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method comprises the steps of: obtaining the re-
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METHOD AND APPARATUS FOR POWER PLANT DYNAMIC VAR
REGULATION AND TRANSIENT STABILITY IMPROVEMENT

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of and priority to PCT International
Application No. PCT/CN2012/087001, which was filed on December 20, 2012 and 1is
entitled “Coordinated generator and SVC control for power plant active power throughput
improvement”. The complete disclosure of the above-identified patent application is

incorporated herein by reference.

FIELD OF THE INVENTION

[0002] Embodiments of the present invention generally relate to power plant, and more
particularly, to a method and apparatus for power plant dynamic reactive power regulation

and transient stability improvement.

BACKGROUND OF INVENTION

[0003] In the new scenario of electrical energy competition and ancillary services
market, it has grown the need and interest in developing and applying suitable real-time
control systems for the grid voltages and reactive powers regulation. The portion of power
flow that result in a net transfer of energy in one direction is known as real power (or
useful or active power). That portion of power flow that is due to stored energy in the
load returning to the source in each cycle is known as reactive power. Apparent power is

the vector sum of real and reactive power.

[0004]  The power factor is defined as the ratio of real power to apparent power. This
definition is often mathematically represented as kW/kVA, where the numerator is the
active (real) power and the denominator is the active and reactive power or apparent power.
Power factor equals one when the voltage and current are in phase, and is zero when the
current leads or lags the voltage by 90 degrees. If the load is purely reactive, then the

voltage and current are 90 degree out of phase and there is no net energy flow.
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[0005] For two AC power systems transmitting the same amount of real power, the
system with the lower power factor will have higher circulating currents due to energy that
returns to the source from energy storage in the load. These higher currents in a power
system will produce higher losses and reduce overall transmission efficiency. A lower
power factor circuit will have a higher apparent power and higher losses for the same
amount of real power transfer. Thus, it is desirable to maintain a high power factor in an

AC power system.

[0006] Reactive power, however, is necessary to maintain adequate voltage levels on a
power grid. Without such voltage support, the transfer and distribution of real power
would be adversely affected. For this reason, a transmission operator often requires a
power generator to provide a certain amount of reactive power in order to connect a power
grid run by the transmission operator. Typically, the provision of such required reactive
power reduces the amount of real power that a power generator could otherwise supply

and reduce the power factor of the power generated by the power generator.

[0007]  The present invention proposes a novel solution to overcome such drawback by
installing Static Var Compensator (SVC) at the generation side of the power plant to
improve the power plant’s active power throughput capability, extend dynamic reactive
power regulation capacity, and enhance generator transient stability under system

disturbances.

[0008] The concept of installing SVC at the generation side to share the required
reactive power output of the power plant has been disclosed in U.S. Patent Application

Publication No. US2011/181044 A1.

[0009] The present invention is directed to the method and apparatus for power plant

dynamic reactive power regulation and transient stability improvement.

SUMMARY OF INVENTION

[0010]  Particular embodiments of the subject matter described in this specification can

be implemented so as to realize one or more of the following advantages.

[0011] In one aspect, embodiments of the present invention provide a method

controlling at least one generator and a Static Var Compensator (SVC) to improve
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dynamic performance of the power plant, the method comprising: obtaining one or more
required input parameters for control of said generators and SVC; determining a control
mode of the generators and the SVC; calculating one or more control references based on
the input parameters and the control mode of the generators and the SVC; and controlling

the generators and/or the SVC according to the control references.

[0012]  The method according the present invention comprises three control modes.
The method comprises a first control mode to realize unity power factor operation of
multiple generator units with different operating points; a second control mode for power
plant dynamic reactive power regulation without undesired internal reactive power
consumption; and a third control mode for improving the transient stability of the power

plant under system disturbances.

[0013] In some embodiments, the first control mode comprises the steps of: using said
SVC to control the high side voltage of the unit transformer according to the high side
voltage reference from high level control centers; calculating the feed forward components
for terminal voltage references V*GipFii of different generator units based on the same high
side voltage reference for SVC; calculating the feedback components for terminal voltage
references of different generator units based on closed-loop control to remove potential
measurement errors or parameter errors; and using the excitation systems of said
generators to control the terminal voltage of generator units according to the terminal

voltage references.

[0014] In some embodiments, the closed-loop control further comprises the steps of:
getting an output which inputs to PI block according to the i-th generator reactive power
Qaen i and the i-th generator reactive power reference Q*Genfi; outputting the feed back
components for terminal voltage references of the i-th generator unit V*GJ:BJ from PI
block to an adder for combining the feed forward components for terminal voltage
reference of the i-th generator unit V*Gfppfi and the feed back components for terminal
voltage reference of the i-th generator unit V*GJ:BJ to form a new voltage reference of the

i-th generator unit V' ;.

[0015] In some embodiments, the second control mode comprising the steps of:
determining the reactive power reference of the power plant according to the demand of

the power system; determining the respective reactive power reference of the generators
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and the SVC; using the SVC to control the high side voltage of unit transformer to
respond to the SVC reactive power reference; and using the excitation systems of said
generators to control the terminal voltage of generator units to respond to the generators

reactive power reference.

