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Preface

his dissertation is the final documentation of my doctoral study at the School of

TNuclear Studies and Applications, Jadavpur University. This dissertation is
guided by my thesis advisors Prof. Dr. Amitava Gupta of the Department of Power
Engineering and School of Nuclear Studies and Applications and Prof. Dr. Koushik Ghosh of
the Department of Mechanical Engineering and School of Nuclear Studies and Applications,
Jadavpur University and no part of the thesis belong to any other dissertation. This
dissertation consists of five broad chapters which are mentioned as below:

Chapter 1 introduces the dissertation by discussing in details the basic components of
the Pressurized Heavy Water Reactors (PHWRs). It is then followed by detailed discussion of
the major issues and approaches towards the stability and control of PHWRs that has been
addressed by the researchers till date. Finally this chapter also put forwards the motivations,
major contributions and outline of this dissertation.

Chapter 2 addresses the formulation of developing an interval model of a 540MWe
PHWR with bounded parametric uncertainties during power maneuvering. This is then
followed by the stability analysis of the interval. Further, for stable operation of the reactor,
the methodology of designing a single robust optimal Proportional-Integral-Derivative (PID)
controller has also been discussed.

Chapter 3 deals with the stability analysis and control of a 700MWe PHWR with limited
coolant voiding. Modeling of void fraction in transient time has been discussed in details. The
methodologies of designing robust PID controller for power maneuvering control and
optimal PI controllers for Pressurizer pressure control to keep voiding within prescribed
limit, has been discussed in details.
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Chapter 4 compiles the simulation and results of the reactor models and their associated
controllers. The results have been validated on real-time platform using Hardware-in-Loop
(HiL). The corresponding results have been published in the end to corroborate the
credibility of the aforesaid approaches on practical systems.

Chapter 5 summarizes salient concluding points of the dissertation and discusses in

details the future scope of research.

Shohan Banerjee

Jadavpur University
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Abstract

nuclear reactor exhibits changing behavior with variation in reactor power.

AFurther, uncertainties in the measurement of the actual power produced by the
reactor, the heat transfer from the fuel to the coolant and the reactivity change due to the
change in the fuel and coolant temperatures and condition of the core, make it necessary to
adopt a robust control approach for design of control systems for such plants. In this
dissertation, a 540MWe Indian PHWR consisting of 14 zones has been modeled using
inexact models incorporating bounded parametric variations in power, heat transfer from the
fuel to the coolant and temperature coefficients of reactivity of fuel and coolant. The stability
analysis of the inexact models suggests that though the system is marginally stable in nature,
the system is controllable. Therefore for stable operation, these inexact models are then used
to obtain a robust and optimal PID controller gains for controlling the reactor power with
specified time response under parametric variations, using an interval approach. The
methodology is established with credible real-time and offline simulations as and where
applicable.

Enhancement of available power output from a 540MWe Pressurized Heavy Water
Reactor (PHWR) with limited coolant voiding has been attempted in the recent past. Coolant
voiding in such a core usually occurs in the high power regime and introduce positive
reactivity in the core which makes a reactor increasingly unstable. This dissertation presents a
scheme for a 700MWe PHWR, which is capable of controlling the reactor from 60%to 93.2%
of its Full Power (FP) using the Liquid Zone Control System (LZCS) and the again from

93.2% to 100%FP in conjunction with a pressurizer which is activated to change the pressure

IX



in the coolant channel by a small amount, thus keeping the void fraction constraint. The
dissertation presents a dynamic model for estimation of void fraction in the 700MWe PHWR
core as a function of reactor power in transient time and then proposes an optimal controller
for pressurizer control. The pressurizer pressure controller has been designed using Genetic
Algorithm (GA) to keep void fraction limited. The controller performance has been validated

using credible Hardware-in-Loop (HiL) simulation.
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Introduction
Chapter 1

Introduction

1.1 Introduction to Pressurized Heavy Water Reactor (PHWR)

‘ x ’ith the increasing demand of electrical power, the world energy market is

shifting its focus towards increased utilization of vast nuclear resources to meet
its demand. For Nuclear Power Plants (NPPs), the fixed cost (primarily reflects the cost of
building the power plant) far exceeds the variable cost (primarily reflects the cost of fuel,
operation and maintenance) [1]. In fact, the development of NPPs was in part driven by its ability
to use much cheaper fuel (natural Uranium and heavy water) than coal, oil or natural gas.
However, for fossil fuel based thermal power plants, the fixed cost is lower but the variable cost
is higher than that of the NPPs [1]. Therefore it can be inferred that in a long-run, the NPPs are
more economical than that of the fossil fuel based thermal power plants in terms of fuel
utilization, operation and maintenance.
In context of Indian NPPs, out of the 22 operational nuclear reactors in 7 NPPs with a total

installed capacity of 6780MW, 20 reactors are Pressurized Heavy Water Reactors (PHWRSs) in

nature [2]. PHWRs exhibit excellent neutron economy by using Heavy Water(D20) as a

moderator and coolant which facilitates the use of natural Uranium fuel. Natural Uranium being

un-enriched in nature, it counterbalances the additional cost of Heavy Water which is much more

(1)



Chapter 1 Introduction

expensive than light water. In 1980, a 220MWe PHWR was first synchronized to feed electrical
power directly to the national grid [3]. After the successful installation and operation of
220MWe plant, the focus was to develop a PHWR of larger power generation capacity and hence
540MWe reactors were introduced which are operational since 2004 [4]. At the present stage, the
focus is to develop PHWRs of 700MWe capacity and they are in the advanced stage of
construction. A schematic figure of PHWR based electrical power generation plant is shown in
figure 1.1.

Steam
Generator

Steam

Feed Water
(Light Water) Power to

Calandria

mp!-%

Fuelling -
Machine || V1

\
Heavy Water as Fuel = Heavy Water as -
Coolant in PHT ~ (UO,) Moderator Transformer Cooling Water from
in Calandria Lake/Ocean/River

Fig. 1.1 Schematic diagram of PHWR based electric power generation plant [5]

The core design, operations and control of 220MWe PHWRs are different from the
540MWe because large power reactors possesses large sized, loosely neutronically coupled core
[4]. However, the core design, operation and control, shutdown systems and cooling systems of
the 700MWe PHWRs are similar to that of 540MWe PHWRs except for the fact that 700MWe

PHWRs have some additional improved features such as Passive Decay Heat Removal System

(2 )



Chapter 1 Introduction

(PDHRS), Regional Overpower Protection System (ROPS), Containment Spray System (CSS),
and steel liners on the inner surface of the containment building, over 540MWe PHWRs [4].
Such enhancements allow extraction of more power per channel in the 700MWe reactors by
allowing a limited coolant voiding toward the end of the channels. Brief descriptions of salient
reactor components of the 540MWe and/or 700MWe PHWR reactors are provided in the

following sub-sections.

1.1.1 Fuel and Core Design

The Reactor core for a 700Mwe PHWR is a two-end shielded integral assembly consisting
of fuel bundles and calandria tubes. For both 540MWe and 700MWe PHWRs, 37 natural
uranium dioxide fuel pellets of each 0.5m length form a fuel pin and 12 such fuel pins form a
fuel bundle, is contained inside a pressure tube made of Zr-2.5%Nb (Zirconium-Niobium) alloy
[6]. Each fuel bundle is spatially separated from the rest of the bundles and is welded into a
bearing at both end of the tube [6] [7]. Likewise there are 392 pressure tubes arranged in square
lattice structure, spatially distributed throughout the core and each pressure tube is of 49.5cm
length [6]. Both ends of the pressure tubes are wrapped by modified stainless steel fittings which
penetrate through the core shields and provide provision for online fuel refueling [7]. The

schematic of a pressure tube is given below in Fig. 1.2.
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Fuel Bundle Heavy Water Coolant Calandria Tube

End Plate Pressure Tube Annulus Gas

Fig. 1.2 Schematic of pressure tube [8]

Primary coolant consisting of heavy water at low temperature runs through the pressure tubes for
the purpose of extracting heat from the fuel generated due to fission reaction, thereby forming an
altogether of 392 coolant channels in the core. Each pressure tube is surrounded by a concentric
calandria tube and the annular space between the calandria tube and the pressure tube is filled
with carbon dioxide gas [7]. The carbon dioxide gas provides thermal insulation in between the
high temperature primary coolant inside the pressure tube and low temperature moderator

outside the calandria tube as shown in Fig. 1.3.
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Fig.1.3 Schematic of cross section of Calandria [6]

For the purpose of spatial control, the entire core is considered to be divided into 14 zonal
compartments. The power level corresponding to each zone for both 540MWe and 700MWe
PHWRs are given below in Table 1.1 [9].

Table 1.1
Thermal power level of 14 zones of 540MWe and 700MWe PHWRs

Reactor Equivalent thermal power (MWth) distribution of each zones
(intl)\,/})\?Ve) 1,8) 2,9 3,10) 4,11) 5,12) 6,13) (7,14)
540 132.75 135.99 123.30 98.55 123.30 132.75 135.99
700 159.75 163.64 148.01 118.59 148.01 159.75 163.64




Chapter 1 Introduction

1.1.2 Primary Heat Transport (PHT) System

The primary objective of the PHT system is to extract the heat generated in the reactor core

due to fission reaction. The schematic of the coolant loop in the reactor core is shown in Fig. 1.4.

East to West = Feed lOMPa’
channels Pressurize
<€ & Steam T
N <
Generator |
«—

Steam
Generator

N
-

West to East
channels

Bleed

Fig. 1.4 Schematic diagram of primary coolant loop [10]

As per the schematic, there are two inlet headers connected on each side of the reactor and
coolant channels are directed through 196 inlet feeders attached to a single inlet feeder [6] [10].
Coolant is directed to flow through these inlet feeders by two Primary Circulating Pumps (PCPs)
attached on both the side of the reactor. Likewise there are two outlet headers on each side of the
reactor each containing 196 outlet feeders through which the coolant flow out of the reactor [6].
Thus there are two primary coolant loops in the core operating in interleaved fashion i.e. in one
loop the coolant flows from east-to-west direction and in other loop the coolant flow from west-

to-east direction [6]. It is to be noted that two-loop coolant flow system is advantageous as it
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Chapter 1 Introduction

automatically isolates the loop where a Loss of Coolant Accident (LOCA) condition has
occurred [6]. Coolant flowing out of the reactor is carried into a heat exchanger where it transfers
the accumulated heat to the secondary side coolant generating steam.

For 540MWe PHWRs, the nominal temperature rise of coolant inside the core is 36°C i.e., from
267°C at inlet to 303°C at the outlet [11]. Similarly for 700MWe PHWRs, the nominal
temperature rise is about 44°C i.e., from 266°C at inlet to 310°C at the outlet [12]. The
pressurizer component of PHT maintains the primary side pressure of 9MPa and 9.8MPa for
540MWe and 700MWe PHWRs respectively [11], [12]. Another important component of the
PHT is the pressure relief valve attached to the pressurizer providing safety to the PHT from

over-pressurization.

1.1.3 Reactivity Control and Shutdown System

The control system in a nuclear reactor generates the inputs which modulate the reactivity
control devices to alter the reactivity input to the reactor. An increased reactivity increases the
neutron flux and hence burn-up of fissile material while a reduction in reactivity input reduces
the burn-up of fissile material. The Reactor Regulatory System (RRS) is the inherent control
system of the reactor which facilitates control of reactor power of a large PHWR during power

maneuvering and shutdown. The basic components of the RRS consist of the following:

1.1.3.1 Liquid Zone Control System (LZ(CS)

As already discussed, the reactor core is divided into 14 zones and each of these 14 zones
has a Zonal Control Compartment (ZCC) filled with light water which acts as neutron absorber.
The light water level in each of these compartments is varied in accordance with the demand

power for the purpose of bulk power control [13]. The LZCS uses a complex hydro-pneumatic
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system to control the light water level in each of the compartments as a function of pressure
difference between the gas outlet header and the delay tank [13], [14]. The light water level
alteration ultimately affects the reactivity variation of the core thereby providing a fine
continuous control of reactor power level and power distribution for each zone. It consists of six
cylindrical vertically oriented tubes running interstitially between the calandria tubes from the

top to the bottom of the core as shown in figure 1.5.
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Figure 1.5 Schematic diagram of LZCS inside the Calendria [14]

The two tubes located at the center are divided into three compartments each where the

compartments are separated by bulkheads. Similarly the four tubes located on the outer side are
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divided into two compartments each. Altogether there are 14 individual compartments for 14
zones. The LZC compartment is located approximately at the center of each zone and partially
filled with the light water and the water inlet into each LZC compartment is taken through a
control valve which can be used to vary the water inflow rate while the outflow from the
compartment is maintained at a constant rate. The water level in the compartment may be
changed in the desired manner by properly manipulating the signal to the control valve. The
reactivity variation is directly related to the water level in the LZC compartment. The top part of
the LZC is filled with Helium gas instead of air which not only reduces neutron activation but
also reduces the corrosion rates of the zirco-alloy structures. It is evident that when an LZCS is
emptied, the reactor tends to become super-critical due to the reduction of light-water level
which acts as neutron absorbent. It is to be noted that when an LZCS goes from full state to an

empty state, the net reactivity change of worth SmK occurs in the reactor core.

1.1.3.2 Control Rods

Through the movement of the external control rods, it is possible to add and remove
reactivity quickly in the reactor core thereby providing the provision of regulation of reactor
power level and spatial control of axial flux tilting in the reactor core. There are 21 adjustable
control rods among which 17 rods are made of Cobalt and sandwiched by stainless steel to
provide Xenon override control and rest 4 rods are made of Cadmium and sandwiched by

stainless steel, which are used for rapid power reduction [6].

1.1.3.3 Shutdown System (SDS)

In addition to two systems mentioned above, two Shutdown Systems (SDSs) are also

provided, which are used for maintaining the long term sub-criticality margin and also used for
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handling fast transient reactivity during power maneuvering and accidental scenario [6]. During
the scenario of reactor shutdown, the SSD-1 which consists of 28 mechanical rods made by
cadmium and sandwiched by stainless steel material, is first activated [6]. The SSD-2 on the
other hand is used to inject liquid poison inside the calandria tubes which mixes with the

moderator and help to reduce the reactivity.

1.2 Approaches for Controlling Nuclear Reactors

The LZCS, control rods and the SDS discussed above are actuating devices actuated by the
control signal generated by the controller. The controller design technique requires ample
attention and is a highly challenging task because of many reasons. The first and foremost of
these is the inherent non-linear and time-variant nature of the system which depends on the
operating power of the reactor [15]. Further, the reactivity defect (i.e. the change in reactivity)
caused by the change in reactor power varies with fuel condition of the core (fresh or equilibrium
core) and adds to uncertainties in reactivity feedback. Uncertainties also exist in the estimation of
the heat-transfer coefficient and heat transfer area. Owing to these difficulties, the domain of
nuclear reactor control has always attracted the attention of the contemporary researchers since
its inception and some of the significant contributions made in this regard are discussed below in

brief.

1.2.1 Classical robust control approaches

Methods based on classical robust control approaches like H_, based controller design

methodology and & synthesis have been attempted by some researchers [16] [17] [18] both with

non-linear and linearized models. It is to be noted that casting a reactor model in a H-infinity
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template is indeed very difficult and as pointed out in [17] a guaranteed solution may not exist.

In addition to this, classical robust control methodologies like H_ and p synthesis are known to

produce higher order controllers which are difficult to realize in practice and often require order

reduction [18].

1.2.2 Parametric Variation Based Rpbust Control Approach

Robust control methodologies dealing with control of nuclear reactors to tackle parametric
variation and uncertainties have been attempted by contemporary researchers using various
techniques e.g. a technique for Boiling Water Reactors (BWRs) proposed by Shyu et al. in [19]
which is based on co-ordinated control of manipulated variation. Similarly, the approach by
Edwards et al. in [20], is based on a design that uses sensitivity of the system’s dominant Eigen
values due to parametric variation, which has been applied for Pressurized Water Reactors
(PWRs).

In the recent past, development of new tools for dealing with interval mathematics has led
to application of interval techniques for control systems design which have been used for a wide
variety of applications e.g. [21], [22], [23] but these have not been extended to nuclear reactors
so far. The Kharitonov’s Polynomial Theorem forms the fundamental basis of applicability of
interval mathematics to controller design for linear systems and the treatment has been presented
in [24]. Some contemporary researchers, for example, Lee et al. [25] have used the Kharitonov
theorem to design a robust controller for a nuclear reactor. The methodology presented in [25]
starts with an inexact transfer function model of a nuclear reactor. The Kharitonov theorems [25]
are then used to derive a controller that can take care of typical parametric uncertainties in

measured reactor power, reactivity defect and heat-transfer coefficient when used in a
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Pressurized Water Reactor (PWR). A robust control approach for a Boiling Water Reactor
(BWR) to achieve integrated control of turbine power, water level and throttle pressure has been
proposed by Shyu et al. in [19]. This approach, however, requires co-ordinated control of

changing manipulated variables.

1.2.3 Nonlinear Dynamic Inversion (NDI) based Control Approach

A recent trend in power level control of nuclear reactors involves the use of NDI approach
towards nonlinear controller design. In Bose et al. [26], NDI technique merged with Interval
Approach has been used to design load-following controller for small modular PWR. The
designed controller can not only guarantee efficient load-following operation over entire power
regime but also ensure meeting of system constraints. In another work by Yadav et al. [27], the
NDI technique merged with constrained optimization has been used to design load-following
controller for large PWRs with Xenon induced oscillation. The designed controller eliminates the
Xenon induced oscillations, guarantees load-following operation and ensures satisfaction of
operating constraints. However, it is to be noted that the NDI technique used in these works does
not guarantees optimality in terms of achieving desired system performance with minimum

control rod movements.

