety condition,
and cooperation between the two is lacking. It cannot accomplish the coordination between
source and grid and lacks the information interaction between the protection system and
the automatic monitoring devices. Since the protection and control modes are selected
improperly and cooperate ineffectively, many accidents have been caused such as generator
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damage or even system blackouts [1–7], which has greatly harmed the safe operation of
the power system. Therefore, it is urgent to enhance the safety defense ability of the power
generation-side protection system.

In order to guarantee the protection performance and achieve the effective coordina-
tion of the generation-side protection with the system operation requirements, the current
research mainly focuses on the principle improvement of the generator protection related
to the network and its coordination with the automatic control system. The literature [8,9]
proposes an improved out-of-step protection method based on equal-area-criterion theory,
which can more accurately discriminate the transient stability state and the out-of-step
fault state. The literature [10] proposes a fault-current-based stator ground fault protection
method which constructs the protection criterion and determines the generator tripping
strategy according to the fault degree. In order to improve the regulation and control ability
of the generator excitation regulation system and the automatic control system, the study
in [11] standardizes the coordination relationship of the loss-of-excitation protection and
the low excitation limitation. In addition, the literature [12] gives a coordination scheme
of the over-speed protection and the high-frequency tripping measures of the automatic
control system. All the above methods can improve the power support ability of the
generation-side under fault conditions. However, due to lack of more abundant local fault
information and appropriate information interaction between the generators and between
the generation and grid sides, the protection performance cannot be further improved.

With the rapid development of communication technology and the application of the
wide area measurement system [13–15], the hierarchical transmission network protection
system has been widely concerned, studied and applied in some engineering. From this,
a variety of new protection technologies have been developed. Among them, wide area
current differential protection [16,17] can achieve the effective backup protection coordi-
nation under system disturbance situations. Wide area back-up protection [18–20] can
quickly accomplish the fault component identification, tripping decision and other func-
tions through information interaction by the wide area communication network. Station
area integrated protection [21,22] acquires the multi-information on the station layer at
the same time, and the protection function coordination can be realized on the basis of
completing each independent protection function. However, the multi-information fusion-
based hierarchical protection technology is still lacking in the generation-side protection
system, which restricts the safe operation of the main pieces of equipment in the power
plants and their coordination with the power system under the modern complex power
grid environment.

In order to overcome the protection performance limitations and the multi-generator
protection coordination problems, on the basis of the existing local protection system,
condition monitoring system and power control system, the hierarchical protection sys-
tem is established through multi-information interaction and fusion among the above
systems, the generation units and the power grid. This paper discusses the structure and
function of the hierarchical power generation-side protection system. The local layer multi-
information fusion-based comprehensive protection method and the multi-generators
information fusion-based hierarchical protection method are taken as examples to illustrate
the protection principle construction method and the actual application mode. Finally,
the key issues of how to complete the hierarchical power generation-side protection system
are discussed. Compared with the current protection methods, the multi-information
fusion-based hierarchical protection methods can successfully improve the protection
sensitivity and can adaptively determine the protection action characteristic and tripping
strategy according to the system operating conditions and other generators’ fault con-
ditions. They can effectively enhance the protection performance and provide reliable
guarantee for the safe operation coordination of the generation and grid sides.
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2. Structure and Function of the Hierarchical Power Generation-Side Protection System

The goal of the multi-information fusion-based hierarchical power generation-side
protection system is to enhance the protection performance and satisfy the security and co-
ordinated operation requirements between the generation and grid sides. The hierarchical
protection system combines the information from the condition monitoring system, power
generation control system, local protection system and power grid dispatch and control
system to accomplish the information interaction and fusion. On this basis, the relatively
independent design and function of the current generation-side protection system can
be changed.

Figure 1 shows the structure diagram of the multi-information fusion-based hierarchi-
cal power generation-side protection system. It is composed of a local layer, station layer
and system layer.
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Figure 1. Structure diagram of the multi-information fusion-based hierarchical power generation-side
protection system.

As for the local layer, it is composed of the local generation units’ protection devices
to achieve the local protection function. However, its protection information source is not
limited to the local measurement data, it also includes the fused information from other
generation units’ protection, automatic voltage control system (AVC), automatic genera-
tion control system (AGC), distributed control system (DCS) and condition monitoring
system (CMS) through the communication network supported by the station layer. In the
hierarchical protection system, the local layer protection can not only satisfy the rapidity
and reliability requirements of the local protection function, but also use the condition
information and control information to master the healthy condition of the generation units
and improve the protection performance. In addition, the local layer protection undertakes
the safety protection instructions assigned by the station layer, such as warning, tripping
the generator, adjusting the generation output, etc.