[0016] In some embodiments, determining the reactive power reference of the power
plant according to the demand of the power system further comprising: calculating an
available reactive power capacity of the power plant which includes generators and SVC;
and limiting the power plant reactive power output reference according to the reactive

power available capacity.

[0017] In some embodiments, determining the respective reactive power reference of
the generators and the SVC further comprising: identifying whether the SVC is able to
meet the power plant reactive power reference; calculating SVC reactive power reference
if the SVC can meet the power plant reactive power reference alone; and calculating
generator reactive power references and SVC reactive power reference if the SVC can not

meet the power plant reactive power reference alone.

[0018] In some embodiments, the third method comprises the steps of: identifying a
swing direction of a disturbance which the generators suffer; using bang-bang reactive
power control for the SVC when the power plant is under the disturbance of a forward
swing; and using voltage control and calculating incremental high side voltage reference
for said SVC to realize Power Oscillation Damping (POD) when the generators are under

disturbance of backward swing.

[0019] In some embodiments, the method which is under the third control mode further
comprises adding additional POD components into generator terminal voltage references

for excitation systems in order to improve the damping torque during backward swings.

[0020]  In another aspect, an apparatus is provided to implement various embodiments
of the method of the first aspect of the invention. The controller comprises: an obtaining
module configured to obtain one or more required input parameters for control of said
generators and SVC; a determining module configured to determine a control mode of the
generators and the SVC; a calculating module configured to calculate one or more control
references based on the input parameters and the control mode of the generators and the

SVC; and a controlling module configured to control the generators and/or the SVC
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according to the control references.

[0021]  Wherein the control mode of the controller comprises: a first control mode to
realize unity power factor operation of multiple generator units with different operating
points; a second control mode for power plant dynamic reactive power regulation without
undesired internal reactive power consumption; a third control mode for improving the

transient stability of the power plant under system disturbances.

[0022] In some embodiments, when the controller is under the first control mode, the
controlling module configured to use said SVC to control the high side voltage of the unit
transformer according to the high side voltage reference from high level control centers of
the power system; the calculating module configured to: calculate the feed forward
components for terminal voltage references V*Gfppfi of different generator units based on
the same high side voltage reference for SVC and calculate feedback components for
terminal voltage references of different generator units based on closed-loop control to
remove potential measurement errors or parameter errors; and the controlling module
configured to use the excitation systems of said generators to control the terminal voltage

of generator units according to the terminal voltage references.

[0023] In some embodiments, when the controller is under the first control mode, for
the closed-loop control, the calculating module further configured to: get an output which
inputs to PI block according to the i-th generator reactive power Qgen i and the i-th
generator reactive power reference Q*Genfi; and output the feed back components for
terminal voltage references of the i-th generator unit VG rs i from PI block to an adder for
combining the feed forward components for terminal voltage reference of the i-th
generator unit V*Gfppfi and the feed back components for terminal voltage reference of

the i-th generator unit V*GJ:BJ to form a new voltage of the i-th generator unit V*Gfi,

[0024] In some embodiments, when the controller is under the second control mode,
the calculating module configured to: determine the reactive power reference of the power
plant according to the demand of the power system and determine the respective reactive
power reference of the generators and the SVC; and the controlling module configured to
use the SVC to control the high side voltage of unit transformer to respond to the SVC
reactive power reference and use the excitation systems of said generators to control the

terminal voltage of generator units to respond to the generators reactive power reference.
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[0025] In some embodiments, when the calculating module further configured to:
calculate an available reactive power capacity of the power plant which includes
generators and SVC; and limit the power plant reactive power output reference according

to the reactive power available capacity.

[0026] In some embodiments, the calculating module further configured to: identify
whether the SVC is able to meet the power plant reactive power reference; calculate SVC
reactive power reference if the SVC can meet the power plant reactive power reference
alone; and calculate generator reactive power references and SVC reactive power

reference if the SVC can not meet the power plant reactive power reference alone.

[0027] In some embodiments, when the controller is under the third control mode, the
obtaining module configured to identify a swing direction of a disturbance which the
generators suffer; and the controlling module configured to: use bang-bang reactive power
control for the SVC when the power plant is under the disturbance of a forward swing and
use voltage control for said SVC to realize Power Oscillation Damping (POD) when the

generators are under disturbance of backward swing.

[0028] In some embodiments, when the controller is under the third control mode, said
controlling module configured to add additional POD components into generator terminal
voltage references for excitation systems in order to improve the damping torque during

backward swings.

[0029] In the embodiments of the present invention, the SVC comprises Thyristor
Controlled Reactor (TCR), Thyristor Switched Capacitor (TSC), and/or IGBT/IGCT based
Static Synchronous Compensator (STATCOM).

[0030]  Other features and advantages of embodiments of the present invention will also
be understood from the following description of specific exemplary embodiments when
read in conjunction with the accompanying drawings, which illustrate, by way of example,

the principles of the invention.