1.2.4 State Feedback Control (SFC) Approach

Tiwari et al. in [28] have explored the use of singular perturbation theory towards the
modeling of large PHWRs considering additional Xenon and Iodine dynamics. For controller
design, a linear optimal state feedback regulator has been considered where the designed
controller is only near-optimal. Edwards et al. in [20] propose an approach based on State

Feedback Assisted Control (SFAC) which is based on sensitivity of a system’s dominant eigen
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values to variations in plant parameters. Here the state feedback controller is assisted by the
embedded classical controller where the state feedback controller generates the demand signal
for the embedded classical controller. Together they guarantee optimal performance, improve

performance and stability robustness. The method has been applied to control of a PWR.

1.2.5 Fractional Order (FO) Control Approach

Robust control of PHWRSs has also been attempted by Saha ef al. in [15] using a Fractional
Order (FO) phase shaper in conjunction with a PID controller and Das et al. in [29] using
Fractional Order PID (FOPID) controllers, mainly to take care of variation in system gain with
varying operating power of the reactor. However, these methodologies require implementation of
a FO element which is not easy to realize and the models considered in [15], [29] do not consider
the uncertainties in the reactor model though they have been shown to produce satisfactory

response at different power levels.

1.2.6 Sliding Mode Control (SMC) Approach

Sliding Mode Control (SMC), is another popular technique because of its capability of
robustly controlling both linear and nonlinear plants [30] [31], and efficiently handling system
uncertainties. Ansarifar et al. in [32] have proposed a second order sliding mode controller for
handling Xenon induced feedback oscillation. Reddy et al. in [33] have also proposed sliding mode
multi-rate output feedback controller for controlling Xenon induced spatial oscillations on large
PHWRs. However, these SMC based controllers exhibit the chattering in transient state which
may effects the stability of the systems. In [34], robust Optimal Integral Sliding Mode Control
(OISMC) has been proposed which eliminates the chattering by using a boundary layer

technique where a continuous approximation is used instead of signum function. However, it has
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been clearly stated in [34] that the optimality of this controller decreases with increasing of

uncertainty.

1.2.7 @eriodic Output Feedback Control Approach

Talange ef al. in [9] proposed a de-centralized controller for a 540MWe Indian PHWR by
varying the level of light water in the corresponding ZCC. The methodology is based on
periodic output feedback. The controller design methodology considers the thermal-hydraulic
effects and parametric uncertainties caused by a changing reactor power and produces acceptable
response in presence of these. However, this methodology requires a fast sampler, as the input
needs to be changed more number of times within an output sample interval, which may be

difficult to achieve.

1.2.8 Fuzzy Logic Control (FLC) Approach

Fuzzy Logic Controllers (FLCs) are known for their uncertainty handling capabilities and
some researchers [14] [35] have also proposed use of FLCs for control of PHWRs. Bhatt ef al. in
[14] proposed a FLC based control methodology for maintaining constant pressure difference
between the gas outlet header and delay tank of the LZCS of a large PHWR by controlling the
feed and bleed valves. In [35] Liu et al. proposed a technique to control the spatial power of a
large PHWR by using Decentralized Fuzzy Model Predictive Control (DFMPC) where a fuzzy
modeling has been used to approximate the nonlinear process. To reduce the conservatism, a
fuzzy Lyapunov function and quasi-min-max methodology has been applied. However, the use
of such controllers for control of nuclear reactors needs rigorous validation from stability point

of view and is likely to cause regulatory concerns.
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1.2.9 Networked Control System Approach

From the perspective of the control system design, the focus is shifting towards the
objective of de-centralized controller design where the controller and the system are connected
over a network. Such networked control system reduces cost of wiring, installation and
maintenance. Networked control system has also been extended towards the control of PHWRs
as evident from [36] and [37]. In [36], the designed controller is Linear Quadratic Regulator
(LQR) based state feedback controller, whereas in [37], the designed controller is memory-less
Proportional-Integral-Derivative (PID) controller. However, it is to be noted that these works

focus mainly on handling network induced uncertainties like packet drop and/or jitter.

1.3 Motivation of the dissertation

From the discussions of various control approaches for the nuclear reactors, it is evident
that the design of robust optimal controller is necessary for controlling a large reactor like
540MWe, 700MWe PHWRs during power maneuvering. Nuclear reactors are subject to various
bounded uncertainties and parametric variations. The nature of the nuclear reactor is inherently
non-linear and time-varying depending primarily on the operating power of the reactor [15] [16].
Also the variation of reactivity (i.e. reactivity defect) caused by the change in reactor power
variation, depends on the fuel condition i.e. whether the core is fresh core or equilibrium core
and adds to uncertainties in reactivity feedback. The estimation of the various thermal hydraulic
parameters like heat-transfer coefficient for fuel and coolant, heat transfer area etc., also results
in bounded uncertainties to the system. It is to be noted that for 700MWe PHWRs, limited
voiding is allowed in coolant channels which leads to bounded uncertainty in void fraction

estimation ultimately affecting the feedback reactivity. Therefore it is evident that the designed
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controller must be capable of handling system with bounded uncertainties and parametric
variations caused due to reactor power maneuvering.

Apart from the controller being capable of handling bounded uncertainties and parametric
variations, it is always preferable that the controller must ensure maximum burn-up of fissile
material with minimum control effort for PHWRs. Maximum burn-up of fissile material is
essential because PHWRs use natural uranium as fuel material and accomplishing this with
minimum control effort is the subject of interest. Minimizing control effort drastically reduces
the cost of control and this signifies achieving desired performance using minimum movement of
actuators (control rod banks, valves of LZCS) which ultimately minimizes the reactivity
requirement of the reactor.

Therefore, from the above discussion it can be inferred that the major objectives of the
designed controller are:

a. Controller must be a Robust Controller capable of handling bounded uncertainties
and parametric variations.

b. Controller must be an Optimal Controller capable of ensuring maximum burn-up of
fissile material with minimum control effort.

Motivated by this necessity, the objective here is to design a single robust optimal
controller capable of ensuring desired system performance over a wide operating regime of
power variation. The designed single robust optimal controller will in turn guarantee the stability

of the system.
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1.4 Major Contribution and Outline of this thesis

As discussed before, various techniques for designing robust optimal controller exists, for

e.g. H, controller, modified sliding mode controller design, etc. However, these controllers are

not PID controllers. In practice, 90% of the controllers used for industrial control are PID
controllers [38], known for their excellent ability to achieve tracking, robustness, disturbance
rejection and noise immunity. Therefore, the design of single robust optimal PID controller is
one of the major contributions of the dissertation. He et al. in [39], has designed Linear
Quadratic Regulator (LQR) based optimal PID controller capable of placing the closed loop
poles of the system within a specified region in the s-plane thereby ensuring stability of the
system. However, it is a well-known fact that LQR based optimal controller is derived from the
Algebraic Ricatti Equation (ARE) that can never guarantee controller robustness to parametric
variations and uncertainties. Over the recent years, advances in interval mathematics and
development of tools like Real Paver [40] and INTLAB [41] have opened the possibility of
analyzing systems with bounded parametric uncertainties as interval systems that paved the way
to the application of modern control techniques for control systems design with inexact models.
Therefore, in this dissertation, the ARE is modified to be written as an Interval System and the
PID controller gains are derived accordingly such that the designed single PID controller gains
satisfies the interval ARE equation. The merger of ARE with Interval Arithmetic ensures that not
only the designed single PID controller is robust due to the use of Interval Arithmetic, but also
guarantees optimality due to the use of ARE and this can be counted as one of the major
contribution of this dissertation which has been discussed in details in Chapter 2.

In this context, a 540MWe Indian PHWR plant is first modeled as an Interval System and

then model-order reduced into an interval second-order integrator template which is also a major
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contribution of this dissertation illustrated in Chapter 2. The uncertainty bounds are derived from
the uncertainty bounds of physical parameters like the reactor zonal powers, reactivity
coefficients, parameters related to heat transfer from the fuel to the coolant etc., corresponding to
the power maneuvering from 60% of its Full Power (FP) to 100%FP. Stability analysis of the
interval model over the interval of power variation suggests that the system is controllable within
the interval considered even though the system may be unstable in nature. Therefore, for stable
operation of the reactor, there arises the need for design of a robust controller. With a robust,
optimal PID controller designed for the nominal plant corresponding to 80%FP, controllers are
designed for each zone and it is shown that the same controller can be used for controlling the
reactor power varying between 60%FP and 100%FP. The controller remains optimal with a
bounded change in cost of control [42] on the parameters of the system. The approach allows the
designer to associate appropriate weight to the reactivity input to the reactor, thus controlling the
fissile material burn-up. On the other hand, the advantages of a PID controller are also preserved.

The next objective is to extend the same controller design methodology towards the control
of a 700MWe Indian PHWR where there is a provision of limited voiding in a coolant channel in
the higher (92.3%FP) power regime. The occurrence of voiding in a coolant channel poses a
major challenge towards operation and control engineers of a 700MWe PHWR operating at
100%FP. Voiding in the coolant channel, if left uncontrolled, may result in a severe accident due
to positive reactivity defect. Many contemporary researchers like [43] and [44] have established
the characteristic of voiding and attempted to estimate the void fraction in a two phase flow in
the coolant channels. However, in both cases it is difficult for a control engineer to choose a
proper control strategy as these estimations are computationally intensive. Moreover, these

methods do not provide any information in the transient time, i.e. during power maneuvering.
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Literature survey [43], [44] reveals that the operational analysis of a nuclear power plant in
transient time during the occurrence of voiding in a coolant channel is limited. Also, majority of
the existing literature related to void analysis, do not provide void modeling in the transient time
though this is an important analysis that is required to be carried out for 700MWe PHWRs and is
essential for design of controllers. Motivated by the need to bridge this gap, this dissertation puts
forward the details of void fraction modeling in transient time as a function of demand power
maneuvering, in Chapter 3. Operation of a 700MWe PHWR, therefore proposes to tackle two
major challenges viz. the first challenge to design single robust optimal controller for power
maneuvering control from 60%FP to 100%FP and the second major challenge is to keep void
fraction limited during such power maneuver. Voiding leads to non-polytopic variation of reactor
parameters with respect to the reactor power variation and therefore the controller design
methodology for a 540MWe PHWR is incapable of ensuring robustness, performance and
stability when applied to a 700MWe PHWR. Therefore, the controller design methodology for
540MWe PHWR is modified to handle bounded non-polytopic parametric uncertainty and this
can be regarded as one of the major contribution of the dissertation illustrated in Chapter 3. The
next objective is to keep the void fraction within its specified limit and for this purpose the
pressurizer pressure of the PHT is altered in a very tight interval as soon as the voiding starts.
The pressurizer pressure control is accomplished by optimally controlling the spray flow and
heating element of the pressurizer. The optimal PI controller for pressurizer has been designed
using Genetic Algorithm (GA) [45], [46]. The presence of two sets of optimal controller-one for
controlling the power level designed using LQR approach and interval arithmetic and another for
controlling the pressurizer pressure designed using GA, can together achieve efficient power

tracking of 700MWe Indian PHWR keeping the coolant channel void fraction within its
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prescribed limit and this can be counted as the final-most major contribution of this dissertation
discussed in details in Chapter 3. Thus, modeling of void fraction from principles of reactor
thermal-hydraulics and its use in the design of a power controller for the 700MWe PHWR with
limited controlled void formation is another major contribution of this dissertation and this is
presented in detail in Chapter 3.

The methodologies illustrated in Chapters 2 and 3 are validated using simulation based
studies and the corresponding results are presented in Chapter 4. Chapter 5 summarizes the

salient conclusions from the dissertation and finally presents the scope for future work.
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Chapter 2 A S40MWe PHWR in Open-loop and Controller Design for its Stable Operation

A S40MWe PHWR in Open-loop and
Controller Design for its Stable Operation

2.1 Introduction

his chapter discusses in details the dynamics of a 540MWe PHWR under variable

T reactor power and proposes a methodology to design a single robust optimal
controller that can be used for control of the reactor within a specified bound of reactor power
variation. The controller can also take care of bounded parametric variations in the reactor’s
parameters arising out of uncertainties in modeling. For this purpose, The PHWR is modeled as
an interval system and the nature of its open-loop behavior is first studied. It is obvious that
modeling an uncertain system as an interval system would extensively require the knowledge of
the Interval Arithmetic and therefore the requisite mathematical formulae of Interval Arithmetic
are discussed in brief at the very beginning of this chapter. This is then followed by a detailed
methodology of modeling a plant with bounded parametric uncertainties and uncertainties in
measurements (reactor system) as an interval system in general and as applied to the modeling of
a 540MWe PHWR plant specifically. Finally this chapter concludes with the details of designing

a single robust optimal PID controller to control the power in a 540MWe PHWR under changing
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reactor power in the presence of uncertainties in measured reactor power, reactivity defect and

heat transfer estimates.

2.2 Basic Interval Mathematics

An interval system with bounded parametric uncertainties can be described using the

following general transfer function representation defined as

+fis" o+ f 8"
g0+g1s+‘..+gn (2.1)

=[fo,ﬁ,...,fm;go,gl,---’gn]?

The set p is the set of all parameters with admissible uncertainties and is represented by the set
of all interval variables in G(S,p). In (2.1) and throughout the rest of this dissertation a bounded
interval variable Z is defined as ZeR|Z<Z<Z where Z represents infimum of Z and Z its
supremum and [Z ,Z J represents the interval of Z. The definition of interval holds for a vector

or a matrix as well. Further, if N e []y , N ] be another interval variable, then the following hold

[47]:

[2.Z)+[n. N]=[(z+1).(2
[2.Z][§. N]-[r.7]=[(z-

)
(2. Z]x[ N, N]= { min(Z "]]V_V;_]‘izz__))] 22)

max (2
%:[z, f]x{izv’ﬂ

It is to be noted that equation (2.2) is only valid for the scalar variable.
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For matrices, the interval operations are different from the ones defined in (2.2) [48]. If N

1s termed an interval matrix then N can be defined as:

nll n12 nln
n n n
21 22 2
N = ; 2 (2.3)
nnl nn2 nnn

where, any element n; € N is an inferval variable defined as n, :[ , ﬁi,]. Correspondingly,

Ly
the matrix N denoted as the infimum of N and the matrix N denoted as the supremum of N,

may be defined as

n, n,

N= R (2.4)
n, n, n,

and
ny ooy, n,

N = 1y ﬁ:22 n, (2.5)
_nl ﬁnZ _nn

respectively. Again, the matrix N can be alternatively expressed as

N=N_+N, (2.6)

where ‘c’ as a suffix represents nominal matrix and 7’ as a suffix represents the variation of the

infimum and/or supremum from the nominal matrix. Therefore,
N, =—(N+N) (2.7

N =N -N (2.8)
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Now if Ze [Z, Z] be another interval matrix, then using the results presented in Rump et al.

[48], for the product W = NZ, the following hold:

W, =(IN.|Z,)+N, (Z|+Z,) (2.9)

W, =NZ, (2.10)
W=N_Z +W, (2.11)
W=N_Z -W, (2.12)

If N is a point matrix as opposed to an interval matrix, then N, =N and N =0. For such

cases, the following hold for the product W = NZ

W, =(|N|Z,) (2.13)
W=(NZ +W,) (2.14)
W=(NZ -W) (2.15)

Again for a set of interval variables W= [wl,wz, ..... WN] a convex box of w means the Cartesian
product of the intervals[V_Vl, v_vl]X[v_Vz, v_vz]x---x[v_vN, WN].

In equation (2.1) the transfer function G(S,p) represents a ratio of two polynomials ins, the
coefficients of each being interval variables represented by real numbers which lie within
specific bounds [gi, g_l.] Vie[0,m] and [L, j_‘]] Vje[0,n]. If the denominator of the
interval plant is expressed as

q(s,p):go+g1s+g2s2+...+gns" (2.16)
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then the interval plant G(s,p) will be Hurwittz stable if the set of following four polynomials

known as Kharitonov Polynomials [24] are Hurwitz stable:

2.17)

Hurwitz stability of Kharitonov Polynomials serve as the necessary and sufficient condition for

robust stability of the interval plant G(s,p) .

2.3 Realizing reactor system as an interval system and analysis of its open-loop

behavior

In this sub-section, it is first attempted to represent the relationship between demand power
error (i.e. the difference between the demand power and the actual power produced) and power
output of the reactor in the form of a transfer function representing a standard interval plant with
bounded parametric uncertainties [25] described as

L
GP)= s

p=[L. a,b] (2.18)

LE[L, Z]; ae[g, 5];be[é, Z;]

It has been shown in [15], [25] that under varying power condition (2.18) holds for a
reactor system. The results reported by Lee et al. are based on a similar assumption but a higher

order template. In this chapter, the uncertainty bounds in (2.6) are derived from the uncertainty
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bounds of physical parameters like the reactor zonal powers, reactivity coefficients and
parameters related to heat transfer from the fuel to the coolant. The plant

b (2.19)

Gy(s) =
0 s’ +a,s+b,
is termed as the nominal plant and referred to as such throughout the rest of the dissertation

interchangeably with the term nominal system.

2.3.1 Development of Interval Model of a S40MWe PHWR,

As mentioned in Chapter 1 a 540MWe PHWR consists of 14 zones each of which can be
controlled by varying the height of the water column in its ZCC by a LZCS. The water level in
each ZCC is controlled by modulating control valves to fill or drain the compartments with light
water, thus controlling the reactivity input. There exist significant coupling between the different
zones. A comprehensive description of the LZCS has been given in Chapter I and in this chapter
the data presented in [9] and [49] has been used for model development.

