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Abstract— This paper describes the design and implementation of the Power Plant Voltage Controller (PPVC) with an adaptive
control which equips at the power plant level with the local high side voltage control. The Power Plant Voltage Controller is part of
the hierarchical voltage control system which consists of Tertiary Voltage Control (TVC) at the higher control level and then followed
by Secondary Voltage Control (SVC) as a regional controller and Primary Voltage Control (PVC) at the lowest control level to
perform the control command In this control approach, PPVC participates in the lavest control level in the Coordinated Voltage
Control (CVC) system. The Power Plant Voltage Control regulators are autonomous controllers that regulate the high-side bus of the
power plant while maintaining balanced VAR generation of the individual units and avoiding the dynamic interaction among
multiple controlled generators. This paper presents a method of controlling the terminal voltage of the generators at the power plant
by utilizing a quasi-steady-state sensitivity to get a control parameter for the PPVC. Using a simple control strategy, an adaptive
control can be achieved by periodically calculating the quasi-steady-state sensitivity to update the control parameter, in such a way
the PPVC control parameter not only can adapt to the variation of the interconnected network but also with the fluctuation of the
load demands.

Keywords— coordinated voltage control; quasi-steady-state sensitivity; high-side voltage control; power plant voltage regulator

several approaches have been applied in the past by utilities
I. INTRODUCTION and system operators, and one of the most reliable solutions

In a modern power system, many power utilities and to control the grid voltage is by implementing a hierarchical
system operators facing a cha{llenging task to control thevoltage control scheme. The first hierarchical voltage control
transmission voltage to improve the security and efficiency scheme was e;tabllshed in Europe since the early eighties
of power system operatiomhe need for suitable control and has been ywdely (_jeployed, especially in taly and France
sdutions that capable of controlling the grid voltage and [1]-[6]. In the hierarchical control scheme, each control level

reactive powers has become more critical in recent years2ddressing different aspects of the control probigmilar

The lack of realtime and closed-loop coordination of hierarchical control architecture has also been developed and

reactive power resources appears in common network'””‘)Iem.em‘:‘OI N Chlna [7]-[9]. Qne of t.he. important
voltage control practice: In current practice, system Voltagestrategles of controlling the voltage in transmission networks

control largely carried out manually by the system operator consists of dividing a power system into several control

worldwide, which typically involves scheduling the power Z0nes [1I-[3], this due to the fact that \_/oltage_ control is
plants high-side voltages, switching the banks of Shuntmamly a local problem. The European hierarchical voltage

capacitors or reactors, and adjusting the tap changer of th&ontrol system used fixed control zones, which typically
transformer. established on the basis of offline studies [3]. Due to fast

Moreover, with the scale and operational complexity of developm_ent N power gnd network a_nd als_o frequent
the power grid are increasing, it becomes impractical for changes in network configuration, the hierarchical voltage

system operators to manually coordinate a large number o]conr;[rql n rc]:.h'r??j’ adopur(]jgbthe d dynarr|1_|c Z%ntroll z;ne
widely distributed voltage/VAR control devices in real-time. technique which determined based on oniine Adaptive Zone

In order to improve voltage control in transmission grids, Division (AZD) module
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In China, Tsinghua University has developed a The second hierarchical level referred as Secondary
commercial Automatic Voltage Control (AVC) system and Voltage Control (SVC). The main objective of SVC is to
this AVC system has been implemented in many control control the pilot bus voltages by keeping the pilot bus
centers in China and also it has been tested on the PJMoltages at the set-point values through dynamically adjust
system [9]. TNB Research (TNBR) through collaborative the control variable in PVC level, such as the set-point
work with  Tsinghua University has conducted a values (generators, static var compensators and etc.) or
comprehensive simulation study of automatic Coordinated discrete control signals (reactors, capacitors, and tap
Voltage Control (CVC) for TNB system [10] and CVC changers) in a given control zone at the slower spked
system currently under development at TNB Research. essence, SVC receives the voltage set-point of the pilot