The station layer is a new layer in the generation-side protection system on the basis
of the existing protection devices. It can provide a transmission platform for information
interaction and fusion between the generation units and the power grid, serving as the
information management center of the whole protection system. It can satisfy the local layer
protection information requirements and realize the station layer protection function. More
importantly, it can enhance the performance of the grid-related generation-side protection,
and better adapt to the cooperative and safe operation between the generation and grid
sides. In addition, the station layer also accomplishes the unified voltage control and power
output dispatching of the generators in the power plant according to the instructions
from the system layer. The existing dispatch and control center adopts the “one to one”
power dispatching mode, which is directly targeted at the specific generator. Due to lack
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of information interaction, the healthy condition of the generator cannot be mastered by
the dispatch and control center. In the situation that the generator output is adjusted but
is being made to enter an unhealthy operation condition, if the protection acts and the
generator is quickly tripped, the system power shortage will become worse. However,
if the protection does not act in time, the generator may be damaged. After introducing the
station layer, the health condition constraints of the generators and the safety operation
requirements of the power grid can be fully reflected. Thus, the dispatching and controlling
strategy can effectively meet the real-time safety demand of the whole system.

The system layer is composed of the power grid dispatch and control center. It can
monitor and grasp the voltage level of each node in the system and the power supply
demand of the users. Through integrating the information from the whole network,
it assigns the voltage regulation, power dispatching and other instructions which can
meet the requirements of the whole power grid to the station layer. It also summarizes
and analyzes the operation condition and protection information of the power grid-side
and sends them to the generation-side. Then the station layer can attain the goal of
remote information interaction, unified control and collaborative protection between the
generation and grid sides.

The multi-information fusion-based hierarchical power generation-side protection
system does not change the basic configuration of the existing protection devices and
automatic monitoring devices. It only needs to add the communication network and set up
the station layer protection device to complete the basic structure of the protection system,
which is easily accomplished. The hierarchical protection system can make full use of the
multi-information fusion and protection layering, which can enrich the protection informa-
tion source, satisfy the protection coordination with the system operating environment and
guarantee the security defense ability.

3. Several Examples of the Hierarchical Generation-Side Protection System
Construction Methods

The existing generation-side protection system is constructed with local protection
information. Due to lack of information fusion with CMS, the protection information is
not complete enough to fully master the real-time security condition of the corresponding
generation units. Moreover, since the protection information is not abundant enough,
the protection performance cannot be further improved. In addition, since information in-
teraction between the generation units and between the generation and grid sides cannot be
achieved, the existing protection methods and action strategies are unable to attain the co-
ordination among the protection units under the fault forms which affect multi-generators.
In this section, the multi-information fusion-based comprehensive local layer protection
construction method and the multi-generators information fusion-based hierarchical protec-
tion construction method are proposed as examples to illustrate the hierarchical protection
construction method and the application mode.

3.1. Multi-Information Fusion Based Comprehensive Local Layer Protection

In order to solve the problem that the existing local information-based generation-side
protection system cannot fully master the real-time security condition and cannot fur-
ther enhance the protection performance, the multi-information fusion-based hierarchical
protection system is used to improve the local layer protection principles. The relevant
information such as electrical, mechanical and condition monitoring information which can
reflect the safety condition of the generation units is introduced to enhance the protection
sensitivity. In this section, the comprehensive single transverse differential protection crite-
rion is taken as an example to illustrate the multi-information fusion-based comprehensive
local layer protection construction method.

3.1.1. Review of the Existing Single Transverse Differential Protection

For large generators, their internal structures are complex and their operation con-
ditions are changeable. Thus, the internal fault types are various and the fault forms are
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complex. For the slight turn-to-turn faults, due to the short-circuit current not being large,
the protection sensitivity is usually low [23]. However, if the protection fixed value is
blindly lowered to improve the protection sensitivity, the unbalanced current under exter-
nal faults may lead to protection maloperation, causing unnecessary generator tripping
and endangering the safe and stable operation of the power system.