In this section, it is attempted to develop an inexact transfer function model for each
PHWR zone of the general form G(S,p) defined by (2.18). A lumped parameter point kinetic

model of a PHWR zone neglecting inter zone coupling can be represented by the following set of

equations.

T LS iacp, b 220
cji_(t?:ﬁ%_ﬂc .21)
dr

Sr=—(hroB) 7,5, E, (2.22)
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ci,—i(= —(Ay+6,P) X+ 241 +y. 2, P, (2.23)

dT, 1

—L = P, —AW(T, -T 504

dt mfcpf{ 4 ( 4 ‘)} (2.24)

CZL - mlc {[mcp(.nfnpu, _”"‘cpﬁm,}“‘lhfc (T/ —Tc)} (2.25)
¢ p.

where P, is the zonal reactor thermal power (W), p, . is the net reactivity input, incorporating

reactivity defect due to change in fuel and coolant temperatures, C denotes delayed neutron
precursor concentration and / and X represent the iodine and xenon concentrations

respectively for a particular zone (m™). Similarly, £ denotes for delayed neutron fractional yield,
A denotes decay constant (sec”) while o, and o, represent the microscopic thermal neutron
absorption cross sections of xenon and iodine respectively (m?). Similarly, 7y and y, denote
xenon and iodine yield per fission, 4, and A, denote corresponding decay constants (sec™) and
2., and ¥ represent thermal neutron absorption and fission cross sections (m™). Further in the
same set of equations, m, and m, denote mass of the fuel and mass of the coolant in the core

(kg), C,, and ¢, represent specific heat of the fuel and specific heat of the coolant respectively

at constant pressure (J/kg.’C) while A is the active heat transfer area (m”) and hy, is the fuel to

coolant heat transfer co-efficient (W/m?.°C). The symbol m denotes the mass flow rate of the

coolant (kg/sec), T, (°C) denotes the average fuel temperature and T, denotes the average

coolant temperature (°C) defined as

L t T
]; — inlet 2 outlet (2.26)
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where TCW and 7, ~ are the inlet and outlet coolant temperatures respectively in °C. In the
formulation (2.20)-(2.25) 7,  is assumed to be constant.

The net reactivity input to a zone p,, may be expressed

pnet :pext +af (Tf_TﬂS)—i_ac(Tc_Tcm ) (227)
where p,  denotes the reactivity introduced in the zone due to control rod movement and

change in ZCC level, 7, and 7, represent the initial (equilibrium) values of average fuel and
coolant temperatures and «,, «, represent the temperature coefficients of reactivity of the

coolant and fuel respectively (°C™).
The equation set (2.20) - (2.27) is used to develop an incremental state-vector model for

the PHWR zone of the form

X =AX+Bi and §=Cx (2.28)

where XZ[PM C 1 X T

~ T . .
T ] denotes the set of incremental state variables around an

equilibrium state [P, C, I, X, T, Tss]T and u denotes the incremental change in net

§S SS SS

reactivity and is equal to p . Similarly set by C=[1 0 00O 0] and ¥ denotes the

net *

incremental reactor zonal power P, calculated around P,. Substituting Q= 4h,, M_= nc, ,

Hy=mec, and u =mc, in(2.20)-(2.25), the matrices A , B are computed as
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_ IB+GXX35 1 0 _GXXSS a S8 a Pys
>, )1 .1 a <
g -1 0 0 0 0
-1, +7y, Zf 0 (/11 +0'1PSS) 0 0 0
A=
(7=, -0 X,) O A, ~(Ay+0yP) 0 0 (2.29)
1 0 0 0 _Q 2
Hy Hy Hy
2me. +Q
0 o o 0 20 { }
L H, H, |
P T
B:[% 0000 0} (2.30)

Equation (2.29) and (2.30) represent a 6 order interval system with the uncertainty vector

p=|Pa,a,Q] 2.31)
P, e[P.P Jia,e[a,.a ] cla. @] 0c[Q.0]

2.3.2 Analysis of stability and controllability of the non-linear plant in the power
regime 60% TP to 100% FP

The matrix A in (2.29) obtained after linearization, is actually an interval matrix and for

an interval of Ay, [60%FP,100%FP] associated with the reactor power P produce an interval

matrix A}, represented as:

[-12.39-11.74] 0.608 0 [-63.8-34.7]  [-4.845,-3.3083]x10° [-10.526,-5.574]x10’
[9.4936708,9.4936709] —0.608 0 0 0 0
w | [5-808,5.809]x10™* 0 [-2.88-2.79]x10” 0 0 0
* | [-5.6,-5.4]x107 0 2.812x107° [-2.1,-2.101]x10 0 0
[4.01,4.05]x107° 0 0 0 [-0.1946,-0.1751] [0.1946,0.1751]
0 0 0 0 [0.1142,0.1307] [-2.1161,-2.106]
(2.32)
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It is assumed that A, represents the value of A at 60%FP, A, represents its value at 80%FP

and A, represents the value of A at 100%FP. Since, the demand power variation is considered

100

in the range 60%FP to 100%FP, the design methodology presented in this chapter uses 80%FP

as the design basis and the corresponding value of the matrix A at 80%FP becomes

-12.3 0.608 0 4383  -4.25x10° -7.42x107 |
9.49367088 —0.608 0 0 0 0
A, = 5.8087><1()j 0 —2.83x107: 0 ) 0 0 (233)
—-5.53x10 0 2.812x107° —2.1x10 0 0
4.033x10°® 0 0 0 -0.188 0.188
| 0 0 0 0 0.122 —2.101 |

The Eigen values of the matrix A, are enumerated in Table 2.1 as:

Table 2.1
Eigen values at different power level
SIL. No Eigen values of A
1 -10.088597
2 -2.091980
3 -0.104790+ 0.114542i
4 -0.104790-0.114542i
5 -0.00000000125
6 0.000000

From Table 2.1 it is seen that the real-part of all Eigen values of the matrix A,, are not all

negative and hence the open-loop linearized non-linear plant is not stable at 80%FP. It is then

attempted to study the establish the bounds of Eigen values of the interval matrix A’ .
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The bounds of the Eigen Values of the interval matrix (2.32) can be calculated as in [50] by

defining

A = (aw+AW)

2.34
l A 100 100 ( )
A, ZE(A(,O —Ag )
and further
1 T
S, =—(A, +A])
2 (2.35)

S, :%(AA+A£)

it can be proved that if A denotes the set of all real Eigen values of A}’ then the following

interval bound holds

Ach=[2",2"] (2.36)
where,

&0 = ﬂmin (Sc)_p(SA) (237)
/1_0 :/’i’max (Sc)+p(SA)

It is to be noted that for a symmetric matrix A represents the set of all Eigen values where
tighter bounds are possible.

Thus bounds for the real Eigen values of A’ are computed and expressed in Table 2.2

Table 2.2
Bounds of the real Eigen values of A}’
[ A°, ZOJ Interval Bounds of the real part of Eigen values
A° ~5.2688x10’
A° 5.2688x10
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From Table 2.2 it is seen that the real part of all the Eigen values of the interval matrix lie

bounded in the interval [—5.2688><107, 5.2688x107]. Therefore, it can be concluded that the

non-linear plant represented by the equation set (2.20)-(2.25) is not guaranteed open-loop stable

in the power regime [60%FP,100%FP] [50], [48] as there could be one or more real Eigen
values of the interval matrix Ay’ on the origin or the positive half of the real axis..

Next, it is attempted to study the controllability of the non-linear plant in the power regime

selected i.e. [60%FP,100%FP] and to do that the corresponding interval of the matrix B
expressed as By = [B6O, Bmo] 1s computed as yields

By’ =[[13671,2.2785]x10° 0 0 0 0 0]T (2.38)

From (2.32) and (2.38), the interval controllability matrix may be written as

100 100 100100 100 3 100
U :[BGO ARBY ... (AY) By (2.39)
which produces
[[1.36,2.27]x107 [-2.16-1.29]x10"  [1.30,2.18]x10°  [-2.19,-1.32]x10°  [1.33,2.21]x10"  [-2.23,~1.345]x10" |
0 [1.29,2.13]x10"  [-2.185,-1.31]x10°  [1.33,2.20]x10°  [-2.22,-1.34]x10"  [1.346,2.24]x10"
_— 0 [833.5,1389.1]  [-13.18-7.91]x10° [7.98,13.29]x10* [-13.4,-8.05]x10°  [8.12,13.52]x10°
o 0 [-128.5,-77.103] [73.2,112.3] [-9.86,-7.38]x10°  [7.45,12.4]x10°  [-12.51,-7.532]x10°
0 [6.19,10.13]x10>  [-0.97,-0.59] [6.04,9.81] [-99.4,-60.9] [6.154,10.03]x10°
0 0 [8.1,11.7]x107* [-0.95,-0.13] [0.99,1.41] [-1.43,-1.007] |
(2.40)

For any interval matrix, it is always possible to determine whether a given interval matrix
contains a matrix of a given rank r[51], however a study of the interval matrix U}, reveals the
following:

(i)  The elements of the matrix Uy, lie within bounded intervals which do not include 0

(i1))  The intervals are such that no row can be expressed as a multiple of another
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The observations (i) and (ii) indicate that the rank of the matrix U:,)?)O remains same as that of the
controllability matrix U,, corresponding to 80%FP which is equal to 5 and same as that of the
system matrices A, , Ay, and A, . This implies that the non-linear system remains controllable

in the entire regime of power variation considered in this paper which is [60%FP,100%FP] .

A standard controllability approach based on linearization has been adopted in this chapter rather
than a conventional reachability analysis for a non-linear system based on the lie-bracket

approach [52] as the controller design methodology employed uses an LQR approach which is
extended for interval systems, which requires the system (Al ,B.) to be stabilizable. The steps

involved in controller design are detailed in the following sections.

2.3.3 Deriving the 2" order interval plant

This 6™ order system is reduced to derive the interval plant of the general template (2.18)
using a two-step approach. First, the aggregation method detailed in [53] is used to derive a

reduced order plant which yields

Rsﬂ’X (2Mc + 2Q)kLZC

L= (2.41)

[2Mc})ss +ﬂ+ O-XX _2Mcﬂ_Qac})ss +2Mc +Qaszs]
Q M+ lZa

a= al B (2.42)
m(ZMch +p+ 2 oM p-Qa P, +2M, +Qame}
/Llj/'lcl a

and

h=0 (2.43)
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with the assumption that the control rods are stationary and power is controlled by the LZCS

alone such that p, , =k,,..AP,, where AP, denotes the power error and the gain term k,,. has

been assumed to be equal to 2.5x10™° based on the data presented in [9]. The relevant Matlab

code involving symbolic manipulation is detailed in Apendix-I1.

It is seen that the RHS of equations (2.41) and (2.42) involve interval variables
P, e [ﬂS,ES], a, € [o_cf, o_cf],ac ela,, a.], Qe [Q,ﬁ] which result due to uncertainties in
measurement or due to variations in reactor power or both and can be used to derive the interval
variables L =L, +*AL,a=a,* Aa,b =0 around their nominal values [L;,q,] to obtain interval
plants described by (2.19) . The nominal system can be obtained by substituting L=_L,,a=aq,

and b =0 in (2.19).

Table 2.3 enumerates the representative values of the Thermal-Hydraulic parameters used
in equations (2.42)-(2.43) as reported by contemporary researchers [9], [49]. The values of the

parameters reported in Table 2.3 and those of @, and «, correspond to 80%FP and the values of

these parameters at other power levels used in this dissertation are as reported in [49]. In Table

AN

23 P, and Q, denote the nominal values of the interval variables P, and € respectively.
Table 2.3 does not include the values of the neutronic parameters (i.e. 5, o,, 0,, [, A, A,, 4,,
Yx» ¥i» 2, and X ) for the sake of brevity and they have been taken as reported in [9]. The
nominal values of ¢, and «, are taken as —5.59x10™ "C™" and —3.2x10° "C"' respectively for

all 14 zones assuming an equilibrium core.
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Table 2.3

Thermal-Hydraulic Parameters for Nominal System at 80%FP

Zone Q, Hy He M,

1,8 1 108.48x10° | 3.128x10° | 1.661x10° | 5.113x10° | 5.181x10°
2,9 | 110.88x10° | 3.203x10° | 1.701x10° | 5.236x10° | 5.305x10°
3,10 1 100.66x10° | 2.907x10° | 1.54x10° | 4.753x10° | 4.816x10°
4,11 | 80.35x10° | 2.321x10° | 1.23x10° | 3.794x10° | 3.844x10°
5,12 1100.66x10° | 2.907x10° | 1.54x10° | 4.753x10° | 4.816x10°
6,13 | 108.48x10° | 3.128x10° | 1.661x10° | 5.113x10° | 5.181x10°
7,14 1 110.88x10° | 3.203x10° | 1.701x10° | 5.236x10° | 5.305x10°

Table 2.4 represents the intervals of P, and € and the corresponding intervals [L, L ]

and [g, 5] for each zone computed using rule-set (2.2) and equations (2.41)-(2.43) with a

+10% of uncertainty bound for each interval variable P

582

a,, a, and €, at 80%FP. The

intervals [-6.149, -5.031]x10™ °C" and [-3.52, -2.88]x10° "C" associated with e, and «,

respectively, remain same for all zones and are not presented in Table 2.4.
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Table 2.4

Interval Parameters with +10 % Uncertainties at 80%FP

Zone (2. P,] [2.6] (L] [a, @]

1.8 1 [97.57,119.26]x10° | [2.81, 3.44]x10° | [0.0055, 0.0074] | [1.3287, 1.7793]
2.9 1199.79,121.96]x10° | [2.88, 3.52]x10° | [0.0054, 0.0072] | [1.3235,1.7725]
3,10 1[90.58, 121.96]x10° | [2.61, 3.19]x10° | [0.0061, 0.0082] | [1.3030, 1.7450]
4111 [72.31,88.38]x10° | [1.98, 2.43]x10° | [0.0075, 0.0101] | [1.3247, 1.7740]
5,12 1[90.58, 121.96]x10° | [2.61, 3.19]x10° | [0.0061, 0.0082] | [1.3030, 1.7450]
0,13 1 [97.57,119.26]x10° | [2.81, 3.44]x10° | [0.0055, 0.0074] | [1.3287,1.7793]
7,14 1199.79,121.96]x10° | [2.88, 3.52]x10° | [0.0054, 0.0072] | [1.3235,1.7725]

Next, the equations (2.41)-(2.43) are also used to derive the values of the variables L, a, at
80%FP, 100%FP and at 60%FP and the values are represented in Table 2.5. For each power

level corresponding values of [ac, a, Q] that have been used in the computation of L, a are

as reported in [49].
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Table 2.5
Nominal Values of L,a at 100%FP, 80%FP and 60%FP

Zone 100%FP 80%FP 60%FP

L, a, L, a, L, a,

1,8 | 0.0051034 | 1.55889 | 0.0064626 | 1.55496 | 0.0084124 | 1.533248

2,9 10.0050102 | 1.56477 | 0.0062857 | 1.54870 | 0.00825668 | 1.540570

3,10 | 0.0052687 | 1.53291 | 0.0071854 | 1.524855 | 0.0093849 | 1.510010

4,11 | 0.0068255 | 1.55388 | 0.0088249 | 1.549330 | 0.01149299 | 1.533319

5,12 1 0.0052685 | 1.53291 | 0.0071854 | 1.524855 | 0.0093849 | 1.510017

6,13 | 0.0051034 | 1.55889 | 0.0064626 | 1.554968 | 0.00841247 | 1.533248

7,14 1 0.0050102 | 1.56477 | 0.0062856 | 1.54870 | 0.0082566 | 1.540575

The data set corresponding to 80%FP in Table 2.4 is used to derive the nominal plant transfer
functions for each of the 14 zones of the PHWR of the form (2.19). Since the parameter b =0
for all zones, each plant represents an integrator plant with a real pole which moves closer to the

origin with reducing power P_ as evident from a study of the parameter a for each zone of the

PHWR corresponding to different power levels in Table 2.5. This general nature of a reactor
with thermal-hydraulic feedback has been reported in [49] also.

The set of equations (2.20)-(2.25) does not take into consideration the effect of coupling
between the different zones of a PHWR. The coupling between the different zones of a 540MWe
PHWR exists and this has been reported by contemporary researchers [36], [54]. It is therefore
necessary to compare the models obtained using (2.41)-(2.43) with the results obtained through

system identification using practical plant data. Table 2.6 presents the nominal plant parameters
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Ly, a, (data corresponding to 80%FP) obtained by system identification using practical plant

data which takes into consideration both thermal-hydraulic effects and coupling between the

Z0ones.

Table 2.6
Identified Model at 80%FP

Zone L, a,

1,8 | 0.0064890 | 1.56021

2,9 10.0063465 | 1.55056

3,10 | 0.0072003 | 1.53406

4,11 | 0.0089023 | 1.55043

5,12 | 0.0072003 | 1.53406

6,13 | 0.0064890 | 1.56021

7,14 | 0.0063465 | 1.55056

It is seen from Table 2.5 and Table 2.6 that for each zone the difference between the

nominal system parameters reported in Table 2.5 and Table 2.6 lies within the intervals [L, L :'

and [c_l, (7] reported in Table 2.5 implying that a robust controller designed with parametric

uncertainty bounds defined in Table 2.5 will be able to handle uncertainties induced due to

coupling.

2.3.4 Analysis of open-loop poles behavior for the reduced order system

The interval of a :[g, c_l] depicted in Table 2.4 signifies the interval variation of open-

loop poles location for different zones of a 540MWe PHWR with 10% bounded parametric
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uncertainties. Also, from Table 2.5, it is evident that the pole location of the nominal plant varies

in an interval with the variation of the demand power in the interval of [60%FP, IOO%FP] . From

Table 2.4 and Table 2.5 it is evident that[go, c_zo] g[g, c_l]. Figure 2.1-2.4 depicts the interval

variation of open-loop pole location for corresponding zone.