BRIEF DESCRIPTION OF DRAWINGS

[0031] Embodiments of the present invention will be presented in the sense of

examples and their advantages are explained in greater detail below, with reference to the



10

15

20

25

WO 2014/094402 PCT/CN2013/074983

accompanying drawings, wherein:

[0032]  FIG. 1 shows a method for improving dynamic performance of the power plant

according to embodiments of the present invention;

[0033] FIG. 2 illustrates an equivalent circuit of the power system when SVC is
connected to the HV bus in accordance with an exemplary embodiment of the present

invention;

[0034] FIG 3 illustrates a diagram of coordinated generators and SVC control system
according to a preferred embodiment of the present invention according to an embodiment

of the present invention;

[0035] FIG. 4 shows the first control mode of the control method for improving
dynamic performance of the power plant according to an embodiment of the present

invention;

[0036] FIG. 5 shows the second control mode of the control method of the second mode
for improving dynamic performance of the power plant according to another embodiment

of the present invention;

[0037]  FIG. 6 shows the operation principle for the transient stability of the power plant

according to embodiments of the present invention;

[0038] FIG. 7 shows the third control mode of the control method of the third mode for
improving dynamic performance of the power plant according to another embodiment of

the present invention;

[0039] FIG.8 illustrates the transfer function for POD according to some embodiments

of the present invention.

[0040]  All the figures are schematic, not necessarily to scale, and generally only show
parts which are necessary in order to elucidate the invention, wherein other parts may be

omitted or merely suggested.

DETAILED DESCRIPTION OF EMBODIMENTS

[0041]  Hereinafter, the principle and spirit of the present invention will be described

with reference to the illustrative embodiments. It should be understood, all these
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embodiments are given merely for the skilled in the art to better understand and further
practice the present invention, but not for limiting the scope of the present invention. For
example, features illustrated or described as part of one embodiment may be used with
another embodiment to yield still a further embodiment. In the interest of clarity, not all
features of an actual implementation are described in this specification. It will of course
be appreciated that in the development of any such actual embodiment, numerous
implementation-specific decisions should be made to achieve the developers’ specific
goals, such as compliance with system-related and business-related constraints, which will
vary from one implementation to another. Moreover, it will be appreciated that such a
development effort might be complex and time-consuming, but would nevertheless be a
routine undertaking for those of ordinary skill in the art having the benefit of this

disclosure.

[0042]  The SVC used herein comprises Thyristor Controlled Reactor (TCR), Thyristor
Switched Capacitor (TSC), and/or IGBT/IGCT based Static Synchronous Compensator
(STATCOM)

[0043] FIG. 1 shows a method for improving dynamic performance of the power plant
according to embodiments of the present invention. The concept of installing SVC at the
generation side to share the required reactive power output of the power plant has been
disclosed in PCT Application No.PCT/US2011/181044 and in U.S. (provisional) Patent
Application No. 61/297,672 which are incorporated herein by reference.

[0044] As shown in FIG. 1, a method for controlling generator and Static Var

Compensator (SVC) to improve dynamic performance of the power plant is provided.

[0045] At the step 101, the method 100 obtains the required input parameters for
control of said generators and SVC. The input parameters can be different in various

cases.

[0046] At the step 102, the method 100 determines a control mode of the generators
and the SVC. The method comprising three control modes: a first control mode to
realize unity power factor operation of multiple generator units with different operating
points; a second control mode for regulating the power plant dynamic reactive power
without undesired internal reactive power consumption; and a third control mode for

improving the transient stability of the power plant under system disturbances.
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[0047] The first control mode and the second control mode can be selected by the
operator of the power plant according to the dispatch requirement from the utility. The
third control mode will be triggered automatically whenever a system disturbance is
detected. After disturbance clearance, the controller will return back to the previous

control mode.

[0048] At the step 103, the method 100 calculates the control references based on the
input parameters and the control mode of the generators and the SVC. The control

references can be different in various cases and be determined based on the control mode.

[0049]  Then the method 100 proceeds to the step 104. At the step 104, the method

controls the generators and/or the SVC according to the control references.

[0050] FIG. 2 illustrates an equivalent circuit of the power system when SVC is
connected to the HV side of the unit transformer in accordance with an exemplary

embodiment of the present invention;

[0051] When SVC is connected to the HV bus of the power system, the equivalent
circuit of the system is shown in FIG. 2, where Pgep, and Qgen are the active and reactive
power output from the generator; Qsvc is the reactive power output from the SVC. As
shown in FIG. 2, the reactive power output from SVC can be divided into two parts, Qug
and Qus, wherein Qsyc = Qua + Qus; Xt and X respectively represent the reactance of
unit transformer and equivalent reactance of the transmission system; Vge, and Vg
respectively represent the generator terminal voltage and the unit transformer high side

voltage; and Vs represents the voltage of the bulk power system.

[0052] Given the equivalent circuit, the active and the reactive power from the
generator can be expressed as equation (1), where 6 represents the phase angle of the

generator terminal voltage with respect to the unit transformer HV bus voltage.

-

ViV, .
o = ——L8in &
) T
V2 VvV Equation (1)
QGen :L_Mcosé'
L X7 X7

[0053] Since cosd =+/1-sin’S , the expression of reactive power Qgen can be
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obtained as follows:

Vi —VeV, —PB. X,
Qi =— A ) Equation (2)
XT
[0054] In order to fully compensate the reactive power output from the generator,

Qaen should be equal to zero, i.e. there will be no reactive power exchange between the
generator and the unit transformer, which means the reactive power demand of the unit

transformer should be balanced by Qus. Thus we have equation (3):

P.. X
Vi = ch + % Equation (3)
G

[0055] If the SVC is in voltage control mode, the voltage reference can then be

calculated by using VS*VC = V; )

[0056] However, this method is not suitable for power plant with multiple generator
units, because it’s not possible to keep all the generators operate at the same terminal
voltage level and power level. Therefore, an improvement has been made that is to
calculate the feed forward components for terminal voltage references of different
generator units based on the same high side voltage reference for SVC, as shown in

equation (4), wherein subscript 1 indicate variables for the i-th generator.