In this paper, we present a new technique for the powerbuses from the outputs of the higher control level and
plant high-side voltage controller, which suitable to be usedimplements the coordinated control of PVC equipment
in a multilevel automatic control system like in Coordinated inside the voltage control zone, and it has a time constant of
Voltage Control (CVC) application. This technique utilizes a few minutes.
the quasi-steady-state sensitivity to get a control parameter On the third hierarchical level, a Tertiary Voltage Control
for the power plant high-side voltage controller. Through a (TVC) which is the highest level in the hierarchical control
simple control strategy, an adaptive control can be architecture is designed to achieve safe and economical
implemented using the online computation of the quasi- system operation through minimizing power transfer losses
steady-state sensitivity to update the controller parameter.  while considering security constraints. TVC acts as a wide
area optimization controller, which uses an optimal power
flow technique to provide an optimal reference value for the
[ e TR e : ‘ pilot bus voltage for each control zone with the selected time
| E constant might vary from 15 min to several hours depending
on the situation
Yeeefl] The CVC system basically composed of two physical
parts, the first part is centralized control system which was
known as a Control Center Master Station (CCMS) and the
second part is decentralized control devices which also
known as a Power Plant Voltage Controller (PPVC). The
PPVCs device is installed in the power plants to track the
control commands from the control center, while the CCMS
basically installed at the control center to coordinate the
control actions of all decentralized PPVCs. A principle

b b j scheme that represents the architecture of a hierarchical
Fig. 1 Control architecture of the hierarchical CVC system CVCsyﬁemiSSmNWHnFQ.L

A. Principle of the Coordinated Voltage Control
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The idea for controlling hundreds of transmission bus B. Power Plant Voltage Controller in Coordinated Voltage
voltage in an automatic manner is very complex, not reliable  Control
and not economical. The simple voltage control system
should consider the dominant buses only, thus allowing a
sub-optimal but feasible and reliable control solution. The
basic principle of Coordinated Voltage Control (CVC)

In order to regulate the pilot nodes voltage according to
their set-point values, SVC will determine the control
strategies to achieve that target, according to reactive
system is to divide the transmission network into several sources available in their control zone which include the

decouple zones which are simpler to control, and each of thd dactive power qf the generators. Therefpre, a new power
control zones will have its own pilot nodes which selected plant apparatus s req““fed to control Fhls_reactlve power
from the dominant buses (in a small amount). Pilot buses areorOdUCtlon of _the generating units by taking Into account_th_e
selected to represent the overall voltage profile in a controlgf;tjoarl op\;eorﬁlgng Colri]riti;amtse’xiﬁgzois resacsttne/; po‘:,vzlru:'em't’
zone. This implies that voltage variations at the pilot nOdeScommunicatiog tailure a{nd otc. Due to tr>1/is concern Tl\iB
may represent the voltage evolution throughout the zone. ) . ' :
The CVC system, control pilot nodes voltage through a Research (TNBR) has developed new equipment to fulfill

hierarchical control structure which made of three control such requirement. This device is known as Power Plant
levels. Voltage Controller (PPVC).

The first hierarchical level referred as Primary Voltage The PPVC regulatqrs are in charge of Iocal control at the
Control (PVC). PVC essentially refers to the voltage power plant .Ievel, which receives the set-point values of the
controller of generators, synchronous condensers, static vagcgl hlgh-?lldept}:))lilsc—:bgr v?lltage flrcim me cotntrql tcenft?:].
compensators and another voltage controller in the network. ubsequently, rectly reguia’es mne set-points ot the

These controllers receive the voltage set-point from theAUtomat'C Voltage Regulators (AVR) of the plant units

outputs of the higher control level. PVC responsible for yvhile allocating reactive power among the generating units

maintaining the voltage at the set-point values against rapidIn the plant to track the set-point commands. This type of

voltage variation over a short interval and its time constant ingEVILCSR?I_ISO haSsAl%?ren dﬁ.v iloped llan Italy atndd narged tas a
in the order of a fraction of a second. (or ). which can be operated under two