1 T T T T T T T
0.8F —Loa |
—L,a
0.6~ _ M
—VL.,a
04F —L,a ||
2 02+ —T.a |
é =S
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g -02f d
-0.4 _
0.6 .
0.8 -
1 L l L i l | L
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Fig. 2.1 open loop poles for interval system of zone 1, 8, 6 and 13
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2 0.2 —L.,a |-
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Fig. 2.2 open loop poles for interval system of zone 2,9, 7 and 14
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Fig. 2.4 open loop poles for interval system of zone 4 and 11

It is interesting to note that the system considered here corresponds to a template defined

by (2.18) representing an integrating system, since b =0 V[L,a] . Therefore one open-loop pole

must lie at the origin and this is clearly depicted in Fig. 2.1-2.4. Thus, the system is a marginally

stable system. An examination of Fig. 2.1-2.4 suggests that the location of the pole of the
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nominal plant which corresponds to 80%FP shifts away from the origin as and when power is
increased from 80%FP to 100%FP and shifts towards the origin when power is reduced from
80%FP to 60%FP. Therefore it can be inferred that with the increase of demand power for
540MWe PHWR, the reactor system tends towards more stable region and vice-versa. This
phenomenon has also been reported in [49].
2.4 Controller Design Approach

In this section it is first attempted to design a PID controller

H(s)zKp+£+de (2.44)
S

for the nominal plant (2.18) with =0 to yield a nominal closed-loop system of the form

L(’(Kp+]<"+dej

G ()_ S(s+a0) s
0 \S)= L, ( X )
I+——~| K, +—+K;s
S(s+a0) s

L(K,s+K,+K,s)

:Sz(s+a0)+LO(Kps+Ki+de2) (243)

L(K,s+K, +K,s")

s+o,)(s* +2¢,m,5 + @,
0 0-70 0

with specified values of closed-loop damping ¢, closed-loop frequency @, and closed-loop real
pole —o,, using the LQR approach presented in [39]. Specification of o, {, and @, indirectly
specifies the position of closed-loop poles. A large value of o, ensures that the closed-loop time

response of G, (s) 1s governed by its complex roots.
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The PID controller methodology adopted in this dissertation follows an LQR approach
presented in [39] and is particularly significant for a PHWR which uses natural Uranium fuel
containing only 0.7% of fissile material. The approach allows the designer to associate
appropriate weight to the reactivity input to the reactor, thus controlling the fissile material burn-
up. On the other hand, the advantages of a PID controller are preserved. It has been shown in
[39] that the controller (2.44) follows from a unique solution P=P" >0 of an ARE which is
formulated with definitions of &, {, and @, incorporated within the elements of the weight
matrices. The resultant PID controller is thus an optimal controller for (2.19) which guarantees a
specified closed-loop response for the nominal plant and is termed nominal PID controller in this
dissertation.

The methodology presented in [39] then formulates the design of a PID controller (2.44) as

an optimal Full State Feedback Controller (FSFC)

K=-|K, K, K,] (2.46)

and if y(S) be output of the plant G, (S), the state vector of the system (2.19) is first augmented

as

x(t)=| [»(1) »(t) 3()] (2.47)
It is clear that any controller H(s)defined by (2.44) and designed for G,(s)does not

guarantee the desired placement of closed-loop poles for G(s,p), or optimality of such a

controller either. Marsh et al. in [42] propose a method to establish a robustness bound for
systems with bounded parametric uncertainties, controlled by an optimal FSFC. It is established

in [42] that if J, be the cost of control when the nominal controller is used with the nominal

(44 )
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system G, (s) and J be the cost when the same controller is used with the interval system
G(s,p), then there exists a scalar bound for robustness /¢, such that J < xJ,, holds. The method

assumes that both the interval plant and the nominal plant are represented in appropriate state-
variable form incorporating norm-bounded time-varying parametric uncertainties [42] and the

robustness bound £ is computed as a function of this norm. While this ensures that the

uncertainties in output response remain bounded under bounded uncertainties in the plant, this
methodology does not allow specification of closed-loop pole positions, which is necessary for
meeting time response requirements.

In this chapter, the basic LQR approach of PID controller design presented in [39] is

extended to an interval plant (2.18). A simple criterion based on interval approach is proposed in
this chapter, which ensures that if H(s), designed for nominal plant G, (S), produces the

closed-loop system G ,(s)defined by (2.45), then it produces a closed-loop interval system

L(K,s+K, +K,s")
(s+0')(s2 +2§a)s+a)2)

q=[L, 0, ¢, o] (2.48)

G.(s.q)=

Le[g, L_]; oelo, 5; {e[g_“, J_], welw, @
H (s) still remains an optimal PID controller even when it is used with the interval plant
G(s,p)- The control cost however changes and it is shown that as in [42], the incremental cost of
control can be expressed in terms of uncertainty bounds in G(s,p).

In another alternate approach for robust PID controller design, Khadraoui et al. [55]

propose a novel method by which intervals [I_{p,[?P],[I_{i,[?i],[l_{d,l?d] for the
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proportional, integral and derivative gains of a PID controller can be obtained for an interval

plant (2.18) by defining a reference plant of the form (2.45) first and then using set inversion.

The intervals [I_( . K p}, (K. K. ].[K,. K, ] are such that controllers with gains in these

intervals, used in conjunction with an interval plant (2.18) produce closed loop plants whose time
and frequency response are bounded by those of (2.45) [56]. Though set inversion has
exponential complexity, for a low order interval plant e.g. (2.18) this approach seems to be
pragmatic. However, the approach by Khadraoui et al. is not adopted in this chapter as the
approach in [55] provides no control over system input, as opposed to a LQR approach adopted
in this chapter with an obvious advantage when applied to control of a PHWR as mentioned
before.

The detailed optimal PID controller design methodology for an interval plant is presented

in the next section.

2.5 Design of an optimal PID controller for a second order plant with bounded
parametric uncertainties

In this section a methodology for design of an optimal PID controller for a second order
SISO interval plant (2.18) is presented. He et al. in [39] have proposed a methodology by which

a PID controller can be designed for a standard second order plant described, for example, by
GO(S) of the form (2.19) using a LQR approach, the basic approach of which has been

introduced in the previous section.
Following the methodology presented in [39], it is possible to show that the gains of an

optimal PID controller for the plant can be expressed as

K, K, K,|=R,'B,'P (2.49)
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where P=P" >0 is the solution of an ARE
A,'P+PA,-PB,R,'B,'P+Q,=0 (2.50)

with the cost function defined as

7 =T[5 @x(0)+” (1) Ra(e) 2.51)
0

The system state vector for (2.19) is assumed to be augmented as

x(t)=|[(1) »(t) 3()] (2.52)

and accordingly the matrices A, B, become

—_— O

A=

oS o O

1
0
b, —

—by —4d,

0
; B,=|0 (2.53)
LO

It has been shown in [39] by He et al. that for

R, =[r] (2.54)
and
Sloior] 0 0
0
0 r (4502 _2)0'30)3 0
Q, = L} o =B, >0 (2.55)
2 2 2
. . - (o7 +(4&) -2) ;)
| L, —a,’ +2b, |
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the poles of the closed-loop system with the optimal PID controller are at

(_O-os — S0, inM)'

The controller (2.49) is the termed the nominal PID controller in this chapter. It is an

optimal controller because the control law u(t):—[Ki K, K d]x(t) minimizes the cost

function (2.51). Now if G, (S) is replaced by an interval plant G(S,p) and the controller (2.49)

is used, then the poles of the closed-loop system shall shift and the controller may or may not
remain an optimal controller any more. Thus, if a condition can be established, which is
sufficient to ensure that the nominal controller (2.49) designed for the nominal plant (2.19)
remains an optimal PID controller for the corresponding interval system (2.18) and produces
an interval plant (2.48) in closed-loop, then acceptable closed-loop response of the interval plant

(2.18) with the nominal PID controller can be guaranteed. The acceptable response is specified

by acceptable bounds of the interval Variables[a, ¢, a)] The implicit assumption is that the

plant (2.18) remains controllable over the convex box of [L, a, b]. In order to establish the
condition, the following Theorem is first put forward.

Theorem 2.5.1: Let X(t)=A0X(t)+B0u(t) be the state space representation of the

nominal plant G, (S)zzL—Ob’ and [Ki K, Kd]=R0—lBOTP be the corresponding
s*+ays+b,

nominal PID controller for GO(S) where P=P' >0 is the unique solution of the ARE

A,P+PA,—PB R, 'B,'P+Q, =0 with the weight matrices defined as R, = [r] and
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_%[o-oza)ﬂ 0 0
0
0, - 0 LLOZ[a)g +(4§02 —2)030)3 —boz} 0 50
0 0 %[{oﬁ +(482-2)0}-a +2b0J

0 _

where &, ®, and o, are the desired closed-loop damping frequency and position of the real
pole. Then the nominal controller remains an optimal PID controller for the corresponding

interval system expressed in augmented state-space as X(t) =AX(t)+Bu(t) provided there

exists an interval matrix

%[oﬁwg] 0 0
0
%[a)g +{4g -2} orw; - |
0
) b
0 (o +2§a)a—b)(——b0] 0
L2 4
L2
7o +Ga)2(a0—gj
Q= e
o
L+ (482 -2) @
’ —a,’ +2b,
" ’ (Zga)+0'—a)(£—a J
2 7
L2
a —(l—lj(a)z—i-Z(a)a—b)
B Y
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for same R, where a, b, L, o, {, are the interval variables around a,, b,, L,, o, , {,, @,

and L=yL,.
Proof:
For the plant (2.19) defining the augmented state vector as
x(t)=|[»(1) »(t) 3(1)] (2.56)
yields the matrices [AO BO] defined as
0 1 0 0
A,=|0 O 1 |;B,=|0 (2.57)
0 -b, -a, L,

Let the corresponding interval matrices for the interval plant (2.6) be A=A, +AA and

B=B,+AB where

0o 1 0
AA=10 0 1 [;Aae[Aa, AG], Abe[Ab, AD] (2.58)
0 —-Ab -Aa
T —
AB=[0 0 (y-1)L,]; re|r.7] (2.59)
B B B
Let P=| B, P, P, | bethesolution of the ARE (2.50), then
By By B
I K, |
P, B, —t
11 12 LO
rK
P=| P, P, 2 (2.60)
LO
rK, 1K, 1K,
L Lo Lo Lo i
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Now if P=P+AP be the solution of the ARE

P+PA-PBR'B'P+Q= .
A'P+PA-PBR'B'P+Q=0 2.61

then in order that the controller for (A, B) remains the same as that obtained for (A, B, )

i K, |
Pn + AEl Plz +AP12 —

rL,

~ rK

P=|F,+AR, P,+AP, - (2.62)
rL,

rL, rL, 7L, |
Expanding the ARE (2.61) as
(A, +AA)  (P+AP)+(P+AP)(A, +AA) 06

~(P+AP)(B, +AB)R,' (B, +AB)' (P+AP)+Q =0

and solving yields a diagonal matrix Q and the corresponding matrix P =P" that satisfies

(2.63) defined as

#[agwg] 0 0
0
#[a)g +(4§02 —Z)G(fa)g —boz]
0 ’ 0
- bP,, ab, (2.64)
Q= +2 ¥ _b0P23+a0Pl3_ v
-
Z[lot +@g ~2ai} ~a +20, ]
0
0 0
+2{0P33 _a0P33 _Pz3 [l_lj}
i 4 4
and
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P
1)11 +bl—b0Pl3
4

-1}
Il

Lt
¥

P P
Pu‘”’f_aofh P22+a$_aoP23_P13(__1

P
F, +af_aopls

1
/4

by

/4

j+b%—boP33

ity
Y

R |§U

By

v

(2.65)

Since the interval system (A, B) remains controllable, and R, =7 >0, the condition Q >0

over the convex box of [L, a, o, ¢, (0] is sufficient to ensure [56] that the ARE (2.61) shall be

satisfied only by an interval matrix P=P" >0. This implies that [Ki K, K, ]:RBIBTf’

yields an invariable set of controller gains [Ki K, K, ] with the substitutionB = yL. o

Again, for a second order system G(S,p) represented (2.19) and controlled by a PID controller

(2.49), the following set of equations hold

Ki _ ow
L
(0 +2¢00)-b
P L
X, :(2§a)+0)—a

Substituting these values in the expression for Q in (2.64) produces
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2 foroi]

0

o) +[48 ~2]oja; -5

0

0 +2—};{(a)2+2§a)a—b)(é—boj
L, 4
~ 2 a
Q= +ow (ao ——]}
y
0 0

r
—llos + (45 - 2ay-a;" +2h)]

0

2r a
+7{(2ga)+6—a)(;—aoj

0

—(l—lj(a)2 +2lwo —b)}
4

(2.67)

It follows from Theorem 2.5.1 and (2.67) that the nominal PID controller (2.49) designed for a

nominal plant G, (s) (2.19) remains an optimal controller for the interval plant G(S, p) (2.18)

and it produces a closed-loop system G. (s, q) defined by (2.48) with poles in regions of the

complex plane specified by [05, - a)] if the condition Q >0 is satisfied over the convex box of

[L, a, b, o, C, a)]

The positive semi-definiteness of the matrix Q over the entire convex box of

[L, a, b, o, ¢, w ] can be tested using the results presented in [50]. It has been established in [50]

that for a symmetric interval matrix such as Q , if
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( ] ) (2.69)

then Q is positive semi-definite for the entire interval [(:), Q} if

Q' =

ol
1K

1
2
2in (Q.)2 £(Q") 2.70)
For a given Q the matrices Q and (~) are computed using the functions inf’ (()) and sup(())

respectively included in INTLAB using (2.67).

If the initial state for both nominal system (AO, BO) and the interval system (A, B) be
X(O), then the incremental cost of control when the nominal PID controller is used to control the

interval plant is

AJ =x"(0)APx(0) (2.71)
where
rK, é—b—o rK, a_ 4 rK, i1
L L, L L, L I,
AP =| k| LS o - ey (R S (L & | 1oLl
L L, "L L, L L, L L, "\L I,
rK, i1 rK i1 rK, i1
L L, "\L L, L I,

As in [42] it is seen that the incremental cost is bounded and the bound can be expressed as a

function of the bound of parametric uncertainties.

Thus the steps involved in controller design, therefore are as follows:
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Stepl: For a given nominal plant (2.19) obtains the augmented state system(AO, BO) ,
choose the position of the closed-loop real pole —o,, closed-loop damping ¢, and
closed-loop frequency @, and value of scalar r to obtain of the matrix Q, using
equation (2.55).

Step2: Obtain the nominal PID controller [Ki K, K d] for (AO, B,, Q,, RO) and the
value of the P by solving the ARE (2.50).

Step3: Set suitable intervals[g , O ] , [g e ] , [6_0, CT)] and check if (2.70) holds for the
entire convex box of [L, a, o, ¢, a)] If this is satisfied, then the controller
[Ki K, K d:' obtained in Step! is the desired controller, else modifyr,o,, ¢,
@, and/or the intervals[g, o_'] , [g_“ , 47 ] , [C_o, 67)] and go to Stepl

The methodology presented in this sub-section is used to design robust PID controllers for
each zone of the ZCC of a PHWR. The corresponding simulation results accompanied by

thorough discussions are presented in Chapter 4.
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Stability, Control and Operation of 700MWe PHWR,

Stability, Control and Operation of 700MWe
PHWR,

3.1. Introduction

esearch during the last few decades has shown that it might be possible to extract

Rmore power from the core of a 540MWe PHWR by altering the thermal-hydraulic
parameters of the reactor and this has resulted in a new variant viz. the 700MWe PHWRs. In this
Chapter, it is attempted to analyze the open-loop behavior of a 700MWe PHWR based on the
data available from available literature [12] and apply interval methodology presented in Chapter
2 with relevant augmentation to design a single robust controller that capable of controlling the
reactor under power maneuvering even in presence of limited core voiding. At the same time, the
controller needs to be optimal, so as to satisfy the reactivity constraints. As a major challenge for
operation and control engineers to run a 700MWe PHWR at 100%FP is to tackle the fuel burn-
up which may exceed the limit of fuel-to-coolant heat flux ratio. Therefore, the coolant, in such a
situation, will extract more heat from the fuel channel which may ultimately lead to the
occurrence of boiling in the coolant channel. Such a circumstance of boiling in coolant transport
channel is also known as voiding, which leads to instability of the reactor system due to a

positive reactivity defect. To run a 700MWe PHWR at 100%FP, a limited voiding of up to 3%
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has been considered in the design of 700MWe Indian PHWR [12]. A limited voiding under
nucleate voiding condition ensures better cooling of fuel element due to substantial enhancement
of heat transfer coefficient [56], owing to phase change. It is also a well-known fact that voiding
in a coolant channel introduces a positive reactivity in the reactor [57] and in case of full core
voiding; the estimated reactivity introduced is 6.8mk for an Indian PHWR. However, this
reactivity introduction margin will vary from reactor-to-reactor. Modeling of void fraction in
transient time as a function of reactor power is also a significant contribution of this dissertation,

presented in detail in this chapter.