*

* * * * 2 k- *
VG,FFJ = \/(VHZ + 2QGen,iXT,i + \/(VH2 + 2QGen,iXT,i) o 4PG§n,iX7%,i o 4QGin,iX7%,i j/z
Equation (4)

Wherein V*

- s Tepresents the feed forward components for terminal voltage

references of the i-th generator unit, P, . represents the active power reference of the
i-th generator unit, @’ . represents the reactive power reference of the i-th
generator unit, X, . represents the equivalent reactance of unit transformer for the i-th

generator unit, Vy represent the voltage of the HV side.

[0057]  When Q Gen =0, we can simplify equation (4) as below

10
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Ve e s —\/( 2 Vit 4Rz X} )/2 Equation (5)

[0058] To overcome the potential measurement errors or parameter errors, closed-loop
control is also needed to calculate the feedback component. If use PI closed-loop control,

the feedback component for terminal voltage reference can be calculated as equation (6).
VG*,FBJ = kp (Q;en,i B QGen,i) + kiI (Q;en,i - QGen,i)dt Equation (6)

Wherein k;, and k; are constant factor based on the closed-loop control, represents

®
VG?FBJ’

the feed back components for terminal voltage references of the i-th generator unit, Q_

n_i

represents the reactive power reference of the i-th generator unit, and (@ _ . represents

the reactive power of the i-th generator unit.

[0059] In some embodiments, the closed-loop can be PID control or other closed-loop

control which is known to the skilled in this art.

[0060] FIG 3 illustrates a diagram of coordinated generators and SVC control system
according to a preferred embodiment of the present invention according to an embodiment

of the present invention.

[0061] As shown in FIG. 3, the SVC is under voltage control mode according to an
embodiment of the invention. The control system receives the voltage reference of the

HV side Vv, , the active power reference of the i-th generator unit p; , the reactive
power reference of the i-th generator unit (. ., and the equivalent reactance of unit
transformer for the i-th generator unit X, .. Then the control system obtains the feed

forward components for terminal voltage references of the i-th generator unit v, .

which is calculated according to equation (4) or (5).

[0062] In FIG. 3, the control system further subtracts generator reactive power Qgen ;
from the generator reactive power reference Q Gen i tO get an output which inputs to PI
block, and outputs the feed back components for terminal voltage references of the i-th
generator unit V' ps ; from PI block to an adder for combining the feed forward

components for terminal voltage references of the i-th generator unit and the

®
VG?FFJ'

11
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feed back components for terminal voltage references of the i-th generator unit VG rp i tO
form a new voltage reference of the i-th generator unit V' ;. Use the voltage reference of

the i-th generator unit V' ; to control the i-th generator unit.

[0063] FIG. 4 shows the first control mode of the control method for improving
dynamic performance of the power plant according to an embodiment of the present

invention.

[0064] The control method as shown in FIG. 4 can realize unity power factor operation
of multiple generator units with different operating points. At the step 401, the method
uses the SVC to control the high side voltage of the unit transformer according to the high

side voltage reference from high level control centers.

[0065] At the step 402, the control method calculates the feed forward components for
terminal voltage references V' rr i of different generator units based on the same high

side voltage reference for SVC.

[0066] At the step 403, the control method 400 calculates the feedback components for
terminal voltage references of different generator units based on closed-loop control to
remove potential measurement errors or parameter errors. In some embodiments, the
closed loop control comprises the steps of: getting an output which inputs to PI block
according to the i-th generator reactive power Qgen i and the i-th generator reactive power
reference Q en i, and outputting the feed back components for terminal voltage references
of the i-th generator unit V' s i from PI block to an adder for combining the feed

forward components for terminal voltage references of the i-th generator unit and

VG?FF _i
the feed back components for terminal voltage references of the i-th generator unit

V*GJ:BJ to form a new voltage reference of the i-th generator unit V*Gfi,

[0067] At the step 404, the control method 400 uses the excitation systems of said
generators to control the terminal voltage of generator units according to the terminal
voltage references. The excitation system is well known to the skilled in the art.  So the
principle how the excitation systems control the terminal voltage of the generator is

omitted herein.

[0068] FIG. 5 shows the second control mode of the control method for improving

dynamic performance of the power plant according to another embodiment of the present

12
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invention.

[0069]  The control method as shown in FIG. 5 can be used for power plant dynamic

reactive power regulation without undesired internal reactive power consumption.

[0070] There are cases that utilities need more reactive power support from the power
plant, e.g. reactive power ancillary service (RPAS), which requires the power plant to
output certain amount more reactive power within given time. With SVC installed at the
Point of Common Coupling (PCC), the dynamic reactive power capability of power plant

is extended considerably and therefore offers a better opportunity to participate in RPAS.