control modes, In the first control mode, REPORT regulates
the reactive powers of local generators, according to the
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reactive level received from the higher control level, while with PPVC and generator AVR control loop and this also
the second mode, it regulates the local high-side bus-bamapplies for a TVC control loop.
voltage on the basis of a suitable daily voltage trend or an In PPVC, the local high-side bus bar voltage regulation is
operator-defined set-point [5], [6]. The detailed function of designed with the control law of proportional-integral (PI)
the REPORT also can be found in [11], [12]. type, and in order to guarantee a relevant time decoupling
Review of the literature revealed that, there are a numberbetween the AVRs and the externally overlapped PPVC
of control practices that able to coordinate the reactive control loops, the PPVC control loop is designed to be at
powers of the operating generators in the power plant sucheast hundreds times slower than the AVR dynamics. Due to
as Power System Voltage Regulator (PSVR) which developthis design requirement, the dominated time constant for
by Tokyo Electric Power (TEPCO) and also Advanced High PPVC must be hundreds of times greater than AVR time
Side Voltage Control (HSVC) regulator, develop by the constant.
Mitsubishi Electric Corporation (MELCO). Essentially, this ,
controller utilizes the concept of a line drop compensation toA €onceptual Design of Power Plant Voltage Controller
support the power plant high-side bus-bar voltage. This Fig. 2 shows the conceptual design of the Power Plant
practice increases grid voltage support, but might introducesVoltage Controller (PPVC). To increase the reliability of the
destabilizing interactions between primary voltage regulators PPVC, the controller is designed to obtain the set-point value
In addition, the setting for droop value which remains from three input selection which used to handle a different
constant during the operational process can lead tokind of issue that might happen during the operation. In
degradation of the dynamic performance and reduce thenormal condition (remote control mode), PPVC obtain the
stability margins of the power plant high-side bus regulator set-point value from the Secondary Voltage Control (SVC)
during the variation of the system network and also and in the case of loss communication between the control
fluctuation of the load demands. center and the plant, PPVCs are still able to operate in local
In order to deal with this issue, the appropriate solution to mode control by obtaining the manual set-point value given
handle the dynamic system with parameter variation like by operators or tracking the pre-defined set-point curves
power system is through automatic adjustment of the controlwhich already configured by operators as a backup. In order
parameter for power plant controller during the online to understand the working principle of the PPVC, the control
operation. In literature, this control method, also known as step is divided into three main steps.
linear parameter varying (LPV) controller, which transform
the nonlinear system into a linear parameter-varying system (Comemsatzoin)
[13]. An adaptive control strategy has been adopted in the 4 :
REPORT controller in the Italian power system, based on *wm«
the real-time identification of the external equivalent s
reactance; hence the REPORT control parameters can betm —o
updated with the purpose to adapt with the different .. ~
dynamics of the system [11]. Using a similar control strategy, “*

an adaptive control can be achieved by periodically g&

STEP1 STEP2

Assign AQg
BQuiqt | toall
iy )
lgenerators in
the plant

Calculate
AQtotal of
the plant

calculating the quasi-steady-state sensitivity to update the Vet powro [ e
2. Equal power factor

control parameter of the Power Plant Voltage Controller ot || P
(PPVC). /

Il MATERIAL AND METHOD Fig. 2 Conceptual design block of power plant voltage controller
One of the crucial design aspects in the development of In step I, the sensitivity coefficient of the plant high-side
the Coordinated Voltage Control (CVC) system is the busS,,(AVy,/AQyy) is used to transfer the bias of the
dynamic design of the overall system under CVC operation, high-side bus Voltag&/yy (ref) — Viav) into the total reactive

which requires a defined design of their stability and power demandsaQ,,., for the power plant which is
dynamics. In the CVC system, the control architecture is -5iculated a8 Qeorar = Vivires) — Viav) /Svq - In step 11,

based on the concept of hierarchical control, which consist

X he total reac
of overlapped closed-loop controls from the higher control
level (TVC) to the lower control level (PVC). In order to

tive powefAQ;.:;) required by the power
plant to achieve the reference target will be distributed to all