Pe LZCS

w2 G

)
—
(%]
S—

y

Reactor -

A

Reactivity
defect

A

Fig. 3.1 Schematic diagram of power control of PHWR

The general schematic of power control is presented in Fig. 3.1. The inner loop in Fig. 3.1

consists of a block relating reactor power to net reactivity( P, 1 mk)input where

P = P, T Ap and Apis the reactivity defect expressible as
Ap=a,(T,~T, J+a (T.-T, )+a,0, (3.1)
where &, denotes the void fraction, 7, and T, are the fuel and average coolant temperatures

while &, ,a,and «,represent the reactivity coefficients for the void , fuel temperature and
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coolant temperatures respectively. In (3.1), p,, is the external reactivity induced into the core by

the LZCS and movements of the control rod banks.

Since Ap changes with reactor power, it is clear that the inner loop transfer function

changes and it can be expressed as an interval system as.

L
N

p=[L, a,b] (3.2)
LG[L, Z]; aela, al; be[Q, l;]

However, since, has a sign opposite to that of & and «,, with voiding, the rate of
change of Ap with power, changes. For a 700MWe Indian PHWR considered here, voiding in

coolant channel begins at around 92.3%FP. Therefore, up-to 92.3%FP, the variation of p,, with

power, is polytopic in nature. Above 92.3%FP, as soon as the voiding starts, the variation of with
power is no longer polytopic as the void coefficient starts introducing positive reactivity in the
core as opposed to fuel and coolant coefficients. The system defined in (3.2) considers the

internal reactivity defects and therefore after 92.3%FP variation, the parametric variation of the
system also does not remain polytopic. As seen from (3.1) the positive &, introduces a positive

reactivity once voiding starts, reducing the net reactivity defect and this implies lesser resistance
to a power change. This means that a controller designed with nominal conditions is likely to
produce a larger rate of rise of reactor power and power overshoot once voiding starts. It is
therefore clear that an optimal PID controller designed by the methodology presented in Chapter
2 where the nominal system corresponds to about 80%FP cannot produce satisfactory results

when applied to a 700MWe PHWR as the methodology does not consider voiding.
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Thus, if the controller design methodology prescribed in Chapter 2 is extended to achieve

satisfactory control of a 700MWe PHWR with reactor power varying between say

[60%FP, IOO%FP], voiding poses a major hurdle as the variation of parameter with reactor

power is no longer polytopic. One way of limiting the voiding in coolant channel is by altering
the coolant flow rate but as per the industry standard, this is not very advisable thing to do as it
may lead to flow instability [58]. Therefore the only way to control voiding in the coolant
channel is by altering the pressure of the pressurizer in Primary Heat Transport (PHT) system.
This could mean a variation in the channel pressure by using the pressurizer. In this chapter the

interval approach presented in Chapter 2 for a 540MWe PHWR is extended for controlling a

700MWe PHWR between in the interval [60%FP, 100%FP] by varying the pressurizer pressure

in a tight interval [9.8MPa, 10MPa]. The pressurizer is operated at 9.8MPa before voiding but

as soon as the voiding starts, the pressurizer pressure is ramped up to 10MPa using the controller
presented in this chapter. Therefore, the objective here is to accomplish pressurizer pressure

control by optimally controlling the spray flow and heating element of the pressurizer.

3.2. Modeling of Void Fraction in Transient time for 700MWe PHWR,

As discussed earlier, voiding in a coolant channel leads to the occurrence of a two-phase
flow in the coolant channel. The mixture of vapor and coolant i.e., two phase flow in a nuclear
reactor poses a difficult challenge in the safe and optimal operation of the plant. Generation and
transport of discrete bubbles in the coolant channels cause fluctuation in the local steam content.
These fluctuations in steam content affect the moderator density and hence the nuclear
parameters, which in turn induce variations in the local neutron flux [59]. Therefore the net

reactivity is changed. Many contemporary researchers have established the characteristic of
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voiding and attempted to estimate the void fraction in two phase flow in the coolant channels
[43], [60]. Lu has proposed an analytical method of the two phase flow for a Boiling Water
Reactors using neutron noise analysis [43]. Ramajo et al. has discussed the two phase modeling
of a large PHWR by finite volume method [44], however, in both cases it is difficult for a control
engineer to choose a proper control strategy as these estimations are computationally intensive.
Moreover, these methods do not provide any information in the transient time, i.e. during power
maneuvering. Literature survey [43], [44] reveals that the operational analysis of a nuclear power
plant in transient time during the occurrence of voiding in a coolant channel is limited. Also,
majority of the existing literature related to void analysis, does not provide void modeling in the
transient time though this is an important analysis that is required to be carried out for large
modular PHWRs and is essential for design of controllers. Motivated by the need to bridge this

gap, this section puts forward the details of void fraction modeling in transient time.

The void fraction (&, ) could be defined as [61]

S = 1

v

—— (3.3)
1+ g >

P X

where, the subscripts v and / indicate the vapor and liquid phase respectively, symbol p
represents density, S represents slip ratio and x represents flow quality. Slip ratio(S )of two-

phase flow can be defined as

=1 (3.4)

where, u is the velocity of the vapor and u, is the velocity of the liquid in the coolant channel.

Flow quality (x) may be defined as:
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x=—" (3.5)

where 7 is the mass flow rate of coolant channel in kg/sec. It is well known that the mass flow

rate may be defined as the product of velocity (1) in m/sec, density of coolant(p) in kg/m’ and

active heat transfer area(A) in m?. Therefore (3.3) can be rewritten as:

MVAVpV

- u,A,p, +u,A4,p,

(3.6)

It is evident that the void fraction depends upon coolant temperature and hence the

reactor power. So from the energy balance equation it could be written as:

%(Vpe) = Gl + mh, —rith, (3.7)

where ¢ is the linear heat rate in watt/m, /is the total length of coolant channel in m, 4,and A,

are the input and output enthalpy of the coolant channel in J/kg, V' is the volume of coolant in

m’ and e is the specific internal energy in J/kg. The product of linear heat rate and length of the

coolant channel represents the power level (P) of the reactor and thus (3.7) may be modified as

%(Vpe) = P+mh, —mh, (3.9)

Also specific enthalpy () may be defined as:
h=e+l (3.9)
P

where p pressure of coolant in the coolant channel in MPa. With the consideration that the
coolant Volume(V) in the coolant channel remains constant and putting (3.9) in (3.8), the

following may be obtained:
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vl 2|92, 8 PN i — i, (3.10)
p ) dt dt dt\ p

Expanding (3.10), yields

plpdP_pdp , ,dh_dp PP _p . ih —si, (.11)
dt p dt dt dt p dt

Now, considering constant pressure of coolant in the coolant channel, (3.11) may be re-written as

V{hd—p+p@}=P+n'1hi—n'1ha (3.12)
dr " ar

dp

The reason behind neglecting;

in (3.12) has been demonstrated in detail in Appendix II. The

relation between (8, )and (o) may be expressed as

p:pl5v+(1_5v)pv (3'13)
where, p,and p, are density of liquid and vapor respectively in two-phase flow. Here total

specific enthalpy(h) is the average of input and output enthalpy and can be expressed as:

(3.14)

Similarly, the relation between total specific enthalpy (h) and quality can be represented as
h=h+x(h,—h) (3.15)
where #, and 4, are the corresponding specific enthalpies of liquid and vapor of a two-phase

flow. Substituting (3.13), (3.14) and (3.15) in (3.12) yields

ds ds
(hl+Xhlv)[_pl dtv+pv dtvj
14 = P+, =] 2(h, +xh,)—h, | (3.16)
+{po,+(1-5,)p }(—h B @]
v v v ldt th
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where

h, =h,—h,

v

The relation between (x) and (&, )may be represented as:

oup,
X =
5vuvpv +(1_5v)u/pl

Substituting (3.18) in (3.16) yields

1
(hz +Xhlv)(pv _pz)d§V

dt

+{p15v +(1_5v)pv}hlv d

8

ou,p,
5vuvpv + (1 - 5\/ )ulpl

d P+2mh,
t —2mh, —2mh,,

Equation (3.19) has been modified to be represented as:

Suph ds
h vyl _ _— v
( l+§vuvpv+(l—5v)u,pl](pv )

+{[ P8, +(1-8,) p, |1, | x

{é‘vuvpv +(1_§v)ulpl}{uvpv ?‘

; —ou,p, (uvpv do

(é‘vuvpv +(1_§v)ulpl )2

= P+ 21ith, — 2iith, — 2nith, O1p,
5vuvlov + (1 - 5v)ulpl

From (3.20) the rate of change of void fraction

(3.17)
(3.18)
O, (3.19)
5vuvpv+(l_5v)ulpl
s, déj (3-20)
a P

v

can be obtained as

(ot |
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ds, |[(P+2ih =2 ) {5, (u,p,—u,p,)+V P} = sithu,p, |
at '52 {(uvpv)zu,p,—(ulp])z} |
e (1)
{{pﬁv +(1—5v)pv}h,} ' {(%pv)2 +u,p,(u,0,) - }
Sup, +(1=8)up || \(up,)(u,p, ) —,p,p,

+ulpluvpv

(3.21)

From (3.21) it is evident that the change of void fraction is directly proportional to the change of
reactor power level. The complete thermal hydraulic and neutronic model of PHWR is assumed
to be same as (2.18)-(2.25) and the analysis presented in this section is used to estimate the void

fraction as power is changed.

3.3. Modeling of Pressurizer for 700MWe PHWR,

The PHT system of a 540MWe PHWR consists of primary coolant loops along with
Primary Coolant Pump (PCP), pumping primary coolant into the reactor core [10]. The PHT
system of a 540MWe PHWR s fitted with a pressurizer to keep the PHT pressure constant [10].
PHT pressure control in such reactors essentially employs a Feed and Bleed Control Mechanism
[10]. A schematic is shown in Fig. 3.2. For a 540MWe PHWR PCPs help to maintain the
pressure of the PHT at a steady state operating level of 9MPa and hence additionally activating
the pressurizer is not required. However, for a 700MWe PHWR, where the range of coolant
saturation temperature is higher and scope of voiding exists in full load condition, additional
activation and control of the pressurizer is necessary. This section therefore puts forward the
details of pressurizer modeling for a 700MWe PHWR. The methodology presented in this sub-

section is adopted from Xu et al. [62].
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Fig. 3.2 Schematic model of PHWR with primary coolant and pressurizer [10]
The pressurizer is a subsystem of the PHT that is attached to the primary coolant channel.
It is a sealed, vertical cylinder whose top and bottom sides are elliptical in nature as shown in

Fig. 3.3.

Coolant Channel

Fig. 3.3 Schematic diagram of pressurizer [63]

66



Stability, Control and Operation of 700MWe PHWR,

Out of the various components, the three main components of a pressurizer are--an electric

heater, a spray valve and a pressure relief valve. The electric heater heats the water inside the
pressurizer with a power output O, (in KW). Therefore, an increase in electrical heater power
increases the enthalpy of water at saturation pressure. This leads to more steam production inside

the circuit thus increasing the pressure output. On the contrary, the spray valve opening

introduces jet of water droplets into the pressurizer which condenses the steam resulting in rapid
drop of output pressure. Therefore, the output pressure F,(in MPa) of the pressurizer can be
maintained at a particular saturation point by the co-ordinated control of electrical heater power
Q,and mass flow-rate of water droplet jet through the spray valve W, (in kg/s). The
accumulation of excessive pressure inside the pressurizer cylinder results in the opening of the
safety relief valve which bleeds out the excess pressure restoring balance of the operation inside
the pressurizer. The mass flow-rate of the safety valve flow is denoted as W, (in kg/s). Thus, the
control of output pressure of pressurizer is an important and complex task for the control system
engineer. Xu et al. has established a pressure equation at saturation pressure level in [62]. The
three conservation equations have been obtained from Double-District Equilibrium model and
can be represented as follows:

The equation for conservation of mass can be represented as:

del dev
—+—=W_+W W, (3.22)
dt dt ’

where, m,, and m,  represents mass of coolant and mass of steam of the pressurizer (in kg)

respectively and W, is the surge flow (in kg/sec) of the coolant into the pressurizer.

The equation for energy conservation can be represented as:
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thRl thRv iy deRl deRv _y dP, R

Mo =gp e gy gy e T T R Ty

= W;uhPRl + vah - anhPRv + Qh (323)

Prx1
wherehp,, hy, ., h, , represents the specific enthalpy of saturated water, saturated steam and

fluctuation water in kJ/kg, respectively and ¥, represents the total volume of pressurizer in m’.

The equation for conservation of volume can be represented as:

dv dv dm,, dm

Pyl Prv Pyv
mPRld—;+mPRg dtR +vPRl dtk +VPRV dtR = O (3.24)

where v, andv, represents the specific volume in m’/kg of the water and steam inside the

pressurizer tube respectively.

Now (3.22) can be re-written as

de ! de v
L W, W, - (3.25)
dt ? dt
Again (3.23) can be expressed as
dP dm dm,
MPRh 7: + h‘DRl d;Rl + Frv d:R = I/VsuhPRl + I/VsphPR)cl o I/VsahPRv + Qh (326)
where,
dh,, i,
MPRh =Mp, P, +mp, P, —VPR (3.27)
and (3.24) can be expressed as:
dPR de ! de v
DRy, TR, 2 _ () 3.28
Py dt Pyl dt Ppv dt ( )
where,
dv dv
ro = My =% (3.29)
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Substituting (3.25) in (3.26) ultimately yields

T R [ ) (330)
where,
By, =y =y (3.31)
Again substituting (3.25) in (3.28) ultimately yields

e vy S (1, W, (332)
where,
Vit = Vi =V (3.33)

From (3.30) and (3.32), the final expression for the rate of change of pressure can be obtained as:

dpP, {Wm |:VPR1V (hPRxl - hPRl ) + hPRlvVPRl:| -w, |:VPRIV (hPRv + hPRl ) + thlvaRlv:| +W, hPRlvaRl + VPszQh }
dt (Ve M, =y M)

Pply

(3.34)

o dP, . oy . oy .
From (3.34) it is evident that dR increases with increase in J, and decreases with increase in
t

W, . Equation (3.34) has been modeled in MATLAB Simulink for simulating the pressurizer

dynamics. For simulating the pressurizer model along with the reactor model, (3.34) has been
considered and the piece-wise variation of various reactor’s thermal hydraulics parameters

occurring due to the variation of pressurizer pressure, are listed below in Table 3.1.
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Table 3.1
Variation of Thermal Hydraulics Parameters of Reactor with Variation of Pressure
P,(MPa) | v, (m’/kg) v, (m’/kg) b (kI/kg’C) | h, (kIkg'C) | T, (°C)
9.8 0.0014456 0.0184844 1399.39 2729.12 309.516
9.82 0.00144629 0.0184382 1400.26 2728.76 309.665
9.84 0.00144699 0.0183921 1401.13 2728.4 309.814
9.86 0.00144769 0.0183463 1402 2728.04 309.962
9.88 0.00144839 0.0183006 1402.87 2728.68 310.111
9.9 0.00144909 0.0182551 1403.73 2727.31 310.259
9.92 0.00144979 0.0182097 1404.6 2726.95 310.407
9.94 0.00145049 0.0181645 1405.05 2726.59 310.555
9.96 0.00145119 0.0181195 1406.3 2726.22 310.703
9.98 0.00145189 0.0180747 1407.2 2725.86 310.85
10 0.00145259 0.01803 1408.6 2725.49 310.997

Using MATLAB System Identification Toolbox [64] [65], two transfer functions have been
identified- one considering pressure as output and electric heater power as input and another
considering pressure as output and spray flow-rate as input [66]. Both the transfer functions are

integrating systems with reverse open loop gains and may be written as

k
GPRl(S)_ A T

B A B S
O (3.35)
G . AP, B _kPRZ
B (S) B AW s

sp

This matches with the result presented in [66].
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Next, it is attempted to design a control scheme for control of the pressurizer using the

transfer function represented by (3.35). The control scheme adopted in this chapter is similar to

that proposed in [66] and represented by Fig. 3.4, where G, (s) represents the controller transfer
function associated with controller for the electric heater and G, () represents the controller
associated with control of spray flow. Both the gains k,, and k, ,relate the changes in process

variables O, and W, to change in a pressure reference £, . The pressure reference is assumed

ref *

to be ramped at a fixed pre-determined rate and the both G () and G, (s) are PI controllers

even though the plants G, (s) and G., (s)are both integrator plants. This ensures tracking with a

ramped reference.

Optimized control of pressurizer by modulating the heating and spray flow is a challenging
problem for a Multiple Input Single Output (MISO) plant representing a pressurizer as shown in
Fig. 3.4. While optimal PI controller design, using the standard LQR approach, for example, has
been attempted by some contemporary researchers e.g. [39], the methodology works for a
Multiple Input Multiple Output (MIMO) plants with equal number of inputs and outputs i.e. for a
balanced system. Schroeck et al. in [67] has presented controller design methodology for a
MISO plant by reducing it into two individual Single Input Single Output (SISO) loops. In
another work [68], quantitative feedback theory has been used for designing controllers for a
MISO system. However, in both these cases, the designed controllers do not guarantee
optimality. The present case mandates the design of an optimal controllers for a MISO system
and this optimization has been performed using a GA. GA is an well-established robust
technique that can solve complex optimization problems and produce a globally optimal solution

when applied to various multi-modal problems [69], and this has been applied to the present
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problem which has been formulated as an optimization problem in a continuous search space of

controller gains.

______________________

SS
’

u,

PRi'ef

u,

\_______i_______

-
’
N

~

N ———————————————— -

Pressurizer

Fig. 3.4 Schematic diagram of pressurizer control loop

The pressure controller design has been elaborated in the next section.

3.4. Controller Design for a 700MWe PHWR,

The control of the proposed PHWR is assumed to be achieved by two de-coupled control
loops viz. the demand power control loop and the pressurizer control loop. The robust power
controller design methodology presented in Chapter 2 and adopted in this chapter and in
conjunction with the pressurizer control mechanism allows the 700MWe PHWR to be controlled

at any power level between 60% and 100%FP.