[0071] The operation principle of power plant reactive power regulation includes two
aspects: the first is that SVC works as a main source for power plant reactive power
regulation, and the generators work as the backup source when SVC reaches maximum
output; and the other is that it needs coordination between the generator excitation system

and the SVC to avoid undesired internal reactive power consumption.

[0072] To realize this benefit, coordinated control strategy between the generator
excitation system and the SVC is needed to firstly respond to utility reactive power
command at power plant PCC point, and secondly share reactive power output between

the generator and SVC.

[0073] At the step 501, the method 500 determines the reactive power reference of the
power plant according to the demand of the power system. The demand of the power
system received from the higher control center of the power system determines the total

reactive power output of the power plant containing the generators and SVC.

[0074] In some embodiments, determining the reactive power reference of the power
plant according to the demand of the power system further comprises the steps of:
calculating an available reactive power capacity of the power plant which includes
generators and SVC; and limiting the power plant reactive power output reference

according to the reactive power available capacity.

[0075] The maximum inductive and capacitive reactive power of the power plant can

be calculated as equation (7).

13
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QPP,Lmax = QSVC,L + ZQGen,Li
i

Equation (7)
QPP,Cmax = stc,c + ZQGerLCi

Wherein the @,, ,  represents the maximum inductive reactive power of the power
plant, @ ., represents the maximum inductive reactive power of the SVC, ¢_ .

represents the maximum inductive reactive power of the i-th generator unit. The

Orp s TePresents the maximum capacitive reactive power of the power plant, Q_ . .
represents the maximum capacitive reactive power of the SVC, (. . represents the

maximum capacitive reactive power of the i-th generator unit.

[0076]  The power reference of the power plant can be determined by equation (8).

QPlant’ QPP?LmaX < QPlant < QPP?CmaX
QPlant = QPP?CmaX ’ QPlant > QPP?CmaX Equatlon (8)

*
QPP?LmaX b4 QPlant < QPP?LmaX

When the reactive power reference of the power plant @, is higher than the maximum

inductive reactive power of the power plant, and lower than the maximum capacitive
reactive power of the power plant, the new reactive power reference of the power plant

Q;'lm is equal to the reactive power reference of the power plant @, . When the
reactive power reference of the power plant @ is higher than the maximum capacitive

reactive power of the power plant, the new reactive power reference of the power plant

Q;'lam is equal to the maximum capacitive reactive power of the power plant. When the
reactive power reference of the power plant (), is lower than the maximum inductive

reactive power of the power plant, the new reactive power reference of the power plant

Q;'lam is equal to the maximum inductive reactive power of the power plant.

[0077] At the step 502, the method 500 determines the respective reactive power

reference of the generators and the SVC.

[0078] In some embodiments, determining the respective reactive power reference of

the generators and the SVC further comprises the steps of: identifying whether the SVC is
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able to meet the power plant reactive power reference; calculating SVC reactive power
reference if the SVC can meet the power plant reactive power reference alone; and
calculating generator reactive power references and SVC reactive power reference if the

SVC can not meet the power plant reactive power reference alone.

[0079] In some embodiments, if the SVC can not cover the reactive power requirement,
there can be one or more generators sharing the left reactive power which is equal to the
total reactive power subtracting the maximum reactive power capacity of the SVC. One
way of the sharing way of the generators can be several ones sharing the left reactive
power with others not sharing any power, and the other way can be all the generator units

sharing the left reactive power at the ratio.

[0080] In some embodiments, the i-th reactive power reference of the generator units

can be determined by equation (9).

0’ QSVC?L < QPlant < QSVC?C

* QGen Ci #! # .
QGenii = +(QPlant - QSVC7C )’ QPlant > QSVCfC Equatlon (9)
Z QGen?Ci
QGen?Li

*! Y
(QPlant - QSVC,L ) OIS QSVC,L

Z QGen _Li
i

When the new reactive power reference of the power plant (),  is higher than the

maximum inductive reactive power of the SVC, and lower than the maximum capacitive
reactive power of the SVC, the reactive power of the i-th generator unit is equal to zero.
When the new reactive power reference of the power plant Q;'lam is higher than the
maximum capacitive power of the SVC, the reactive power of the i-th generator unit is
equal to the ratio multiplying the result of the new reactive power reference of the power
plant @  subtracting the maximum capacitive power of the SVC, wherein the ratio is
that the maximum capacitive reactive power of the i-th generator unit divided by the total
maximum capacitive reactive power of all the generator units. When the new reactive

power reference of the power plant Q;'lam is lower than the maximum inductive power of

the SVC, the reactive power of the i-th generator unit is equal to the ratio multiplying the
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result of the new reactive power reference of the power plant Q;'lam subtracting the

maximum inductive power of the SVC, wherein the ratio is that the maximum inductive
reactive power of the i-th generator unit divided by the total maximum inductive reactive

power of all the generator units.

[0081] Then the method 500 proceeds to the step 503. At the step 503, the method
500 uses the SVC to control the high side voltage of unit transformer to respond to the
SVC reactive power reference. The new voltage reference of the SVC can be calculated

by equation (10)

*

Vire =Vae + AV =V + K, Qi = Q) + K[ @~ Q)i Equation (10)

Wherein k, and %’ is constant value determined by the closed-loop control, the new

power reference of the power plant Q;'lam can be obtained from equation (8), Q,  1is
the measured reactive power of the power plant.
[0082] At the step 504, the method 500 uses the excitation systems of said generators

to control the terminal voltage of generator units to respond to the generators reactive

power reference.