. . .__of the generator units that connected with the same high-side
achieve adequate dynamic performance, the control solu'uorbus via step-up transformers. Several allocating methods

is  through ~substantial dynamic decoupling between o e heen mention in [8], which suitable to be used to

overle_lpped levels, V.Vh'Ch Iead_ to the_ criterion that FeqUIreS yistribute this total reactive power to the individual generator,
the time-decomposition do_mmant time constant of any such as with equal reactive power outputs, with equal
external control_ Io_op be higher than the dominant time reservation ratios or with equal power factors. Finally, in
constants of all its internal loops. In other words, an externalStep Ill, the reactive power regulating the amount of each

\clglr:?r%? f;ongrogjgﬁ guégtgﬁ;;ogégth;pnp}igz 'Téeg}f‘lv\gtl;gee generator is transferred into the terminal voltage regulating
C ; . signal via a proportional-integral (PI) controller.
control levels in CVC system, which resulting the PPVC 9 prop gral (P

control loop to be much slower than a generator AVR
control loop, while SVC control loop much slower compared
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B. Functional Scheme of Power Plant Voltage Controller The power plant which is part of components in power

Fig. 3 shows the functional scheme of the Power PlantSystem can be classed as multivariable systems; the
Voltage Controller (PPVC). Basically, this functional interactions among various input and output variables of a
scheme consists of the following modules. system make design technologies in multivariable control

. Human Machine Interface (HMI): As an interface Systems fundamentally different from single-variable control
between the operators and PPVC device at the poweSyStems. In many multivariable —systems, single-loop
plant which graphically presents the current state of controller design is often implemented by controlling
PPVC such as on-off status or blocking signals from individual feedback loop, where decoupling is employed to
the AVRs, and also displays the actual measurementsde‘_:oume the interaction between input and ogtputs variables.
of voltage and power from the fields. It does also allow This method has been successfully applied in many control
operators to set a reference target for PPVC or changeEngineering applications related to multivariable control
PPVC control mode. problems.

- Control system block: This module executes the real- [N the context of the power plant high-side bus voltage
time code to implement the entire PPVC control control application, the controller must have the ability to
algorithm based on the three control steps, which hasfégulate the high-side bus of the power plant by controlling
been discussed in the previous section. The illustrationMultiple set-points of generator AVRs simultaneously while
inside this block is shown in Fig. 4. avoiding the dynamic interaction among multiple controlled

. Finite State Machine (FSM): This module realizes all 9enerators. Basically, PPVC utiIi;es_the similar approach
the logic functions to be handled such as start/stopthat widely used to solve the multivariable control problem.
sequences and protection function which automatically In this application, each of the generators is controlled
block the PPVC operation under abnormal network individually by introducing an external proportional-integral
condition. It also performs the control status for each of (Pl) controller, which overlapped with the internal controls
the control generators based on the operational _of generator AVR (refer Fig. 4) and the de_coupllng strategy
constraint (i.e.: generator stator voltage limit, generator 1S achieved based on the proper selection of the control

reactive power limit, excitation system failure and Parameter for PPVC controller. _
communication failure) Fig. 4 shows the control system models of PPVC which

. Communication protocol: Control the 1/O activities, developed based on the conceptual design that we have
which include remote communication between PPvC already discussed in the previous section. The dynamic
unit and control center master station (CCMS) and also design of the external control system consists of choosing
local communication between PPVC unit and DCS the time constant%,,,. of the integrators and a proper

(Distributed Control System) of the power plant. design of K, andK; coefficients of the Pl control law. The
PPVC control loops are introduced by assuming that they are
e SnwasSun slower with respect to generator AVR voltage control loop.
[ o= ] S The typical value of the AVR time constafit,,, is in the

Human Machine Interface (M) || rFr—————————| ——— = ——— —— e~ ———

! range of 0.5 to 1s; in order to guarantee a relevant time
i decoupling between the AVRs and the externally overlapped
} PPVC control loops, the PPVC control loop is designed to
i be hundreds times slower than the AVR dynamics which

(New set-point to AVR)