This section discusses in details, the controller design and control strategy for 700MWe
PHWR in presence of coolant channel voiding considered during a power maneuver exceeding

93%PFP. This section is divided into two sub-sections-
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3.4.1 Controller design for zonal power level control

The PHWR is assumed to be composed of 14 zones and the control loop for each zone is
presented in Fig. 3.1 where the zonal power demand is divided from the global demand. The
corresponding open loop transfer functions with varying reactor power for zone 1, as a
representative case, is presented in Table 3.2, along with estimated void fraction using the model
presented in Section 3.2. As seen from Table 3.2, it is seen that voiding starts from 94%FP
(approx.) and zooming in the simulation in this regime 92%-94%FP reveals that voiding start

about 92.3%FP which is taken as the threshold for activating the pressurizer.

A thorough examination of Table 3.2 suggests that voiding in coolant channel starts from
92.3%FP and voiding exceeds it maximum allowable limit of 3% between 96-98%FP (approx.).
Table 3.2 and Fig. 3.5 also suggest that as the power level of the reactor is raised from 60%FP,
the open loop poles of the system start shifting towards the left-hand side, i.e., towards a more
stable region. This matches with the nature of the PHWR reported in [49]. As soon as the
voiding starts, the open loop poles starts shifting again towards the imaginary axis rapidly. This
is because of positive reactivity due to voiding. Therefore, the movement of open-loop poles for
60%FP-100%FP power variation is non-polytopic in nature and thus the system cannot be
represented as an interval system with parameter values corresponding to 60%FP as the infimum
of the system and parameter values corresponding to 100%FP as the supremum of the system.
This is in contrary to the 540MWe PHWR described in Chapter 2 where the variation of open-
loop poles is polytopic in nature. However, with a pressurizer, if the pressure of the system can
be increased to control voiding, the deviation from a polytopic variation of interval parameters

can be minimized.
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Table 3.2

2"" Order Identified Model of 700mwe PHWR (Zone 1) At Various Operating Power

% Power Transfer Function % Voiding(without pressure controller)

60 0.0063412 0
s*+1.53871s

70 0.0058942 0
52 +1.54967s

80 0.0054124 0
5% +1.55287s

85 0.0052036 0
s?+1.55698s

90 0.0051084 0
s?+1.56087s

92 0.0050037 0
s +1.56105s

94 0.0129 1.2
s +0.9647s

96 0.01985 2.6
5% +0.9362s

98 0.02097 3.9
s?+0.9047s

100 0.0276 4.5
5?2 +0.89545s

(74 ]
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—— poles at 80% power level
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Fig. 3.5 Open-loop poles variation during power maneuvering.

Core voiding of 3% is usually allowed in 700MWe PHWR design [12] to allow enhanced heat
transfer to the coolant and thus achieving lower fuel temperature. As seen in Table 3.3the
reversal direction of dominant poles of the transfer function starts from about 92.3%FP. Thus the
LZCS controller is designed using the methodology presented in Chapter 2 for the interval
system.

Thus, for the present case of 700MWe PHWR, the system can be identified as an interval

system as:

G(s) =% (3.36)

where

min (60%FP-100%FP),

L L|= 3.37
[‘ ] max (60%FP -100%FP) (337)

and
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min (60%FP -lOO%FP),
[a, a]= (3.38)
max (60%FP -lOO%FP)
From (3.36), the nominal plant in this case can be represented as:
L
G,(s)= ) 3.39
0 ( ) S2 + a,s ( )

where L, :(L+[_,)/2 and a,=(a+a)/2.
Therefore, the new interval system for 700MWe PHWR plant can be represented as:

[0.0050037,0.0276]
G(s)=— (3.40)
s* +[0.89545,1.56105] s

and the nominal system as

0.01630185
Gol8) =7 228258 G41)
Now using (3.41) as the nominal plant and using the controller design technique illustrated

in Chapter 2, the new set of PID controller gain has been obtained for the 700MWe PHWR and

can be represented as:

G.(s)=K, + L4 K,s (3.42)

¢ s
It is to be noted that the controller (3.42) has to be designed in such a way that the bound of
Q as per (2.65) for (3.42) has to remain positive semi-definite. This bound may be different from
that of the controller (2.47) designed for 540MWe but the condition of remaining positive semi-

definite throughout the interval has to be satisfied.
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3.4.2 Controller design for Pressurizer pressure control

The proposed pressurizer pressure control scheme is represented in Fig. 3.4. From Fig. 3.4,

the overall closed loop pressurizer dynamics can be represented as:

 Gra(5)Gri(5)+1Gp (5) G (s) (3.43)

Prel 1+GPR01 (S)GPRI (S)+77GPRL’1 (S)GPR2 (S)

P2

where G, ., (5) =1G,_,(s) and =

Pl

k.
Substituting (3.35) and using a standard PI controller k, +—in (3.43) yields
s

(kPRl +77kPR2)kpS+(kPR1 +77kPR2)ki
s° +(kPR1 +77kPR2)kps +(kPR1 +77kPR2)kl.

(3.44)

Pyel =

Comparing (3.44) with characteristics equation of a standard 2" order system, closed loop

frequency (@, ) and closed loop damping (&, ) can be obtained as:

@, :\/(kPRl +77kPR2)ki
_ (kPRl +77kPR2)kP (345)

‘fcl_ 2\/k_l

For the purpose of designing an optimal controller for optimally controlling the heater

element and spray valve of the pressurizer, an objective function needs to be defined. The

objective function f is assumed be the weighted sum of three individual functions namely-
1. Function for error minimization of the closed loop planti.e. G, , . It is a well-known fact

that for tracking, Integrated Time Absolute Error (ITAE) function produces the most
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satisfactory results [70]. Thus for the error minimization ITAE function has been chosen.

The ITAE function can be written as:

fi :jt‘e(t)‘dtzo (3.46)

where e(?)= {1 -z (GPRC, lﬂ (3.47)
s

2. Minimization of electric heater power. From Fig. 3.4, the controller output u,, referred to

as electric heater output, needs to be minimized and hence a function can be chosen as:
fo=u, =e(t){kpe(t)+kl. | e(t)dt} (3.48)
0

3. Function for minimization of the spray flow. From Fig. 3.4, the controller output u,,

referred to as spray flow, needs to be minimized and hence a function can be chosen as:
fi=u, :e(t){nkpe(t)mk,. | e(t)dt} (3.49)
0
Therefore the objective function £ (¢) can be defined as:

f=wfi+wfy +wf (3.50)
where w;,w, and w, are the weights assigned to the corresponding functions and they can be

obtained as:

3
w =R o)
R (3.51)
R =(max f, —min f,), Vr

Now, in order to minimize the objective function /', the following constraints need to be

satisfied:
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1. Poles of the G, , should lie in the left-half of the s-plane.
2. The range of variation of @, should lie in between0.1< @, <0.3.

3. The range of variation of &, should lie in between 0.7 <&, <0.9.

The task of finding gains of the optimal controller that minimizes the cost function (3.50) with the
constraints (3.1)-(3.2) mentioned above is cast as a search problem in the continuous space of
controller gains and solved using GA. First, the GA [45] is initialized with a random population,
where population represents a possible set of controller gains and the string representing the

binary value of each controller gain is known as the chromosome. In this case, two chromosomes

(one k,chromosome and onek,chromosome) form a community and a number of such

communities form a population. The next step involves selection of parent population from
amongst the existing population to form a mating pool which consists of some superior
communities. Communities of the mating pool result in offspring generation through reproduction
that occurs in two stages viz. cross-over and mutation [71]. Within the set of parents and off-
springs, only the superiors survive and the rest are discarded. The iteration continues and the
population evolves as a better population (i.e. a set of more optimal controller gains) through the
iterations of GA process. Different steps of GA application for the present problem are
enumerated as follows:

i. Random population initialization

The initial population can be represented as K?] , where je (1, 2) represents the
chromosome of the population, K, = kpcn K, = ki% and ce (cl,...,cn,...,cN) where, N is the

number of community. K_ andK_, correspond to the arbitrarily initialized controller gains.
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Now, population size can be chosen as a function of the string span [45] and this can be expressed

as:
K;, ~UNF(K}".K}") (3.52)
where, Kf ;1s the initial population corresponding to j" chromosome of the n" community and

UNF (K:f””,K;'."”‘) (Universal Normalized-distribution Function) is a statistical operator acting

over (K;f”'",K;fm) in an uniform manner where K”" and K”™ represent the minimum and the

maximum values of the corresponding controller gains respectively.

ii. Selection of parent populations

For selection of parental population for a mating pool, binary tournament selection method
[71] has been adopted. Two parental chromosomes are randomly selected from the existing
population and amongst them the one with the lower value of objective function f of (3.50) is set
as the winner and is separately kept in the mating pool. Likewise the iteration continues until the

mating pool gets filled up with the winner chromosomes.

iii. Simulated Binary Crossover (§BC)

The SBC operator searches for the global optimum by combining the substructures of the
parental chromosomes and thereby results in the generation of a new offspring. A stochastic
parameter ¢, which determines the position of the pivot point in the chromosome where the

crossover is done, is computed with the help of a multinomial type probability allocation as in

(3.53).
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(Ne)l/(an) ‘N Sl
0
Q= 1 1 (3.53)
PENNCED) s N>—
(2-N6) 0
where, N is a random binary number between [0,1] and
1
B:1+(I<—il()min|:(KCl —KZ”M)’(K?M_KCZ ):| (355)

Here, 77, denotes allocation index corresponding to the SBC. Offspring community
generation depends upon the value assigned to 77, which is essentially a positive integer. Value

assigned to 77, indicates how close the generated offspring is to its parents. In between parents and

offspring, the intermediate controller gains can be calculates as:

1

K, - 5[(1{ +K, )-o(K, -K, )} (3.56)
K, - %[(K +K,)+o(K, -K, )] (3.57)

iv. Operation of multinomial mutation
A stochastic parameter ¥ has been calculated as (3.58) to generate an offspring closest

possible to the parent population through mutation. This parameter determines the intensity of

mutation. It depends on another random binary number N'ranging between [0, 1].
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if N'< l,
2
1
)(:[2N'+(1—ZN')(I—/l)(”’”“)}(”mH) -1 (3.58)
else,
1
y=1- {21\1’ +(1-2N')(1- /1)(”"'“)}%“)
min| (K, ~K"), (K -K_ )]
where, A = - , - (3.59)
(Kznax _ Kz’lln )

c. Equations for generating mutated offspring can be represented as

K =K, +y(K“-K/") (3.60)

K, =K, +y(K/“-K") (3.61)
The allocation index 77, corresponding to mutation can be represented as
nm = nm,min + in (362)

where7, ... =min(7, ) and 77,, is updated with corresponding iterations i, ) and with the ongoing

iteration, the objective function f is computed.

v. Selection between a parent and an offspring

The value of f of each parent K, , 1s compared with that of matching offspring K’an . The

population that has lower value of f* gets selected in order to operate in the following iteration as

in equation (3.63).

(3.63)
otherwise

K., =K. iff(K;"j) < f(Kcnj)
K =K

&’
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The flowchart of the GA and the schematic of GA-based PI controller design for pressurizer

are presented as Fig. 3.6 and Fig. 3.7 respectively.

Start

Population Initialization

y

Parent population Selection, 5
depending on the objective function

v

Perform simulated binary crossover and
multinomial mutation and create two offspring

v

Based on objective function value, assort
between the parent and matching offspring

v

Selection of the one between the parent and the matching
offspring with lower value of objective function

v

Optimum No
solution

| Yes

Fig. 3.6 Flowchart of the GA
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o PI Z/Il ~ Q
(1) “lcontroller, 1= P
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PI ufl ~
“lcontroller, >

Fig. 3.7 GA-based PI controller design for pressurizer [70]

The methodology presented in this chapter has been validated using credible simulation-based

studies and the corresponding results are presented in Chapter 4.
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Stmulation and Results
Chapter 4

Simulation and Results

4.1 Introduction

he controller design methodologies and the related stability studies for both

T540MWe and 700MWe PHWRs presented in the last two chapters are established in
this chapter using credible real-time (online) and offline (MATLAB/Simulink) simulations as
and where applicable.

This chapter is organized as follows. Section 4.2 represents the details of the real-time
simulation test-bench that has been used in this dissertation. The set-up comprises of the real-
time simulator OPAL-RT (OP4500) which simulates the plant (reactor in this case) and a
separate controller PC simulating the controller. Next, the performance of the PID controller,
designed using the methodology presented in Chapter 2 for controlling a 540MWe PHWR, is
established in Section 4.3 using both offline and online simulations. The related stability study
for the closed-loop system with the designed controller has been analyzed at different power
levels. Lastly, Section 4.4 presents the online simulations results related to the control and stable

operation of 700MWe PHWR using the controller design methodologies presented in Chapter 3.



4.2 The Real-time simulation test-bench

The controller design methodology is tested using Hardware in Loop (HiL) simulation over
an OPAL RT (OP4500) module [72]. The OP4500 is a compact simulator capable of performing
high speed simulation with sub-microseconds step size. It is fully integrable with
MATLAB/Simulink through the RT LAB 11 software and consists of 16 fast input and output
channels. The non-linear simulation model of the 540MWe PHWR is developed using
MATLAB/Simulink installed in a host computer using the set of equations (2.18)-(2.25). The
model is made compatible to run in the real time simulator OPAL RT (OP4500) [73] using the
prescribed OPAL RT block sets. The host computer hosting this RT LAB 11[73] software
generates C code from the Simulink model and downloads the generated code to the simulator.
The complex non-linear plant module running in real-time on the OP4500 therefore forms a
virtual plant whose dynamics and behavior under various operating scenarios need to be studied

The controller derived for the purpose of achieving desired system performance is
simulated in MATLAB/Simulink installed in a separate computer named as Controller PC. This
computer uses the MATLAB Real Time Workshop (RTW) [74] which automatically generates
the corresponding C code from the Simulink model resulting in an executable file that can be run
in real-time by the Real Time Windows Target (RTWT) [75] installed the Controller PC. An
ADVANTEC PCI 1711 /O card [76] is installed in the Controller PC to communicate the real-
time data to the plant simulated by the OP4500 module. This 12 bit A/D converter with a
sampling rate of up to 100 KHz consists of 16 analog input channels and 2 analog output
channels. When running models in real time, RTWT captures a sample of data from one or more

input channels through the PCI card, uses the data as inputs to the executable file generated by
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the RTW, immediately processes the data, and sends it back to the outside world via an output

channel through the PCI card. Figure 4.1 gives the block diagram of the entire process.

' MATLAB
) “.\nu'nxx

Advantec PCI 1711 Nonlinear Simulation of the PHWR reactor

Host PC
Installed 4‘
Simulation of the plant
Comnected running in the simulator
via UDP/IP
v \ 4
—
Analog
Analog Channels —_—
— Out port
PC where controller OPAL-RT 4500 Real Time Simulator Oscilloscope

has been designed

Fig. 4.1 Schematic of HiL test-bench

The real-time simulation results presented in the subsequent sections therefore represent scenarios
where the actual non-linear plant is controlled by the controllers designed by the methodologies

presented in Chapters 2 and 3.

4.3 Simulation Results of S40MWe PHWR,

The LQR based PID controller has been demonstrated by contemporary researchers e.g.
[15], [29] and forms the basis of controller design detailed in Chapter 2. As mentioned before, the
methodology presented in Chapter 2 is used to design robust PID controllers for each zone of the

ZCC of a 540MWe PHWR to achieve the following:
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i. To produce satisfactory time response with an uncertainty AP_=120%FP where AP, is

defined asAP_ =P —P_ , P_ being the reactor power corresponding to the nominal

ssg 2 S,
system.

ii. To produce satisfactory time response with injected uncertainties into the tune of +5% in

each element of the set of parameters p =[P a,, o, Q] representing zonal reactor

ss?

power P_, reactivity coefficients &, andc ., the parameter Q.

The satisfaction of requirement (i) ensures the robustness of the PID controller in terms of
its ability to control the 540MWe PHWR under a possible power variation scenario when the
demand power set-point is changed within a £20 %FP band and the requirement (ii) ensures that
the controller performance remains satisfactory under uncertainties in the measurement of power,

reactivity of coolant and fuel and in estimation of heat transfer parameters.
In order that a robust PID controller achieves both (i) and (ii), the intervals [L, L ] and

[g, c_z] computed using (tns22)-(tns23) should be able to accommodate the corresponding intervals

of [P Q. a, Q]. A study of the data presented in Tables 2.3 and 2.4 show that the interval

[L, L ] for each zone of the PHWR in Table 2.4 ( with injected uncertainties of £10% in P, &,
,a,,Q) includes the corresponding interval [L, L ] computed from Table 2.3 (with

AP, =+20%FP) and the reverse is true for the intervals[a, @]. In order that the nominal PID
controllers are capable of achieving both (i) and (ii) the larger of the two intervals are selected

from Tables 2.3 and 2.4 for both [L, L ] and [g, c_z] to define interval plant for each zone of the
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PHWR and subsequent design of robust PID controllers. Table 4.1 summarizes the transfer

functions of the nominal plants and corresponding intervals [L, L } and[a, a].