[0083] In some embodiments, the i-th voltage reference Vg ;i can be calculated by

equation (11).

V;J = \/(VSZ + 2Qc*;en,iXT,i + \/(V;Z +2Q:;en,iXT,i)2 _4P;3n,iX1%,i _4Q(*;inJX]%J j/z

Equation (11)

Wherein v, = represents the voltage references of the i-th generator unit, P,
represents the active power reference of the i-th generator unit, (. . represents the
reactive power reference of the i-th generator unit, X . represents the equivalent

reactance of unit transformer for the i-th generator unit, V; represent the new voltage

reference of the HV bus which can be determined by equation (12).
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V=V =V, +AV, Equation (12)

Wherein the incremental high side voltage reference A Vy* can be calculated through

the power plant reactive power closed-loop control according to equation (10).

[0084]  FIG. 6 shows the operation principle for the transient stability of the power plant

according to embodiments of the present invention.

[0085]  The basic principle of the generator transient stability improvement is to change
the power-angle characteristics of the generator under disturbances, to reduce excessive
energy caused by the difference of mechanical power and electromagnetic power, so as to

improve first swing stability and provide better damping for the consequent power swings.

[0086]  As illustrated in FIG. 6, wherein Pm is the mechanical power of the prime
mover, 6 isthe power angle of generator; fast valving is assumed here for prime mover
control under disturbances. Pgen is the electrical power of the generator. For
synchronization, when the forward swing happens, Pgen should be increased in Zone 1 to
enlarge the forward deceleration area; and Pgen should be decreased in Zone 4 to reduce
the forward acceleration area. For oscillation damping, when the backward swing
happens, Pgen should be decreased in Zone 2 to reduce the backward acceleration area; and

Pgen should be increased in Zone 3 to enlarge the backward deceleration area.

[0087] FIG. 7 shows the third control mode of the control method for improving
dynamic performance of the power plant according to another embodiment of the present

invention. The method 700 comprises the steps of the following.

[0088] At the step 701, the method 700 identifies a swing direction of a disturbance

which the generators suffer.

[0089] When there is a forward swing, the method 700 proceeds to the step 702. At
the step 702, using bang-bang reactive power control for the SVC when the power plant is
under the disturbance of a forward swing. The first swing is the most important one of
the forward swings. When the system suffers the first swing (corresponding to Zone 1
and Zone 4 as shown in FIG. 6), the method 700 uses the reactive power control model, i.e.
bang-bang reactive power control to synchronize the generator. In control theory, a
bang—bang control (on—off control), is implemented by a feedback controller that switches

abruptly between two states. In some embodiments, the two states are the maximum
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capacitive reactive power state and the other is the maximum inductive reactive power
state. And the reactive power references will be decided according to the operation
condition of generator by using equation (13):

stc,c’(a)_a)*)>0 and P, >0

OQeve = Equation (13)

Qe (0= )>0 and Py, <0
wherein ¢ — ' represents the difference between generator actual speed and the reference

speed, Q.. . represents the maximum capacitive reactive power of the SVC, Q.. .,

represents the maximum inductive reactive power of the SVC, (. represents the

reactive power reference of the SVC.

[0090] When there is a backward swing, the method 700 proceeds to the step 703. At
the step 703, the method uses voltage control and calculating incremental high side
voltage reference for said SVC to realize Power Oscillation Damping (POD) when the
generators are under disturbance of backward swing. The Power Oscillation Damping

(POD) component, which is corresponding to the new incremental voltage reference AV; ,

can be calculated through transfer function as illustrated by FIG. 8.

[0091] FIG.8 illustrates the transfer function for POD according to some embodiments
of the present invention. Wherein Ty, Ty, T; and T, are time constants, K is the
proportional coefficient; the parameter settings can be adjusted in order to achieve the best

damping effect; Vin could be any input that can reflect the oscillation information, e.g.

PGen, o, etc, and V

ot = AV,;" ; SVC voltage reference can be calculated by using equation

(14).
Vave =V + AV, ( O0—@ ) <0 Equation (14)

[0092] In some embodiment, besides SVC control, excitation/PSS system will also
contribute to generator stability improvement. The method 700 comprises triggering an
excitation system to maintain first stability against the voltage drop during disturbances,
which is well known to the skilled in this art. In the designed control strategy, the
steady-state feed forward component V' rr i will be kept unchanged. Due to the voltage

drop during disturbances, the force excitation will be triggered on to maintain first swing
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stability which is automatically realized by excitation system.

[0093] In some embodiment, during backward swings, additional POD component can
be added into generator terminal voltage references for excitation systems by using
transfer function as shown in FIG. 8 in order to further improve the damping torque. The

parameter settings can be adjusted in order to achieve the best damping effect.

[0094] The invention also provides an apparatus to implement various embodiments of
the method of the first aspect of the invention. The controller comprises: an obtaining
module configured to obtain the required input parameters for control of said generators
and SVC; a determining module configured to determine a control mode of the generators
and the SVC; a calculating module configured to calculate the control references based on
the input parameters and the control mode of the generators and the SVC; and a
controlling module configured to control the generators and/or the SVC according to the

control references.