The existing single transverse differential protection for the large generators usually
uses the phase current braking criterion [24]. The braking criterion can prevent protection
maloperation. However, the existing research [25,26] shows that the changing rules are
quite different between the phase current and the transverse differential unbalanced current,
and they cannot establish a direct relationship. The protection method cannot avoid the
unbalanced current effectively under different operation modes, which can easily cause
protection maloperation. In addition, since the phase current braking criterion is used,
the braking current is relatively large under internal faults. Thus, the protection sensitivity
is reduced. Therefore, it is necessary to integrate other protection information which
can fully reflect the transverse differential unbalanced current to improve the existing
protection braking criterion.

3.1.2. Air Gap Electromotive Force Braking Criterion for Single Transverse Differential Protection

In order to solve the problem that the widely used phase current braking criterion
cannot effectively reflect the transverse differential unbalanced current, the generation
mechanism of the transverse differential unbalanced current is analyzed to find the exact
electric quantity which can fully reflect it. Then a novel protection criterion is constructed.

Due to various reasons such as design, manufacturing, installation and operation,
the internal structure of a generator cannot be absolutely symmetrical, which makes the
inductance parameters (including self-inductance and mutual inductance) of each branch
winding different. Thus, the imbalance of the main air gap flux is caused, and the imbalance
of the stator winding electromotive force is caused. On this basis, the unbalanced current is
generated on the connecting line of the neutral points (O1 and O2); its value is related to
the internal structure asymmetry degree and the main air gap flux strength. The schematic
of the multi-branches generator stator windings is shown in Figure 2.
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Figure 2. Schematic of the multi-branch generator stator windings.

Large generators usually use the small current grounding mode, and the low-voltage
windings of the step-up transformer are usually connected by the delta type. Thus,
the value of the ground current flowing into the earth from the neutral point Ig is very
small. Compared with the value of the transverse differential unbalanced current I0, it can
be ignored. Based on this, in Figure 2, the parallel branches in the same phase which are
connected at the same neutral point are equivalent to a single branch, and the equivalent
circuit diagram is shown in Figure 3.
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Figure 3. Equivalent circuit of the generator stator windings.

In Figure 3, EA1, EA2, EB1, EB2, EC1, EC2 represent the comprehensive equivalent
electromotive force of each branch and ZA1, ZA2, ZB1, ZB2, ZC1, ZC2 represent the compre-
hensive equivalent internal impedance of each branch. Since the transverse differential
unbalanced current I0 has the same property as the zero-sequence current, the three-phase
branches connected at the same neutral point can be further combined into an equivalent
branch, as shown in Figure 4.
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In Figure 4, E1 and E2 are the equivalent induced electromotive forces, reflecting
the asymmetric degree of the three-phase induced electromotive force. Z1 and Z2 are
the equivalent internal impedances. When the equivalent induced electromotive forces
are not equal, the transverse differential unbalanced current on the neutral point line is
produced as

I0 =
|E1 − E2|
Z1 + Z2

=
∆E

Z1 + Z2
(1)

where ∆E is the unbalanced induction electromotive force of the stator windings. Since it is
generated by the alternations of the main air-gap flux with time, then

∆E = 4.44 f NkN1∆Φm (2)

where f is the power frequency, N is the stator winding turns, kN1 is the winding coefficient,
and ∆Φm is the unbalanced main air gap flux of the stator windings which satisfies the
following relationship

Φm ∝ LI (3)

where L is the comprehensive equivalent inductance of the generator windings, and I is the
comprehensive equivalent current of the generator stator and rotor. Thus, the relationship
between the unbalanced main air gap flux ∆Φm and the main air gap flux Φm can be
expressed as

∆Φm ∝
∆L
L

Φm (4)
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where ∆L means the winding inductance parameter difference of every branch, it reflects
the asymmetry degree of the generator internal structure.

Once a generator is manufactured, its internal structure asymmetry remains un-
changed. Combined with Equations (1)–(4), it can be analyzed that the transverse differen-
tial unbalanced current I0 is proportional to the main air-gap flux amplitude Φm. According
to the electric machinery theory, the main air-gap flux amplitude Φm is proportional to
the air gap electromotive force Eδ. Thus, Eδ can be introduced to construct the protection
criterion to monitor the change of the main air-gap flux. In addition, the monitoring
result can be taken as the assistant criterion of the single transverse differential protection.
The corresponding protection criterion is{

I0 > I0n Eδ ≤ Eδn

I0 > Eδ
Eδn

I0n Eδ > Eδn
(5)

In Equation (5), I0 is the measured transverse differential current, Eδ is the measured air
gap electromotive force; the fixed value of Eδn is set as the lowest air gap electromotive force
when the generator operates normally and the fixed value of I0n is set as the corresponding
unbalanced current under the lowest air gap electromotive force. Among them, Eδ cannot
be directly measured, it can be calculated by the following formula

.
Eδ =

.
Ug +

.
Ig(Ra + jXσ) (6)

where Ra and Xσ are the leakage resistance and the leakage reactance of the generator
stator windings, respectively, they are the inherent parameters of the generator.