Table 4.1

Nominal Plants and Interval Parameters for Controller Design

Zone G,(9) [L, 1_4] [Q’ 5]

1.8 0.0064626 | [0.0051034,0.0084124] | [1.3287,1.7793]
s* +1.55496s

2,9 | _0.0062857 | [0.0050102,0.0062857] | [1.3235,1.7725]
s* +1.54870s

3,10 0.0071854 | [0.0052687,0.0071854] | [1.3030,1,7450]
s* +1.524855s

4,11 | 0.0088249876 | [0.0068255,0.0114929] | [1.3247,1.7740]
s* +1.54933s

5,12 0.0071854 | [0.0052687,0.0071854] | [1.3030,1.7450]
s* +1.524855s

6,13 | 0.0064626 | [0.0051034,0.0084124] | [1.3287,1.7793]
s* +1.55496s

7,14 | 0.0062857 | [0.0050102,0.0062857] | [1.3235,1.7725]
s* +1.54870s

For nominal controller, design the nominal values of closed-loop system parameters are specified

as o0,=1.55,¢,=0.9, @, =0.1 rad/sec for the closed-loop template (2.43)
With these specifications, an acceptable time-response is specified as one which produces a

+10% uncertainty bound in [o, ¢, @]around &, {;, @,.Thus,

o e[1.39,1.70]; £ €[0.81, 0.99]; @ €[0.09, 0.11]; (4.1)
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Stmulation and Results

Table 4.2 presents the nominal PID controller parameters for all the 14 zones of a PHWR

obtained with these considerations following the methodology presented in Chapter 2.

Nominal PID Controller Parameters

Table 4.2

Zone

K

P

K

1

K

d

1,8

447188

2.3984

27.0851

2,9

44.9774

2.8432

28.8432

3,10

40.2204

2.1572

28.5503

4,11

32.7482

1.7564

20.4728

5,12

40.2204

2.1572

28.5503

6,13

44.7188

2.3984

27.0851

7,14

44.9774

2.8432

28.8432

With the nominal plants and the corresponding nominal controllers designed, it is next attempted

to study the robustness of the closed-loop plants using MATLAB simulation. Fig. 4.2 shows the

general schematic used for MATLAB simulation. Simulink blocks for ZCC models reported in

[36] have been used for developing the Simulink model for Fig. 4.2 and the PID controller blocks

listed in Table 4.2 are included in the LZC Controller block. The Zonal Demand Power block

shown in Fig. 4.2 generates the zonal power demand set-points and zonal power errors for each

zone of the PHWR.
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Fig 4.2 Schematic diagram of MATLAB SIMULINK model

To test the fulfillment of the first requirement, the demand power set-point is ramped at -
0.5%FP/sec for 20sec with the reactor operating at 80%FP (nominal plant), at 100%FP (i.e. AP,
= +20%FP) and at 60%FP(i.e. AP ,=-20%FP) and the PID controllers, as described by Table 4.2,

in loop. The simulated variations of the global reactor power (sum of individual zonal powers)

with time in each case are presented in a single graph represented by Fig. 4.3.
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Fig. 4.3 Global Power Variation due to Demand Power Set-point Ramping at 100%FP,
80%FP and 60%FP with nominal PID controller
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As seen from Fig. 4.3, the PID controllers are capable of achieving effective control of
reactor power over a range of +20% FP around the power level associated with the nominal plant
i.e. from 60%FP to 100%FP. In the case of a 540MWe Indian PHWR it means that the same
controller can be used to control reactor power between 324MWe to 540MWe. In Fig. 4.3, for
each case, the peak overshoot is a little more than the value corresponding to ¢ = 0.9 mainly
because of the zeroes introduced by the PID controller in closed-loop. A study of Fig. 4.3 also
shows that the peak overshoot in global reactor power with nominal PID controllers in loop
reduces from 1.12 to 1.10 when the power is reduced to 60% FP from 80%FP and increases to
1.15 when the power is increased to 100%FP. Figure 4.3 shows that the bulk power settles within

2% of its steady-state value within 60sec with marginal decrease when power is reduced to

60%FP and marginal increase at 100%FP. Assuming that the real root at s =—0, in the template

(2.44) not influence the time response since o, >> ¢ @, as evident from (4.1), and the settling
time remains constant, the variation in closed-loop damping | A | is less than 10% as envisaged.
Next, in order to test the robustness of the control system, i.e., requirement (ii), an
uncertainty bound of £5% is considered in the parameters [P, ,a,,Q2] and the corresponding
zonal transfer functions are obtained for cases corresponding to the 4 vertices of the resultant
convex box of [L, a]computed using rule-set (2.2) and (2.39)-(2.40). These plants are controlled

using the controllers described by Table 4.2. The global demand power set-point is again ramped at
-0.5%FP/sec. While the global power variation represents the variation of cumulative zonal
powers, study of robustness requires study of individual zonal powers as well, since the robust
controllers are designed for each zone. Fig. 4.4 depicts a representative variation of zonal powers

(Zone 4) under this condition, for four cases each corresponding to a vertex of the convex box of
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[L,a]. Figure 4.5 represents the corresponding controller outputs for the same zone and Fig. 4.6

presents the frequency response for each case.
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Fig 4.4 Representative Zonal Reactor Power variation due to Demand Power Set-point
Ramping for 4 different cases arising out of parametric uncertainties
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Fig 4.5 Representative controller output due to Demand Power Set-point Ramping for 4
different cases arising out of parametric uncertainties
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Fig 4.6 Representative Frequency Response for a Zone 4 with nominal PID controller for
4 different cases arising out of parametric uncertainties

As seen from the Fig. 4.4 and Fig. 4.6 , the time response and frequency response for the

zone considered (zone 4) with the corresponding robust PID controller in loop remain almost

unaltered with of £5% uncertainty bound in the parameters [P,

69 X @, Q2] The time response
of the other zones exhibit similar behavior with peak overshoots varying between 1.12 and 1.14
and settling time between 59.7sec and 62.7sec for the same ramp-down of demand power set-
point and have not been presented for the sake of brevity. Figure 4.4 may thus be taken as the
representative time variation of the global power of the PHWR which is the sum of the powers
produced by the individual zones. Similarity is also exhibited by the variations in controller
outputs and frequency responses for the other zones.

Further, Fig. 4.5 reveals that the controller output is minimum when the gain term L is

minimum and the pole at s =—a is farthest from the origin for the plant (2.17) representing the
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reactor zone considered. Similarly, the controller output is maximum when the term L is
maximum and the pole at s =—ais nearest to the origin. Uncertainties which cause Land a to
shift in the same direction keep the controller output almost unaltered with respect to the nominal
system. This can be explained with equations (2.39)-(2.40) and the representative values of the

parameters presented in Table 2.3. It is seen that for a particular power level, the parameters L,a
are most sensitive to changes in two parameters viz. P and (). This has also been reported by

[49] where robustness in presence of bounded parametric uncertainties have been examined by

injecting uncertainties in these two parameters viz. P _and (2only. An examination of (2.39)-

(2.40) shows that L, a reduce in presence of positive uncertainties in P, and increase in

presence of negative uncertainties in both of these parameters. But uncertainties of opposite signs
in P

ss?

Q) keep L,a constant. Again, it is seen that the value of the matrix AP defined by (2.70) is

negative implying decrease in cost of control for the condition(L <L) and vice-versa. This

explains the variation in controller output depicted in Fig. 4.5. The output of the controller is
converted to a 4-20mA signal that is used to control the opening or closing of a control valve, to
alter the level of light water in a ZCC. The steady-state value is 12mA.

The ramping rate of +0.5%FP/sec for demand power comes from the constraints
associated with a 540MWe PHWR and has been kept unaltered as in the existing design of the
present LZCS for Indian PHWRS. Though studies on uncertainties associated with heat transfer
related parameters for a large PHWR are not available in published literature, Kazeminejad [77]

reports an uncertainty bound of 1% in P an 2.1% in €2 for a 2MW reactor. From this point of

view, an uncertainty of 5% in these parameters seems to be justified.
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Next, the time response of the 540MWe PHWR with the designed PID controllers is studied
on the real-time test bench described in Section 4.2. In this case, as mentioned before, the
540MWe reactor model represented as a 6™ non-linear order plant by equations (2.18)-(2.25) is
simulated on the OP4500 platform and the controller set on the Controller PC. The reactor’s
demand power is now ramped-up from 60%FP to 100%FP at the rate of 0.5%FP/sec for 80sec.
The PID controller output from the Controller PC is fed as an analog input to the OP4500 module
is assumed to control the height of the water level in LZCS based upon which the reactivity

introduced by the LZCS Ap,, is controlled computed using the LZCS gain mentioned in Chapter

2. The simulation results presented in Fig. 4.7 through Fig. 4.10 representing variations in

F,,T,,T, and p,, respectively due to variation in global demand power set-point £,

obtained as analog outputs from the OP4500 module and traced on a Mixed Signal Oscilloscope
(MSO). For real-time simulation, different zone viz. zone 1 of the PHWR is now selected with a

full power of 132.3MWth and the results are presented in Fig. 4.7 through Fig. 4.10.
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Figure 4.7 suggests that the actual reactor power efficiently tracks the demand power set-point
with the designed PID controllers. With the increase of reactor power, the fuel temperature and
the coolant outlet temperature should increase and these are evident from Fig. 4.8 and Fig. 4.9
respectively. The primary side pressure for 540MWe PHWR is 9MPa corresponding to which the
saturation coolant temperature is 303.345°C. Figure 4.9 suggests that the outlet coolant
temperature has not exceeded this saturation temperature limit. Finally Fig. 4.10 represents the
reactivity introduced by the LZCS in the reactor core.

The simulation results presented in this sub-section establish the effectiveness of the robust
control methodology presented in Chapter 2 for a 540MWe PHWR with standard PID controllers

when applied to the actual non-linear plant.

4.3 Simulation Results for a 700MWe plant

The methodologies presented in Chapter 3, have been used to derive optimal controllers for
i. A 700MWe PHWR with constraint on fuel, coolant temperatures and reactivity satisfied

in the regime 60%-100%FP.

ii. Controlling the pressurizer pressure output to keep voiding within 3% in the regime

92.3%-100%FP.

Again, the methodology is validated using credible real-time simulation with the following
two cases enumerated below:
Case (i): This presents a scenario where the demand power of the reactor is maneuvered from
60%FP to 100%FP at a rate of 0.5%FP/sec. First, the reactor is considered to be operating at a
steady state of 60%FP. Then, the power maneuvering starts atf =20sec and with the given

ramping rate, the power maneuvering continues up-toz =100sec and thereafter it is kept constant
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at 100%FP. This case has been simulated to depict the occurrence of voiding in coolant channel in
a high power regime (92.3%FP-100%FP) when the pressurizer remains un-activated. The
reactor’s zone 1 is chosen as a representative case for simulation. For this case, an optimal PID
controller has been designed using the methodology described in Chapter 2. The PID controller
gain has been obtained, for zone 1, corresponding to nominal system defined by (3.41), as:

2.3281
s

G, (s)=45.6296+ +28.7684s (4.2)

In this case, the simulation results on the real-time test bench with the actual non-linear
plant are only presented for the sake of brevity.

The oscilloscope traces of power-tracking response, fuel temperature response, coolant
temperature response, void fraction and LZC output corresponding to Zone 1 of 700MWe PHWR,
are presented in Fig. 4.11-Fig. 4.14.

A thorough examination of Fig. 4.11 reveals that actual reactor power has tracked the
demand power variation. As the power varies, so do the fuel and the coolant temperatures and
these variations are depicted in Fig. 4.12 and Fig. 4.13 respectively. As the pressurizer remains
un-activated in this case, a constant pressure of 9.8MPa is maintained corresponding to which the

coolant saturation temperature is 309.561°C. With the increase in demand power, the coolant

temperature starts increasing from 301.6°C and as soon as it reaches its saturation point, the
coolant temperature becomes constant and the coolant enters into a mixture phase of liquid-vapor.
From Fig. 4.13, it is seen that the coolant enters into its mixture phase at ¢=65sec and this
corresponds to 92.3%FP for zone 1. As soon as the coolant temperature reaches its saturation
value, voiding starts to occur and this is depicted in Fig. 4.14. Void fraction, which was initially 0

at ¢t =65sec, starts rising and settles at a final value of 4.5% in ¢ =456sec. It is to be noted that
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the maximum allowable limit of void fraction is 3% [12]. Voiding of 4.5% in coolant channels
introduces positive reactivity of 0.3mk in the reactor core [57]. The reactivity introduced by the

LZC level variation is shown in Fig. 4.15.
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Fig. 4.11 Demand power and actual power tracking of zone 1 during 60%-100%FP power
maneuvering without activating the pressurizer
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Fig. 4.12 Fuel temperature response during 60%-100%FP power maneuvering without
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Fig. 4.13 Coolant temperature response during 60%-100%FP power maneuvering without
activating the pressurizer
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Fig. 4.14 Void fraction response during 60%-100%FP power maneuvering without
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Fig. 4.15 Reactivity introduced by LZC of zone 1 during 60%-100%FP power maneuvering
without activating the pressurizer
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Case (ii) represents the case where the pressurizer is activated. For simulating case (ii), the
conditions related to demand power set-point variation is the considered in case (i) remain
unaltered except the fact that the pressurizer is now activated. The important parameters related to
the pressurizer pressure control are listed in Table 4.3.

Table 4.3

Parameters Related To the Pressurizer Pressure Control

Ky, k,, 77 k k W

)4 i 1 W,

> W.

3

0.0038 | -0.0017 | -0.447 | 431.372 | 682.352 1.2x10° 1.000011 |3.00001x10°

For pressurizer pressure control, the pressure set-point of the pressurizer is ramped-up from
the 9.8MPa to 10MPa as soon as the temperature of the coolant reaches its saturation point i.e. at
t =65sec. The objective of the PI controllers for the pressurizer is to ensure that the actual
pressure perfectly tracks the set-point with minimum control effort i.e. by minimizing the
electrical heater power and spray flow. Thus, the two PI controllers are optimally designed using
the methodologies presented in the Chapter 3 and the corresponding controller gains obtained
along with the weights considered in (3.51) are listed in Table 4.3. Figure 4.16- Fig. 4.20 depict
the oscilloscope traces of power-tracking response, fuel temperature response, coolant
temperature response, computed void fraction and LZC output respectively, corresponding to
Zone 1 of 700MWe PHWR with the pressurizer activated to restrict voiding. The power tracking
response and the fuel temperature response remain unaltered as compared to Fig. 4.11 and Fig.

4.12 respectively. However, comparing Fig. 4.18 to Fig. 4.13 suggests that the coolant output

saturation temperature which was 309.516°C at 9.8MPa has changed to 310.997°C
corresponding to 10MPa. Due to the activation of the pressurizer, the void fraction has however

drastically reduced to 2.2% (which is within the maximum allowable limit of 3%) and has
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remained there for the rest of the time. This is clearly evident from Fig. 4.19. As the void fraction
reduces, so does the amount of positive reactivity addition in to the core due to coolant voiding
and thus the LZC output variation also reduces as evident from Fig. 4.20 when compared to Fig.
4.15. The oscilloscope traces of pressure tracking response, electric heater power and spray flow
are presented through Fig. 4.21-4.23. An examination of Fig. 4.21 suggests that the optimal PI
controllers are able to accomplish perfect pressure tracking response with optimal variation of

electric heater power which increases and spray flow which decreases with increase in pressure.
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Fig. 4.16 Demand power and actual power tracking of zone 1 during 60%-100%FP power
maneuvering with pressurizer activated during void fraction occurrence
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Fig. 4.17 Fuel temperature response during 60%-100%FP power maneuvering with
pressurizer activated during void fraction occurrence
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Fig. 4.18 Coolant temperature response during 60%-100%FP power maneuvering with
pressurizer activated during void fraction occurrence
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Fig. 4.20 Reactivity introduced by LZC of zone 1 during 60%-100%FP power maneuvering
with pressurizer activated during void fraction occurrence
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Fig. 4.21 Actual pressure and pressure set-point variations during 60%-100%FP power
maneuvering with pressurizer activated during void fraction occurrence
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Fig. 4.22 Output of electrical heater power of pressurizer during 60%-100%FP power
maneuvering with pressurizer activated during void fraction occurrence
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Fig. 4.23 Spray flow of the pressurizer during 60%-100%FP power maneuvering with
pressurizer activated during void fraction occurrence

It is to be noted that the pressurizer is not kept activated since the beginning of the power
maneuver because such a case would require much more heater power and hence the overall
process would not be cost effective. Therefore the pressurizer is activated only on occurrence of
voiding in coolant channel and in this case heater power and spray flow has been optimally
controlled so that the desired pressure can be accomplished by a combination of minimum heater
power and minimum spray flow. This justifies the optimal design of PI controllers for pressurizer
pressure control.

The simulation results presented in this chapter, therefore, establish the effectiveness of the
controller design methodologies for both 540MWe and 700MWe PHWRS and produce stable
reactor operation under a variable demand power regime. In both the cases, the controllers
designed for a linearized non-linear plant produce desired stable closed loop response when

applied to the non-linear plant within the interval of demand power variation considered.
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Cﬁapter 4 Simulation and Results
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Conclusion and Scope of future Work,

Conclusion and Scope of Future Work,

5.1 Conclusion

t first, this dissertation puts forward the details of modeling a nuclear reactor as an
Ainterval system with bounded parametric uncertainties during the scenario of
demand power variation. Further, the stability analysis of such an interval system suggests that
even though the system is marginally stable in nature, the system is fully controllable over a
prescribed operating interval of reactor power. This dissertation puts forward a methodology to
achieve robust control of a 540MWe PHWR under changes in demand power set-point and
uncertainties in measurement of reactor power, reactivity coefficients and heat transfer related
parameters. The methodology uses an interval approach and can be used to tune conventional PID
controllers to achieve robust control of PHWR. The controller obtained by this methodology is an
optimal controller and the acceptable bounds in closed-loop time response parameters can also be
directly specified. The robustness of the controllers has been established using credible real-time
and offline simulations of 540MWe PHWR with representative data.
The next objective of the dissertation is to extend the controller design methodology for
540MWe towards the control of 700MWe PHWRs. The 700MWe PHWRs are prone to voiding
occurrences in coolant channel at higher power regime (93.2%FP onwards). This dissertation puts

forward the details of modeling void fraction in transient time. Stability analysis of such a
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Conclusion and Scope of future Work,

700MWe PHWR in presence of voiding, suggests that the system tends to become unstable as
soon as the voiding starts due to the introduction of positive reactivity. Therefore, this dissertation
presents a credible technique by which a robust control of a 700MWe PHWR can be achieved
over an operating regime spanning 60%-100%FP. The void fraction can be estimated as a
function of reactor power and this has been established in this dissertation. For keeping the void
fraction within the prescribed limit, a pressurizer needs to be activated which uses an electric
heater power and spray flow. For pressurizer pressure control, PI controllers are optimally
designed using GA such that the desired pressure can be achieved by minimum controller effort
i.e. by minimum heater power and spray flow requirement. Pressurizer PI controllers together
with reactor power level PID controllers can r achieve power maneuvering at desired rate keeping
void fraction constrained to its specified limit. Real-time simulation results validate the controller

performance.