[0095] Wherein the control mode of the controller comprises: a first control mode to
realize unity power factor operation of multiple generator units with different operating
points; a second control mode for power plant dynamic reactive power regulation without
undesired internal reactive power consumption; a third control mode for improving the

transient stability of the power plant under system disturbances.

[0096] The first control mode and the second control mode can be selected by the
operator of the power plant according to the dispatch requirement from the utility. The
third control mode will be triggered automatically whenever a system disturbance is
detected. After disturbance clearance, the controller will return back to the previous

control mode.

[0097] In some embodiments, when the controller is under the first control mode, the
controlling module configured to use said SVC to control the high side voltage of the unit
transformer according to the high side voltage reference from high level control centers of
the power system; the calculating module configured to: calculate the feed forward
components for terminal voltage references V' rr ; of different generator units based on
the same high side voltage reference for SVC and calculate feedback components for
terminal voltage references of different generator units based on closed-loop control to

remove potential measurement errors or parameter errors; and the controlling module
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configured to use the excitation systems of said generators to control the terminal voltage

of generator units according to the terminal voltage references.

[0098] In some embodiments, when the controller is under the first control mode, for
the closed-loop control, the calculating module further configured to: get an output which
inputs to PI block according to the i-th generator reactive power Qgen i and the i-th
generator reactive power reference Q G, i; and output the feed back components for
terminal voltage references of the i-th generator unit V' gz ; from PI block to an adder for
combining the feed forward components for terminal voltage reference of the i-th

generator unit V. . . and the feed back components for terminal voltage reference of

the i-th generator unit V' s i to form a new voltage reference of the i-th generator unit

*
Vi

[0099] In some embodiments, when the controller is under the second control mode,
the calculating module configured to: determine the reactive power reference of the power
plant according to the demand of the power system and determine the respective reactive
power reference of the generators and the SVC; and the controlling module configured to
use the SVC to control the high side voltage of unit transformer to respond to the SVC
reactive power reference and use the excitation systems of said generators to control the

terminal voltage of generator units to respond to the generators reactive power reference.

[00100] In some embodiments, when the calculating module further configured to:
calculate an available reactive power capacity of the power plant which includes
generators and SVC; and limit the power plant reactive power output reference according

to the reactive power available capacity.

[00101] In some embodiments, the calculating module further configured to: identify
whether the SVC is able to meet the power plant reactive power reference; calculate SVC
reactive power reference if the SVC can meet the power plant reactive power reference
alone; and calculate generator reactive power references and SVC reactive power

reference if the SVC can not meet the power plant reactive power reference alone.

[00102] In some embodiments, when the controller is under the third control mode, the
obtaining module configured to identify a swing direction of a disturbance which the
generators suffer; and the controlling module configured to: use bang-bang reactive power

control for the SVC when the power plant is under the disturbance of a forward swing and
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use voltage control for said SVC to realize Power Oscillation Damping (POD) when the

generators are under disturbance of backward swing.

[00103] In some embodiments, when the controller is under the third control mode, said
controlling module configured to add additional POD components into generator terminal
voltage references for excitation systems in order to improve the damping torque during

backward swings.

[00104] It will be appreciated that an embodiment of the method according to the first
aspect of the invention may be implemented on a computing device capable of retrieving
the electrical quantity of the power transmission system. Embodiments of the apparatus
according to the second aspect of the invention may be implemented by circuitry
comprising electronic components, integrated circuits (IC), application specific integrated
circuits (ASIC), field programmable gate arrays (FPGA), complex programmable logic
devices (CPLD), or any combination thereof. Any circuitry may, at least in part, be

replaced by processing means, €.g., a processor executing appropriate software.

[00105] While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any implementation or of what may
be claimed, but rather as descriptions of features that may be specific to particular
embodiments of particular implementations. Certain features that are described in this
specification in the context of separate embodiments can also be implemented in
combination in a single embodiment. Conversely, various features that are described in
the context of a single embodiment can also be implemented in multiple embodiments
separately or in any suitable sub-combination. Moreover, although features may be
described above as acting in certain combinations and even initially claimed as such, one
or more features from a claimed combination can in some cases be excised from the
combination, and the claimed combination may be directed to a sub-combination or

variation of a sub-combination.

[00106] It should also be noted that the above described embodiments are given for
describing rather than limiting the invention, and it is to be understood that modifications
and variations may be resorted to without departing from the spirit and scope of the
invention as those skilled in the art readily understand. Such modifications and

variations are considered to be within the scope of the invention and the appended claims.
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The protection scope of the invention is defined by the accompanying claims. In
addition, any of the reference numerals in the claims should not be interpreted as a
limitation to the claims. Use of the verb “comprise” and its conjugations does not
exclude the presence of elements or steps other than those stated in a claim. The
indefinite article “a” or “an” preceding an element or step does not exclude the presence of

a plurality of such elements or steps.
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WHAT IS CLAIMED IS:

1. A method for controlling at least one generator and a Static Var Compensator
(SVC) to improve dynamic performance of the power plant, the method comprising:

obtaining one or more required input parameters for control of said generators
and SVC;

determining a control mode of the generators and the SVC;

calculating one or more control references based on the input parameters and the
control mode of the generators and the SVC; and

controlling the generators and/or the SVC according to the control references.