Vivirer, AV, AWy Vgref(i
pre-defined Signalseector [ k@i,, ) ref(@)
H Bl

determines the high-side voltage control loops dynamic with
the dominant time constafi,,. of 50 s or higher. Through

mmmmmmmmmmmm

R ! » | e this way, the faster control loop will not be affected by the
- "t -/ ! slower control loop since the latter will appear to be more
Fig. 3 Functional scheme of power plant voltage controller stationary during the interval that the former is completing
its latest setpoint change and the faster control loop will have
LT— finished its work by the time the slower control loop gets
Voo underway.
4, Consider the PI feedback control system, the
} (m:.::m. mathematical equation of the controller in the time domain
" ) and the corresponding transfer function of the controller can
' - : be expressed in (1) and (2).
4Qy4) ) Varer() ¢
Viv(actua = T MevssaortoAn c(t) = Kp (VHV(Tef) - VHV) + K; fo ’EVHV(Tef) - VHV)dt Yy
- _ i
e C(s)=kp+ < (2
(Current set-point)

Once the desired dominant time constant is chosen for the
Fig. 4 Control system block diagram of power plant voltage controller  external dynamic of the system, the next step is to determine

. the proportional coefficient, and integral coefficienk; of
C. The Design of Control System for Power Plant Voltage the PI control law. In this paper, we introduce a new method

Controller to determine the Pl-controller gain for PPVC by utilizing the
quasi-steady-state sensitivity analysis, which computed
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online at the Control Center Master Station (CCMS). The According to the power flow algorithm of Newton-
quasi-steady-state sensitivity analysis is calculated based oRaphson method, the power flow equation can be expanded
the Jacobian matrix of the Newton-Raphson method whichinto Taylor series and the Jacobian matrix holding the first-
provides information the effect of the controlled parameter on order partial derivatives of the power flow equations with

the system response based on the current operating conditiopespect to all the algebraic variables can be written as
of the power system network. The design procedure to

determine the controller gain based on the result of the AP Jro  Jpv] A0
sensitivity analysis is started by getting the sensitivity matrix AQ] = [loe ] [ AV 5)
of S¢¢ (AV,/AQ,), which represent the relation between the
variation of generator terminal voltages with respect to the py taking into account the decoupling between the active and
variation of reactive power at the generator bus. The reactive powers, the values of the elements in the submatrix

Jov

proportional coefficientk, and integral coefficien;is  j,, andj,, are very small. Hence, the Jacobian matrix can
computed according to the following equation, rewrite as
[AP _ [Jpe 0 ] [AH ©)
Kp = (£222) Sgg4, ©) 80l ~L 0 Jovllav
Tppve and by separating the equations describing the dependence in
s the power system between reactive powers and the voltages,
K = (X)) = (222D (4) the equation can be depicted as
L T, T,
avr ppvc
Wheres,, , indicates the diagonal element of sensitivity [AQ] = [Jov]iaV] )

matrixS;;, of i** generator. The details of the sensitivity From (7), a submatrix gf,, can be further rearranged

analysis method will be discussed in the next section. For, ... o o physical response of the bus. Under quasi-

now, by looking at the proportional coefficied, and steady-state, generator bus, which equips with an automatic
integral coefficienk, it is clear that the value of sensitivity voltage regulator (AVR) is considered as PV-bus, but

plays an important role to make sure that the performance X ) :
and stability of the controller are guaranteed over the entiregenerator bus with automatic reactive power regulator (AQR)

operating condition since other parameters are set to remaiff" @utomatic power factor regulator (APFR) is considered as
constants. It is important to highlight that dynamic system PQ-bus. All the load buses are considered as PQ-bus.
behavior like power system is highly nonlinear, therefore Therefore, separating the bus between the “g” called PV-bus
adopting linear controller in a nonlinear system with constant from “d” called PQ-bus, it's possible to write

gains can cause degradation on the stability and also the

performance of the system since the controller with fixed AQg] _ Lgg Lgd] A‘@] 8)
gain is designed to operate at only a specific range of AQq)l ~ |Lag LaallAvy

operating conditions. To cope with this problem, the Power

Plant Voltage Controller (PPVC) must equip with an adaptive  The calculation formulas of quasi-steady-state sensitivity
controller. for reactive power can be derived from (8), and the equation