.
Ug and

.
Ig

are the terminal voltage and current of the generator respectively, which can be measured
by potential transformers and current transformers.

3.1.3. Comprehensive Criterion for the Hierarchical Single Transverse Differential Protection

The existing phase current braking criterion of the single transverse differential pro-
tection can effectively prevent the protection maloperation when external fault occurs.
However, at the same time, the protection sensitivity under internal faults is reduced.
As for the air gap electromotive force braking criterion, when internal turn-to-turn faults
occur, due to the values of the voltage and current at the generator terminal generally do
not have obvious change, the air gap electromotive force will not change. However, since
the transverse differential current increases, the protection can act correctly. Even in some
internal fault cases that the current at the generator terminal increases obviously, since
the air gap electromotive force is also related to the terminal voltage and its fluctuation
amplitude is generally small, the amplitude of the air gap electromotive force can be limited
to a certain extent, and it can be prevented from entering the braking area.

In order to improve the performance of the local layer protection, based on the
hierarchical protection system, the multi-information fusion-based method is used to
construct the comprehensive protection criterion by combining the proposed air gap
electromotive force braking criterion with the existing phase current braking criterion.
Furthermore, the logical solution of the comprehensive protection criterion is shown in
Figure 5.
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The two criterions adopt the “or door” mode. When any criterion satisfies the action
situation, the comprehensive single transverse differential protection will act. The two
criterions can play to their respective advantages. The air gap electromotive force braking
criterion can enlarge the protection scope and enhance the protection sensitivity for the
internal small turn-to-turn faults, and the phase current braking criterion can prevent the
protection maloperation when an external fault occurs. Thus, the protection performance
can be effectively improved.

3.1.4. Simulation Analysis of Protection Action Conditions under Generator Internal Faults

In order to verify the correctness of the above theoretical analysis and the effectiveness
of the proposed protection scheme, the relevant simulation analysis is carried out to test
the transverse differential protection action conditions under internal faults. As for the
large generator internal faults, the fault forms are large in number, and the electromagnetic
transient relationship is very complex. Since the generator models in commonly used
power system simulation software (such as ATP, EMTP, EMTDC, MATLAB, etc.) are
packaged, the transient simulation calculation for internal faults cannot be carried out.
Thus, the relevant simulation analysis is carried out based on the "Large hydro-generator
internal fault simulation, main protection analysis and design system" developed by our
research team. The detailed derivation and introduction of the model used in this software
are presented in the literature [27,28]. The software system has been successfully applied to
the internal fault simulation of the Three-Gorges hydropower plant and other large hydro-
generators. The experimental results and operating experience show that the simulation
results can meet the engineering requirements.

To verify the viewpoint that the phase current cannot reflect the transverse differen-
tial unbalanced current, but the air gap electromotive force can, the 800 MW generator
of a hydropower plant is taken as an example, and the relationships of the transverse
differential unbalanced current with the phase current and the air gap electromotive force
during normal operation and external short circuit faults are simulated. Set the following
simulation conditions: rated voltage and rated power factor with 10%, 40%, 70%, 100%
load; the rated voltage and rated current with the power factors are 0.8, 0.7 and 0.6, respec-
tively; the rated current and rated power factor with the terminal voltage is 0.1, 0.3, 0.5,
0.7, 0.9 times the rated voltage; The three-phase short-circuit fault current at the generator
terminal is 10%, 40%, 70% and 100% of the rated current, respectively. For each condition,
the transverse differential current I0, the terminal voltage Ug and the terminal phase current
Ig are measured, and the air gap electromotive force Eδ is calculated. The relation diagrams
of I0 with Eδ and I0 with Ig are shown in Figure 6.

The simulation results show that there is a linear relationship between I0 and Eδ under
both the normal operation conditions and the external fault conditions. However, there is
no clear relationship between I0 and Ig. The two are approximately linear only in the cases
of three-phase short-circuit faults at the generator terminal corresponding to the data points
in the circle of the Figure 6b. Therefore, it can be proved that the air gap electromotive
force can reflect the transverse differential unbalanced current more effectively.