2. The method according to Claim 1, wherein the method comprising three
control modes:

a first control mode to realize unity power factor operation of multiple generator
units with different operating points;

a second control mode for regulating the power plant dynamic reactive power
without undesired internal reactive power consumption;

a third control mode for improving the transient stability of the power plant under

system disturbances.

3.  The method according to Claim 2, wherein the first control mode
comprising:

using said SVC to control the high side voltage of the unit transformer according
to the high side voltage reference from high level control centers of the power system;

calculating the feed forward components for terminal voltage references of
different generator units based on the same high side voltage reference for SVC;

calculating feedback components for terminal voltage references of different
generator units based on closed-loop control to remove potential measurement errors or
parameter errors; and

using the excitation systems of said generators to control the terminal voltage of

generator units according to the terminal voltage references.
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4, The method according to Claim 3, wherein the closed-loop control further
comprising:

getting an output which inputs to PI block according to the i-th generator reactive
power and the i-th generator reactive power reference;

outputting the feed back components for terminal voltage references of the i-th
generator unit from PI block to an adder for combining the feed forward components for
terminal voltage reference of the i-th generator unit and the feed back components for
terminal voltage reference of the i-th generator unit to form a new voltage reference of the

i-th generator unit.

5. The method according to Claim 2, wherein the second control mode
comprising:

determining the reactive power reference of the power plant according to a
demand of the power system;

determining the respective reactive power reference of the generators and the
SVC;

using the SVC to control the high side voltage of unit transformer to respond to
the SVC reactive power reference; and

using the excitation systems of said generators to control the terminal voltage of

generator units to respond to the generators reactive power reference.

6. The method according to any one of Claim 2 or 5, wherein determining the
reactive power reference of the power plant according to the demand of the power system
further comprising:

calculating an available reactive power capacity of the power plant which
includes generators and SVC; and

limiting the power plant reactive power output reference according to the reactive

power available capacity.

7.  The method according to Claim 2 or 5 wherein determining the respective

reactive power reference of the generators and the SVC further comprising:
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identifying whether the SVC is able to meet the power plant reactive power
reference;

calculating the SVC reactive power reference if the SVC can meet the power
plant reactive power reference alone; and

calculating the generator reactive power references and the SVC reactive power

reference if the SVC can not meet the power plant reactive power reference alone.

8. The method according to Claim 2, wherein the third method comprising:

identifying a swing direction of a disturbance which the generators suffer;

using bang-bang reactive power control for the SVC when the power plant is
under the disturbance of a forward swing;

using voltage control and calculating incremental high side voltage reference for
said SVC to realize Power Oscillation Damping (POD) when the generators are under

disturbance of a backward swing.

9. The method according to Claim 8, said method further comprising:
adding additional POD components into generator terminal voltage references for

excitation systems in order to improve the damping torque during the backward swings.

10. A controller for controlling at least one generator and a Static Var
Compensator (SVC) to improve dynamic performance of the power plant, the controller
comprising:

an obtaining module configured to obtain one or more required input parameters
for control of said generators and SVC control;

a determining module configured to determine a control mode of the generators
and the SVC ;

a calculating module configured to calculate one or more control references based
on the input parameters and the control mode of the generators and the SVC; and

a controlling module configured to control the generators and/or the SVC

according to the control references.
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11. The controller according to Claim 10, wherein the control mode of the
controller comprising:

a first control mode to realize unity power factor operation of multiple generator
units with different operating points;

a second control mode for regulating the power plant dynamic reactive power
without undesired internal reactive power consumption;

a third control mode for improving the transient stability of the power plant under

system disturbances.

12.  The controller according to Claim 11, wherein under the first control mode,
the controlling module configured to use said SVC to control the high side
voltage of the unit transformer according to the high side voltage reference from high
level control centers of the power system;
the calculating module configured to:
calculate the feed forward components for terminal voltage references of
different generator units based on the same high side voltage reference for SVC; and
calculate the feedback components for terminal voltage references of different
generator units based on closed-loop control to remove potential measurement errors or
parameter errors; and
the controlling module configured to use the excitation systems of said generators
to control the terminal voltage of generator units according to the terminal voltage

references.

13. The controller according to Claim 11, wherein under the second control
mode:
the calculating module configured to:
determine the reactive power reference of the power plant according to the
demand of the power system; and
determine the respective reactive power reference of the generators and the
SVC:; and

the controlling module configured to:
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use the SVC to control the high side voltage of unit transformer to respond to
the SVC reactive power reference; and
use the excitation systems of said generators to control the terminal voltage of

generator units to respond to the generators reactive power reference.

14. The controller according to Claim 11, wherein under the third method,
the obtaining module configured to identify a swing direction of a disturbance
which the generators suffer; and
the controlling module configured to:
use bang-bang reactive power control for the SVC when the power plant is
under the disturbance of a forward swing;
use voltage control for said SVC to realize Power Oscillation Damping (POD)

when the generators are under disturbance of backward swing.
15. The controller according to any one of Claims 10-14, the SVC comprises

Thyristor Controlled Reactor (TCR), Thyristor Switched Capacitor (TSC), and/or
IGBT/IGCT based Static Synchronous Compensator (STATCOM).
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