D. Senditivity Analysis and Techniques for Adaptive Control can be rearranged as

In this section, we introduced a simple adaptive control AV, = LghAQq + LzkLy,AV, (9)
technique for power plant voltage controller, which utilizes
the quasi-steady-state sensitivity to determine the PPVC AQ, = (ng —Lgq Ll Ldg) AV, + Lyq L71AQ,  (10)

controller gain. The formulations of the quasi-steady-state

sensitivity are given in details in this section. In general, Supposed whenQ, is regulated and, is kept unchanged

appl|_cat|on of the qua3|—st_eady_—state sensitivity for_ms a vital v, =0, we can calculate sensitivity matricesSpf,, and
part in the CVC system, since it acts as a primary input to ang using (11) and (12) respectively. Similarl d gu osed
almost entire main component in CVC system such as in~%% 9 P y Y, supp

adaptive zone division, pilot bus selection, secondary Whenal, is regulated an@, is kept unchangedQ, = 0.
voltage control, substation voltage control and also in theW.e can compute sen3|t|\{|ty matrices §f,, and S, v,
power plant voltage control. Hence, the accuracy andusing (13) and (14) respectively.

efficiency of the sensitivity module are the primary concern A
\"4

since it makes a significant impact on the whole CVC Sv 104 =A—d= L} (11)
system. Qd

Sensitivity analysis is a classical analytical method for AQg .
power system network, which based on the linearization of Seg0q = 204 Lgalaa (12)
the power flow equation. However, the conventional
sensitivity cannot simulate the physical response of an actual Svav, = i% = —LziLg, (13)

power system realistically. Hence, a new method called
guasi-steady-state sensitivity analysis method is suggested to AQ

address this problem. This method has been discussed in Sogvy = 30 = Lgg — LgaLaalag (14)
great details in [14]In this paper, we simply concentrate on g

the formulation of sensitivity analysis for voltage control

application.

1987



In essence, only (11) and (14) is used for PPVC system can be computed based on the online measurements.
application, other types of sensitivity matrices are used for This Jacobian matrix is calculated from the solved power
different application in CVC system. The diagonal elements flow algorithm of the Newton-Raphson method, and then it
of the matrix (11),Sy,,, o, iS Used to transfer the bias of the is applied to compute the quasi-steady-state sensitivity
high-side bus voltagdV, into the total reactive power Which used to determine the controller parameter.
demand@\Q,,,;. The second function of the sensitivity in In other words, if the sensitivity function can be
PPVC is used to update Pl controller parameter. As generated online with the purpose to adapt to the variation of
mentioned in the previous section, the PI controller gain for the system condition, then the adaptive law is implementable.
PPVC is determined based on the sensitivity matrix From a practical point of view, online monitoring of power
OfSG(;(N{q/AQg); therefore, in order to get this sensitivity system can be done with the help of state estimator (SE)

St . . . program in Energy Management System (EMS). SE
matrix, it requires the inversion of SQQVH(AQQ/N{") periodically computes an estimate of the operating state of

sensitivity matrix. However, by directly inverting this he network of interest thereby producing an approximate
sensitivity matrix, it may not actually represent the actual nodel of the true operating state of the system. Therefore, in
physical response of the electrical compqn_ent in the.powerthiS paper, we introduced a new method to achieve the
system. In a quasi-steady-state sensitivity analysis, thezgaptive control strategy based on the online computation of

physical responses of electric power equipment are takenhe controller parameter using quasi-steady-state sensitivity.
into account, when the primary control (or disturbance) is

executed, the system state shift from the original state to a@&. Development of Power Plant Voltage Controller Using
new steady state and the transient process between these two Real-Time Application Platform (RTAP)

states are ignored. Due to lack of the control devices in the market which
Consider the response of the generator terminal voltagesyjitable to perform high-side bus voltage control for
which equipped with AVR, supposed when the reference coordinated Voltage Control application, most of the
voltage of one generator is regulated, after the systemjpyolved utilites need to develop these devices by
reaches a new steady state, we notice that only the voltage ghemselves. In TNB Research, we specifically design,

the regulated generator will change while other generatorgevelop and tested the PPVC device in the power system
voltages are maintained cause by physical response of theaporatory using a real-time digital simulator (OPAL-RT).