According to the winding structure of the case generator stator, the software generates
the possible internal short-circuit fault set. Among them, “slot internal faults (SIF)” refers
to the short circuit faults caused by insulation damage of the upper and lower coils in the
same slot, and “terminal internal faults (TIF)” refers to the short circuit faults caused by
insulation damage at the intersection of the coil terminals. According to the generator
parameters and the simulation results, the parameters of the protection action curve can be
calculated. The internal fault set and the corresponding protection action results are shown
in Table 1.
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Table 1. Statistical results of the generator internal fault set and the protection action condition results.

Internal Fault Set Comprehensive Protection Criterion Existing Protection Criterion

Fault
Location

Same
Branch

Different
Branch

Different
Phase Total Same

Branch
Different
Branch

Different
Phase Total Same

Branch
Different
Branch

Different
Phase Total

SIF 432 48 360 840 428 48 360 836 420 48 360 828

TIF 768 3792 11,400 15,960 765 3768 11,376 15,909 761 3723 11,342 15,826

Total 1200 3840 11,760 16,800 1193 3816 11,736 16,745 1181 3771 11,702 16,654

In order to compare the protection performance of the existing phase current braking
criterion and the proposed comprehensive protection criterion, the action results of the
two protection criterions are listed in Table 1. By analyzing the statistical results, it can be
seen that there are 16,800 forms of possible internal faults for the case generator. For the
existing phase current braking protection criterion, the protection can act correctly under
16,654 forms of fault conditions. However, the comprehensive protection criterion can
correctly act under 16,745 forms of fault conditions, which can supplement 91 kinds of faults
compared with the existing protection criterion. These fault events are the slight internal
faults for which the fault features are not obvious. However, since the large hydropower
generator has a complex internal structure, these kind of fault forms have higher occurrence
probability. If not removed in time, their long-term existence will also burn out the stator
insulation and cause more serious faults. By introducing the air gap electromotive force
braking criterion, the multi-information fusion-based comprehensive criterion of the single
transverse differential protection can effectively reduce the protection action setting value
under internal faults and the protection sensitivity is enhanced with the same braking
ability under external faults. Thus, the protection performance is successfully improved.
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3.2. Multi-Generators Information Fusion Based Hierarchical Protectio

The existing generation-side protection system only uses the local protection informa-
tion, and the information interaction between generation units and interaction between
source and grid cannot be achieved. However, as for the fault forms which involve mul-
tiple generation units, they cannot be effectively reflected. By introducing the idea of
hierarchical protection, the station layer protection is added on the basis of the original
local layer protection. In this way, the protection can adaptively determine the action
characteristic and tripping strategy according to the system operating situations and other
generators’ fault conditions. Through the coordination of the station layer, the local protec-
tion performance, the system control mode and the protection security defense ability can
be advanced. In this section, the hierarchical out-of-step protection is taken as an example
to illustrate the hierarchical protection construction method among different protection
layers based on multi-generators information fusion.

3.2.1. Review of the Existing Out-of-Step Protection

The three-component impedance characteristic out-of-step protection criterion is usu-
ally used for large generators, and the protection action strategy is determined according
to the impedance trajectory variation law [29,30]. Existing out-of-step protection only uses
the local information, lacking information interaction and protection cooperation between
generators. In addition, the protection fixed value is usually set according to the single
generator out-of-step fault condition shown in Figure 7. However, since the current large
power plants usually adopt multi-generators connected at one bus structure to supply
power to the external power grid, when multi-generators become out-of-step at the same
time, there may be a variety of out-of-step fault forms. Under different out-of-step forms,
the existing protection mode faces difficulties in the action characteristics and generator
tripping strategies.
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Figure 7. Schematic diagram of the single generator out-of-step condition.

As for the multi-generators connected at one bus out-of-step condition shown in
Figure 8, for any out-of-step generator, the equivalent impedance of the system will be
influenced by the oscillating current added from other generators. Thus, the measured
impedance at the generator terminal will increase and its value is closely related to the
operating mode of the power plant. Since the equivalent impedance value of the system
is different in different out-of-step modes and different operating modes, the existing
protection boundary cannot accurately identify the multi-generators out-of-step mode,
which will result in protection maloperation or rejection.



Energies 2021, 14, 327 11 of 19

Energies 2020, 13, x FOR PEER REVIEW 12 of 21 

 

The three-component impedance characteristic out-of-step 

protection criterion is usually used for large generators, and the 

protection action strategy is determined according to the impedance 

trajectory variation law [29,30]. Existing out-of-step protection only 

uses the local information, lacking information interaction and 

protection cooperation between generators. In addition, the protection 

fixed value is usually set according to the single generator out-of-step 

fault condition shown in Figure 7. However, since the current large 

power plants usually adopt multi-generators connected at one bus 

structure to supply power to the external power grid, when multi-

generators become out-of-step at the same time, there may be a variety 

of out-of-step fault forms. Under different out-of-step forms, the 

existing protection mode faces difficulties in the action characteristics 

and generator tripping strategies. 

Xd’ XT

XS

G1

G2

Gn

…

E

U

İG

İG

İG

İS

 

Figure 7. Schematic diagram of the single generator out-of-step condition. 

As for the multi-generators connected at one bus out-of-step 

condition shown in Figure 8, for any out-of-step generator, the 

equivalent impedance of the system will be influenced by the 

oscillating current added from other generators. Thus, the measured 

impedance at the generator terminal will increase and its value is 

closely related to the operating mode of the power plant. Since the 

equivalent impedance value of the system is different in different out-

of-step modes and different operating modes, the existing protection 

boundary cannot accurately identify the multi-generators out-of-step 

mode, which will result in protection maloperation or rejection. 

Xd’ XT

XS

G1

G2

Gn

…

E

U

İG

İG

İG

İS

 

Figure 8. Schematic diagram of the multi-generators out-of-step condition. 

In addition, for the existing out-of-step protection, each protection 

unit has the same protection fixed value. As long as the out-of-step 

oscillation between the generator and the external system is detected 

and the protection criterion meets action conditions, the protection will 

act and the corresponding generator will be tripped. However, this 

tripping strategy has no coordination with other connected generators. 

Figure 8. Schematic diagram of the multi-generators out-of-step condition.

In addition, for the existing out-of-step protection, each protection unit has the same
protection fixed value. As long as the out-of-step oscillation between the generator and the
external system is detected and the protection criterion meets action conditions, the pro-
tection will act and the corresponding generator will be tripped. However, this tripping
strategy has no coordination with other connected generators. As for the multi-generators
out-of-step condition, all the generators will be tripped at the same time, which harms the
stability of the power system.

3.2.2. Hierarchical Out-of-Step Protection

In order to solve the protection principle defect and the action coordination problem
under the multi-generators connected at one bus out-of-step conditions, combined with
the existing three-component out-of-step protection criterion, the hierarchical out-of-step
protection is constructed based on multi-generators information fusion. The out-of-step
fault form can be identified by the cooperation of the station and local protection criterions,
and the protection fixed value can be adaptively adjusted according to the operating mode
of the power plant and the power system. The hierarchical out-of-step protection scheme
is shown in Figure 9.
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The basic protection configuration, action characteristics and tripping strategy are set
as follows:

(1) The basic protection configuration. In order to detect the multi-generators out-of-
step fault condition, the station layer out-of-step protection criterion is set at the
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bus. The local out-of-step protection criterion of each generator is retained to detect
the single generator out-of-step fault. Through information interaction with the
station layer protection, the local out-of-step protection criterion can adapt to different
out-of-step modes and operating conditions.

(2) The protection action characteristics. The out-of-step protection action characteristics
of the station layer and the local layer under different modes are shown in Figure 9.
It is assumed that the parameters of all the generation units connected at the bus
are the same. Among them, xd

′ means the subtransient reactance of the generator,
XT means the transformer reactance, XS means the equivalent system reactance, n
means the number of the generators operating in parallel. The out-of-step criterion
of the station layer is set according to the impedance characteristics under multi-
generators connected at one bus out-of-step fault condition. When it is judged that all
the generators are out-of-step, the out-of-step criterion of the local layer is adaptively
adjusted based on the enhancement effect of other generators. In the local layer, if the
measured impedance trajectory of each local generator enters the multi-generators
out-of-step action zone and meets the action condition, it can be ensured that the all
the generators are out-of-step. Otherwise, the out-of-step criterion of the local layer
should use the single generator out-of-step mode.

(3) The protection tripping strategy. When the protection judging result is the single
generator out-of-step condition, the out-of-step generator is directly tripped at the
appropriate time. When the judging result is multi-generators all in the out-of-
step condition, the instruction of the generators tripping by turns is issued by the
station layer and executed by the local layer. Through information interaction with
the grid-side, the tripping instructions are coordinated with the system stability
control. After each generator is tripped, the station layer and local layer out-of-step
protection need to measure the impedance trajectory again to determine the current
out-of-step condition and tripping strategy. Until the system stability is restored,
the protection returns.