AVR. Therefore, coefficient matrix expressing the quasi- Essentially, the PPVC is developed as an application module

steady-state physical response of the control variable tojnside the Real-Time Application Platform (RTAP).

system disturbance or control is introduced; this coefficient  since 2010, the power system laboratory in TNB research
Sogv,(8Q4/AV,) using the Schur multiplication method number of functions it offers to support wide-area intelligent
before performing the inversion algorithm. The equation can system application. RTAPs is a powerful processing
be depicted as platform that capable of handling multiple data acquisition
1 sources with a different communication protocol, performing

Sec = (ng °1) (15) local data processing and executing control commands to

multiple controllers and it acts as a generic platform for real-

Where the coefficient matrix expressing the physical time wide area measurement, monitoring, control and
response of the control variable is represented by the identit)’protection applications. In general, RTAP offers the

matrix, . _The dla\_gonal element of sensitivity matij , following features:
provide information on the relationship between the . Multiple type of communication protocol such as, it
variations of generator terminal voltages with respect to the support interface to control center SCADA system
variation of reactive power at the generator bus. using IEC101, IEC104 or MODBUS protocol and it
A controller with parameter adaptation is introduced in also support the Inter-Control Center Communications
the Power Plant Voltage Controller (PPVC) since the Protocol (ICCP), on the other hand it also adopt the
controller would be affected by the power system latest communication standard like IEC61850 server-
nonlinearities such as variable operating conditions of the client, Generic Object Oriented Substation Events
power plant, variation of load demand and the variation of (GOOSE) message as publisher and subscriber and it
the network impedance seen from the power plant caused by also has a Phasor Data Concentrator (PDC)
frequent transmission line switching or rapid development of functionality to collect data from different PMU using
new transmission line. One of control technique used when a IEEE C37.118 standard.
controlled plant is highly nonlinear is a linear parameter + Logic operation and mathematical module to execute
varying (LPV) technique. In linear parameter varying and perform user-defined programmable logic and
technique, the nonlinear system is transformed to a linear standard mathematical operation from the real-time

input data collection.

- Equipped with control block with standard controller
modules for PI or PID controller.

- A custom application program which enables users to
easily write and add a new custom application
program using a set of Application Programming
Interfaces (API) provided for C languages.

parameter-varying system, which treated the nonlinear
system as linear systems with varying parameters and thus
allowing linear control techniques to be applied for nonlinear
systems. The variation of each of the parameters is not
known in advance but is assumed to be measurable in real-
time. Based on the concept of the LPV technique, the power
system can be depicted as linear time-varying plants where
the Jacobian matrix which represents the linear state space
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. Web_ services to provid.e the a_bility for the user to operated, there is no mechanism to update generators AVR
monitor the real-time information relevant to the set point to adapt to this new change. Therefore, generators
RTAP through the web using any modern browser on AVR only maintained its previous setpoint value, causing

any operating system. the high side voltage to drop to a new steady state value.
Generally, RTAPs run on the PC-based real-time
embedded operating system, and it can be extended for the Figh Side Bus voltage (1965275 PPVCY)

I I
------ Set-point wltage
—— Voltage without PPVC H
—— Voltage with PPVC

T

cooperative process, or it can be a complete automation
system which capable to communicate with another
environment such as power plant DCS (Distributed Control  *** i
System). Therefore, by utilizing the capability and flexibility B e B i e e
of RTAP features, it enables TNBR to develop new power !

plant apparatus with the capabilities to control the reactive
power production of the multiple generating units by taking
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into account the actual operating constraints, like reactive ¢ B A E
power limit, stator voltage limit, excitation system failure, 2193 s to b
communication failure and etc. Fig. 3 shows the functional ! !
scheme of the PPVCs inside the RTAP which consist of ! !
control system block, finite state machine, and N Wm0 wo
communication protocol.
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Fig. 6 Dynamic response Bf, under step variation of the load

IIl. RESULTS ANDDISCUSSION In order to prove that there is no appreciable interference

between PPVC controller and existing power plant controller,
a three-phase fault is applied at the high side bus of the
power plant. Fig. 7 shows that there is no significant

difference on the high side bus voltage during the transient
phenomena due to the fact that the nature of the PPVC
controller is really slow compared with the response of the
other controller in the power plant.