3.2.3. Simulation Analysis of Protection Action Conditions under Multi-Generators
Out-of-Step Fault

In order to verify the effectiveness of the hierarchical out-of-step protection scheme,
the equivalent model shown in Figure 10 is constructed based on PSCAD/EMTDC soft-
ware. Figure 10 shows that in large hydropower plant 1, 1# generator–transformer group
and 2# generator–transformer group operate in parallel at the same bus M1. They are
connected to the infinite system S through the 500 kV double-loop AC lines with the length
of 200 km. Among them, G2 and T2 are formed by equivalent generator–transformer
units. They are under the same working conditions and with the same capacity. The actual
number of the generator–transformer units depends on the specific simulation condition,
and the maximum is three. In hydropower plant 2, G3 and T3 are formed by equivalent
generator–transformer units with four parallel operating generator–transformer units.
All the generator–transformer units in the model are equipped with prime mover, governor
and excitation systems. The model can reproduce the operation condition and control pro-
cess of the actual multi-generators system to some extent and meet the basic requirements
of the multi-generators out-of-step fault simulation.

Four generator–transformer units are set to operate in parallel at bus M1. Before the
fault occurs, each generator sends out the active power as P = 600 MW and reactive power
as Q = 167 Mvar. Four generator-transformer units are set to operate in parallel at bus
M2. Before the fault occurs, each generator sends out the active power as P = 400 MW and
reactive power as Q = 116 Mvar. The three-phase short-circuit fault is set at 0.5 s on Line1 II
near the bus M1, and the fault line is removed at 0.61 s by protection action. The power
angle changes of the three equivalent generators are shown in Figure 11.
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Figure 11. Power angle curve of the equivalent generators.

In Figure 11, after the fault is removed for a period of time, the equivalent generators
G1 and G2 are out-of-step, and the equivalent generator G3 is oscillating synchronously.
Therefore, the equivalent generators G1 and G2 constitute the situation of multi-generators
connected at one bus out-of-step fault, and the equivalent generator G3 wobbles. According
to the variation of the measured impedance trajectory at each bus during the simulation
period, the action characteristics of the station layer out-of-step protection are shown in
Figure 12.
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at each bus: (a) measured impedance trajectory at M1 and the station layer out-of-step protection
action characteristics and (b) measured impedance trajectory at M2 and the station layer out-of-step
protection action characteristics.

In Figure 12, the measured impedance trajectory at M1 can stably enter the action area
of the station layer out-of-step protection. In order to verify the judgment of the station
layer out-of-step protection, the local layer action areas of the generators G1 and G2 are
defined as the multi-generators out-of-step mode. However, since the measured impedance
trajectory at M2 does not enter the action area of the station layer protection, it can be judged
that the equivalent generator G3 is only synchronous oscillation. Therefore, the station
layer judges that there is not the multi-generators out-of-step fault at M2, so the local layer
action area of G3 is defined according to the single generator out-of-step mode, which
is the same as the existing out-of-step protection action area. The impedance trajectory
measured at the terminal of each equivalent generator and the corresponding out-of-step
protection action characteristics are shown in Figure 13.
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Figure 13. Measured impedance trajectory and the local layer protection action characteristics: (a)
measured impedance trajectory of G1 and the local layer out-of-step protection action characteristics,
(b) measured impedance trajectory of G2 and the local layer out-of-step protection action characteris-
tics and (c) measured impedance trajectory of G3 and the local layer out-of-step protection action
characteristics.

In Figure 13, the red dotted line represents the action characteristic of the proposed
hierarchical local layer out-of-step protection and the blue dotted line represents the action
characteristic of the existing out-of-step protection. According to the simulation results in
Figure 13a,b, the measured impedance trajectory of the out-of-step generator only enters
the action area of the existing out-of-step protection action characteristic within a short time,
and the impedance trajectory of the stable out-of-step oscillation is completely outside the
action area. Thus, the existing out-of-step protection refuses to act. Since the hierarchical
out-of-step protection has considered the increasing effect of the oscillating current on
the system impedance consisted by other generators, the protection action area has been
adjusted. The simulation results in Figure 13a,b show that the multi-generators connected at
one bus out-of-step fault can be accurately identified, and the crossing time of the measured
impedance trajectory meets the requirements. In Figure 13c, since station layer has judged
that the equivalent generator G3 is only synchronous oscillation, the protection action
characteristics of the hierarchical local layer out-of-step protection and the existing out-of-
step protection are the same. The simulation results show that the measured impedance
trajectory does not enter the action area, and the protection will not act.