In order to verify the performance of the power plant
voltage controller, unit testing on the actual PPVC device is
conducted in the TNBR power system laboratory through a
hardware-in-the-loop (HIL) simulation using the OPAL-RT
real-time digital simulator. In this simulation, the whole
TNB power grid is simulated in the phasor domain
simulation, and the physical PPVC device is interfaced with .
the selected TNB power plant which modelled in the To _demons_trate the behawor_ of P_PVC under the
simulator using communication protocol IEC104 and regulation of different voltage setpoint, adjustment of + 0.01
MODBUS. The dynamic response of the PPVC is studied p.u from current-voltage setpoint is performed. The result

under three different kind of network perturbations; step zzg(\;\gszj Ilve;)éhitset/aebliets r::tp%?rs]te V;‘ﬂjg V'\jltph\llr? 2;82"9;'&
variation of the load demands (reactive power), step Y P X

variation of high-side bus voltage setpoint and also the dynamic response of the generator reactive power is also

transient response of the PPVC under three-phase fault at thghow_n here to indicate the effec_tweness of the balancing
high side bus of the power plant. Fig. 5 shows the algorithm for generator reactive power in PPVC.

deployment diagram of the HIL test setup which conducted Furthermore, there is no dynamic Interaction among the
in TNBR power system laboratory. multiple controlled generators occurred, which proves that

the control parameter is good for PPVC using a quasi-
[ %¥ovmo.n ]
—_—
_ ‘

steady-state sensitivity. The result of this experiment is

shown in Fig. 8 to Fig. 10.
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Fig. 5 Deployment diagram of the HIL test setup for CVC system
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Fig. 6 shows the dynamic response of high side bus
voltage, without and with PPVC device under a sudden %%
reactive power load change occurs at the high-side bus. It fime (9
can be seen that the high-side bus voltage can be maintaine€ig. 7 Transient responseldf, under three-phase fault at high side bus of
even after the load disturbance occurred; the PPVCthepower plant
automatically send the new set point to the generators AVR
to adapt this perturbation. Meanwhile, without the PPVC is

|
|
1
340 350

1989



High Side Bus Voltage (TJGS275-PPVC1)
T T T
X: 393 | |

283 T

...... Set-point woltage
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CVC system. Through a simple control strategy, an adaptive
control can be achieved by using online quasi-steady-state
sensitivity result to update the controller parameter. The

wp -l Lo - e result on the dynamic performance of the PPVC is very
s - B [ I R S promising for practical applications; the PPVC able to
§v, | | maintained their dynamics design under different kind of
S I Y B network perturbations.
> o _d_____ [E T
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Fig. 8 Dynamic response Bf,, under step variation of voltage setpoint
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Fig. 9 Dynamic response of generator voltage under step variation of
voltage setpoint
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Fig. 10 Dynamic response of generator reactive power under step variation
of voltage setpoint

IV. CONCLUSIONS [l

The paper has presented a details description on the
design and implementation of the power plant high side [10]
voltage controller for Coordinated Voltage Control system in
TNB. The working principle of PPVC has been described in
great details in the earlier section including the functional
component in PPVC and its dynamic design. The
mathematical formulation to compute the quasi-steady-state
sensitivity analysis is also presented in this paper. The [12]
proposed method utilizing a quasi-steady-state sensitivity
module (QSENS) which calculated online at CVC Control
Center Master Station (CCMS) using online data from the [13]
State Estimator (SE) results in Energy Management System
(EMS). Generally, an almost entire main component in CVC
utilizing quasi-steady-state sensitivity in their control
strategies which make it as the most essential module in

(11]

(14]

1990
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