Hierarchical out-of-step protection can realize the coordination between the station
and local layer protection through real-time information interaction between different
layers and can effectively solve the problem that the existing protection scheme cannot
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accomplish the identification of multi-generators connected in one bus out-of-step fault
conditions. The protection area boundary can be adaptively adjusted according to the actual
operation mode of the system and the power plant, so that the protection criterion can
adapt to the real-time operating condition. In addition, by fusing the protection information
from the stability control system of the grid-side, a reasonable generator tripping strategy
can be constructed to guarantee the safe operation of the generators and the power grid.

4. Key Problems of the Hierarchical Power Generation-Side Protection System

There are many problems which need to be studied to construct a complete multi-
information fusion-based hierarchical power generation-side protection system. The key
problems include the following aspects shown in Figure 14.
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4.1. Construction Mode of the Hierarchical Power Generation-Side Protection System

The local and station layer protection function should be determined based on the
security and coordinated operation requirements of the protection performance and the
information acquisition requirements of the hierarchical protection system. In order to
determine the information organization and interaction mode among the hierarchical
protection layers between generation units and between the generation and grid sides,
the information from the CMS and the protection layers need to be analyzed. Moreover,
the coordination mechanism between the station layer protection and the local layer
protection needs to be studied.

4.2. Communication Technology of the Hierarchical Power Generation-Side Protection System

According to the data interaction requirements of the hierarchical protection system,
the communication network mode and the data protocol need to be designed. In addition,
the communication interaction method between the system generation and grid sides needs
to be determined. The information redundancy and fault tolerant identification technology
need to be studied to analyze the reliability of the communication system. Furthermore,
the big data technologies need to be studied such as information mining and application,
data organization and management, etc.

4.3. Research Approaches of New Hierarchical Power Generation-Side Protection Methods

The multi-information fusion-based hierarchical protection system opens a new way to
improve the power generation-side protection. The research of the new hierarchical protec-
tion power generation-side protection methods can be started from the following aspects:

(1) Research on the supplement and improvement of the existing protection principle.
This includes the improvement of the existing local protection and grid-related pro-
tection. The improved protection principle should fully adapt to the protection
requirements under the complex power network operating environment.
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(2) Research on the station layer protection based on the collaborative operation between
the power generation and grid sides. This kind of research is rich in content, including
the safe cooperated operation between the generation and grid sides, and making full
use of the sufficient information support from the hierarchical protection system, etc.
The protection should attain the purpose of serving the safe and stable operation of
the power system, so as to ensure the cooperation and interaction between the two
system sides. On the premise of meeting the healthy condition of the generation-side
units and the regulation demand of the power grid, the effective coordination of the
protection action strategies should be realized.

(3) Research on comprehensive protection technology to ensure the efficient operation of
the power generation and grid sides. Based on multi-information sources, the health
conditions of the generation units and the safety restrictions of the power grid can be
reflected. Through reasonable cooperation between the hierarchical layers, the gener-
ation control should be accomplished under real-time security constraints.

5. Conclusions

In order to improve the generation-side security and the coordination performance
between the power system generation and grid sides, the existing power generation-
side protection mode is improved through the idea of a multi-information fusion-based
hierarchical protection system.

(1) This paper presents a multi-information fusion-based hierarchical generation-side
protection system. The system layer provides the system dispatch and control informa-
tion to enable the generation-side to master the operation condition and dispatching
demand of the system. The station layer realizes the information interaction among
the generation units, the power grid and the automatic monitoring system. The lo-
cal layer integrates abundant protection and control information to improve the
protection performance.

(2) In view of the existing protection problems, hierarchical protection methods are
constructed based on the multi-information fusion-based comprehensive local layer
protection method and the multi-generators information fusion-based hierarchical
protection method. Case analysis proved that, compared with the existing protection
methods, the hierarchical single transverse differential protection comprehensive
criterion can effectively enhance the protection sensitivity under the generator internal
faults. The hierarchical out-of-step protection can adaptively adjust the protection
action characteristic and generator tripping strategy according to the system operating
condition and other generators’ fault conditions, which can provide reliable guarantee
for the safe operation of the generation and grid sides.

(3) The proposed protection methods are built on the basis of a perfect communication
network, and the effect of information distortion is not considered. In order to
provide reference and inspiration for the follow-up research, this paper discusses
the key problems of the multi-information fusion-based hierarchical generation-side
protection system which need to be further studied.
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