5.2 Scope of Future work,

Drawing conclusions to the dissertation has further given rise to many challenging and
interesting notions in the domain of reactor control which need to be explored in future as an
extension of this dissertation. This dissertation puts forward the void fraction modeling in
transient time but does not take into consideration the location of void occurrence in the coolant
channel. Also, the reactivity feedback due to void is dependent upon the nature of bubbles
occurring in coolant channel. Therefore, for more precise and detailed analysis of void fraction,
these factors need to be considered and such study would be a highly challenging research

domain. The interval approach based modeling and robust optimal controller design for system
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Conclusion and Scope of future Work,

with bounded parametric uncertainties, may be directly applied towards the design of appropriate
controller for the next generation reactors.

Secondly, the methodology presented in this dissertation does not take into consideration
the coupling between the different zones of a PHWR . Considering this would lead to a larger
system comprising sub-systems constituted by neighboring zones and pose a challenge to
controller design for such a system with extension of the interval based methodology presented in
this dissertation. Similarly the effects arising out of flux asymmetry in a coupled reactor e.g.
Xenon Oscillations also need to be considered in the controller design and is left as a future work-
as a matter of fact interval approach has already been applied for control of Xenon oscillations in

a Pressurized Water Reactor (PWR) as in [27].
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Appendices

Appendix-I

MATLAB codes for Chapter 2 and Chapter 3

% % % Code for interval model and controller design % % %
%%%540MW nuclear reactor$%$%%%
P=1440e6;pi=80e6;beta=7.5e-3;sigmaX1=9.024e-24; sigmaal=2.43e-
2;lamdal=608e-3; lamdaX=2.le-5;1=7.9e-4; alfaf=-3.2e-5; alfac=-5.5%e-4;
lamdaI=2.878e-5; sigmafl=9.4e-3; gamaX=0.006; gamaI=0.0618; sigmai=0;
X=(gamaX+gamal) *sigmafl*pi; I0=gamal*sigmafl*pi/lamdal;klzc=(2.5e-6)/14
$%%%thermal hydraulics$%$%%%%
muf=1.233e6;muc=3.794e6;omega=2.321e5;Mc=3.844e6;

$%%%interval algorithm

Pi=infsup (P-P*d/100, P+P*d/100)

pi0=infsup (pi-pi*d/100,pi+pi*d/100)
Pi=infsup(1400e6,1800e6)

pi0=infsup (106e6,131.5e6)

omegai=infsup (omega-omega*x/100, omegat+omega*x/100)
alfaci=infsup(alfac+alfac*x/100,alfac-alfac*x/100)

alfafi=infsup(alfaf+alfaf*x/100,alfaf-alfaf*x/100)

99

°

o
o0
oe

oe

$%value

M= (beta+ (sigmaX1*X/sigmaal)) /1l
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Im=lamdal

Gs=(sigmaXl/sigmaal) *pi0/1

Tf=-alfafi*pi0/1

Tc=-alfaci*pi0/1

Rs=beta/l

Ts=(gamal*sigmafl-sigmaX1*I0)

DD=- (lamdaI+sigmaX1l*pi0)

V= (gamaX*sigmafl-sigmaX1l*X)

LI=lamdal

J=(lamdaX+sigmaX1l*pi0)

E=1/muf

Fs=omegai/muf

L= (2*omegai) /muc

Lc=(2*Mc+omegai) /muc

$%%interval for a and L

Li=(Pi*lamdaX* (2*Mc+2*omegai) *klzc)/ (2*Mc+beta+ ( (sigmaX1l*X) /sigmaal) -
2*Mc*beta-omegai*alfaci+2*Mc+omegai*alfafi);
Ll=inf (Li)

L2=sup (Li)

o\°

oo
3]

oe

ai=(Fs+Lc+Lm+M) / (Fs*Lm* (Lc*M-L*M+L*Rs-Lc*Rs) +Lm*E* (L*Tc+Lc*Tf) ) ;

al=inf (ai)

3%%%% value of parameters
L0=0.0088249;a0=1.54933;b0=0;

$%%%% system matix

A=[0 1 0;0 0 1;0 -b0 -a0],; B=[0;0;L07;
w cl1=0.1;z c1=0.9;

alfa=1.55;
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R=100

Q11=(R/L0"2) * (alfa"2*w _cl"4)
022=(R/L0"2)*(w_cl”4+(2*z cl*w _cl*alfa)”"2-2*(alfa*w _cl)"2-b0"2)
033=(R/L0"2) * (alfa"2+(4*z cl”2-2)*w _cl”2-a0"2+b0)

0=[0Q11 0 0;0 Q22 0;0 0 Q33]

% %$%%%%interval algorithm

ai=infsup(a0-a0*x/100,a0+a0*x/100)

Li=infsup (L0-L0*x/100,L0+L0*x/100)

bi=infsup (b0-b0*x/100,b0+b0*x/100)

z cli=infsup(z cl-z c1*i/100,z cl+z cl1*i/100)
w_cli=infsup(w cl-w cl1*i/100,w cl+w cl1*i/100)
alfai=infsup(alfa-alfa*i/100,alfat+alfa*i/100)
al=inf (ai),a2=sup(ai),Ll=inf(Li),L2=sup (Li)
gama=L2/L1

$%%%interval for Q matrix

delta gll=0

Qllnett=Qll-delta gll

delta g22=(2*R/gama*L0"2)* ((w_cli”2+2*z cli*w cli*alfai-bi)* ((bi/gama)-
b0)+alfai*w cli”2*(al0-(ai/gama)))
Q22nett=Q22+delta g22

delta g33=(2*R/gama*L0"2)* ((2*z cli*w cli+alfai-ai)* ((ai/gama)-a0)-
(w_cli”2+42*z cli*w_cli*alfai-bi)*((1/gama)-1))
Q33nett=Q33+delta g33

Qi=[Qllnett 0 0;0 Q22nett 0;0 0 Q33nett]
Ql=inf (Q1i)

Q2=sup (Q1)

$%%%%controller design

[p,1,kr]=care(A,B,Q,R);

kri=kr*[1 0 0]'
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krp=kr*[0 1 0]
krd=kr*[0 0 17"

$%%%%%%%%for frequency domain response

$%5%5tf of system
numn=[0 0 LOJ];
denn=[1 a0 b0];
numl=[0 0 L1];
denl=[1 al bO0];
num2=[0 0 L2];
den2=[1 a2 b0];

g0=tf (numn, denn) ;
gl=tf (numl, denl);
g2=tf (num2,den?2) ;
g3=tf (num2,denl) ;
g4=tf (numl, den?2) ;
nc=[krd krp kri];
de=[0 1 01;

gc=tf (nc,dc) ;
sysO=series(gc,g0);
sysl=series(gc,gl);
sys2=series(gc,g2);
sys3=series(gc,g3);
syséd4=series(gc,gd);
gcO=feedback (sys0,1);
gcl=feedback(sysl,1);
gc2=feedback (sys2,1);
gc3=feedback (sys3,1);
gc4=feedback (sys4,1);

bode (gc0,gcl,gc2,gc3,gc4)
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%% % Code for model order reduction % % %

000
°

$%%%540MW nuclear reactor%%%%%
Pg=1800e6; pi0=132.75e6; beta=7.5e-3;sigmaX1=9.024e-24; sigmaal=2.43e-
2;lamdal=608e-3; lamdaX=2.le-5;1=7.9e-4; alfaf=-2.9e-5; alfac=-6.3e-4;
lamdaI=2.878e-5; sigmafl=9.4e-3; gamaX=0.006; gamaI=0.0618; sigmai=0;
X=(gamaX+gamal)*sigmafl*pi0; I0=gamal*sigmafl*pi0/lamdal

$%%%%thermal hydraulics%%$%%%%
muf=1.69e6;muc=5.1le6;omega=2.96e5;Mc=5.3e6;
$%%%%element of 6x6matrix of nuclear reactor$%%%%%

M= (beta+ (sigmaX1*X/sigmaal)) /1l
Im=lamdal
Gs=(sigmaXl/sigmaal) *pi0/1
Tf=-alfaf*pil0/1
Tc=-alfac*pi0/1

Rs=beta/l
Ts=(gamal*sigmafl-sigmaX1*I0)
DD=- (lamdaI+sigmaX1l*pi0)

V= (gamaX*sigmafl-sigmaX1l*X)

LI=lamdal
J=(lamdaX+sigmaX1l*pi0)
E=1/muf

Fs=omega/muf

L= (2*omega) /muc

Lc=( (2*Mc+omega) /muc)
Rp=pi0/1

o

°

syms real M Im Gs Tf Tc Rs Lm Ts DD V LI J E Fs L Lc Rp s
$%%system matrix of reactor in continuous time%%%%%
=

A=[-M Im 0 -Gs -Tf -Tc;Rs -Im 0 0 0 0;Ts O DD O O O;V O LI -J 0 0;E OO0 O -
Fs Fs;0 0 0 0 L -Lc]

e=eig (A)

B=[Rp;0; 0; 0; 0; 0]

I=eye (6)

C=[1 0 0 0 0 0]
D=zeros (1)
tf=C*inv (s*I-A) *B

%% The value of tf has been altered to obtain the various values of a and L
and the very small values have been neglected. This is how model order

o)

reduction using aggregation method has been performed. %%

a=(Fs+Lc+Lm+M) / (Fs*Lm* (Lc*M-L*M+L*Rs-Lc*Rs) +ILm*E* (L*Tc+Lc*Tf)) ;
$%%% putting the all character in above

a=((omega/muf) + ( (2*Mc+omega) /muc) +lamdal+ (piO+beta+sigmaXl*X/sigmaal) /1) / ((
omega*lamdal/muf*muc*1l) * (2*Mc*piO+beta+ ( (sigmaX1l*X) /sigmaal)-2*Mc*beta-
omega*alfac*pilO+2*Mc+omega*alfaf*pil))

$%%%similarly L form as:
L= (pi0*lamdaX* (2*Mc+2*omegai) ) / (2*Mc+beta+ ( (sigmaX1l*X) /sigmaal) -2*Mc*beta-
omega*alfact2*Mc+omega*alfaf);
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% % % Code for pressurizer controller % % %

$%%cost function

function fit = cost fun(L,a,b,alp)

% kp=847.0588;ki=376.4706;
kp=L(1);ki=L(2);
% a=3.085e-4;

% alp=6.481;

G=tf ([ (a+alp*b) *kp (a+b*alp)*kil, [(1) (a+alp*b)*kp

£t=0:100;
ly tl=step(G,t);
for i=1:101
error (i)=1-y(i);
end
ul=(kp.*error) + ki*sum(error) *ones(1l,1i);
u2=alp*ul;
errorl=error*error';
Z=abs (sum(errorl));
$Z=trapz(l-y);
if (ul<abs(u2))
Z=10el0;
end
if (z<0)
Z=10el0;

end

PL=pole (G) ;

for i=1:2
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(atb*alp) *kil) ;



if (PL(i)>=0)
Zz=10e10;
end

end

Wcl=sqgrt (a+ (b*alp) *ki);

Zcl=((atb*alp) *kp) / (2*Wcl) ;

% Wecl=(a*(l+alp)*ki)"0.5;

% Zcl=(kp*a* (l+alp))/ (2*Wcl);

if (Wcl<0.2) || (Wcl>0.8)
Zz=10el0;

end

if (Zcl<0.8) || (Zcl>1)

Zz=10e10;

end

fit=272;

%$%%% for GA function

function [x best, best,conv,T]=ga(a,b,alp, tp)

tl=cputime;

% I. Setup the GA
% ff =Q@test functions; % objective function
ff =Qcost fun;

)

% F _index = 23; % select Fn.
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2; %

oe

low= 0; up= 10;

oe

low=0; up=1000; npar=2;

o
0

number of optimization variables

$low & up limit

[low,up,npar]=test functions range (F index);

% II. Stopping criteria

)

$ maxit=100; % max number of

maxit=tp;

iterations

mincost=-99999999999999999999999999999999999;

o
°

% minimum cost

% III. GA parameters

popsize=50; % set population
mutrate=0.15; % set mutation
selection=0.5; % fraction of

nbits=8; % number of bits in

size
rate
population kept

each parameter

Nt=nbits*npar; % total number of bits in a chormosome

keep=floor (selection*popsize); %

o
°

o)

#population members that survive

El
iga=0; % generation counter

% initialized

pop=round (rand (popsize,Nt)) ;

par=gadecode (pop, low, up,nbits); %

°

for i=1l:popsize

% cost (popsize)=£ff (par (popsize,

cost (popsize)=ff (par (popsize,:),a,b,alp);

end

o)

[cost,ind]=sort (cost); %

% cost=feval (ff,par,F index);

% Create the initial population

o)

Q

o

min cost in element 1
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% calculates population cost using ff
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Q

par=par (ind, :); pop=pop(ind,:); % sorts population with lowest cost first

o)

minc = min(cost); % minc contains min of population

o)

meanc = mean(cost); % meanc contains mean of population

o
°

o

% Iterate through generations

while iga < maxit

iga=iga+l; % increments generation counter
clc;

iga

o
o

)

% Pair and mate
M=ceil ( (popsize-keep)/2); % number of matings
prob=flipud([l:keep]'/sum([l:keep])) ;% weights

)

% chromosomes based
% upon position in

% list

odds=[0 cumsum (prob(l:keep))']l; % probability distribution function
pickl=rand(1,M); % mate #1

pick2=rand(1,M); % mate #2

% ma and pa contain the indicies of the chromosomes
% that will mate

ic=1;

while ic<=M

for id=2:keep+l

if pickl(ic)<=odds (id) && pickl (ic)>odds (id-1)

ma (ic)=1id-1;

end % if

if pick2(ic)<=odds(id) && pick2(ic)>odds (id-1)
pa(ic)=id-1;

Q

end $ 1if
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end % id
ic=ic+1;

)

end % while

o
°

o

% Performs mating using single point crossover

o)

ix=1:2:keep; % index of mate #1

xp=ceil (rand(1l,M) * (Nt-1)); % crossover point
pop (keep+ix, :)=[pop(ma, l:xp) pop(pa,xp+l:Nt)];
% first offspring

pop (keep+ix+l, :)=[pop (pa, l:xp) pop(ma,xp+tl:Nt)];

)

% second offspring

o
°

)

% Mutate the population

o)

nmut=ceil ( (popsize-1) *Nt*mutrate); % total number

)

% of mutations

Q

mrow=ceil (rand (1, nmut) * (popsize-1))+1l; % row to mutate
mcol=ceil (rand (1, nmut) *Nt); % column to mutate

for ii=1:nmut

pop (mrow (ii) ,mcol (ii) ) =abs (pop (mrow (ii),mcol (ii))-1);

o

% toggles bits

)

end $ ii

o
0

)

% The population is re-evaluated for cost

par (2:popsize, :)=gadecode (pop (2:popsize,:),0,10,nbits);
% decode

$sz=size (par);

$F id array = ones(sz(1,1),1)*F index;
% cost(2:popsize) = feval (ff,par(2:popsize,:),F index);

for i=2:popsize

% cost (popsize)=ff (par (popsize, :),F index,npar);
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cost (popsize)=ff (par (popsize,:),a,b,alp);
end
$for flg = 2:popsize
% cost (flg) = feval (ff,par(flg,:),F index);
%end
% Sort the costs and associated parameters
[cost,ind]=sort (cost) ;
par=par (ind, :); pop=pop(ind, :);

o
o

)

% Do statistics for a single nonaveraging run
minc (iga+l)=min (cost) ;

meanc (iga+1l)=mean (cost) ;

o
°

)

% Stopping criteria

if iga>maxit || cost(l)<mincost
break

end

% [iga cost(1l)]
conv(iga) = cost(l);
end%iga

X best=par (1, :);
best=conv (iga) ;
t2=cputime;

T=t2-t1l;

o
o

)

% Displays the output

clear all; clc;

a=3.0843e-06;
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b= -0.0020;

alp=b/a;

tp=100;

[x_best, best,conv,T]=ga(a,b,alp,tp);

L=x_best;

kp=L (1) ; ki=L(2);

G=tf ([ (atalp*b)*kp (atb*alp)*kil], [(1l) (atalp*b)*kp (atb*alp)*kil);

step (G)
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Appendix-11

Calculation of order of magnitude due to pressure drop

From (3.11) in Chapter 3,

V hd—p—ﬁd—p+p@—d—p+£d—p = P+mh, —mh,
dt p dt dt dt p dt

Dividing both sides by / Ci—fyields

V{l+£ﬂ—ld—p}: (P +mh,—mh,)

hdp hdp par
dt
Now, in order to calculate sonic speed for pressure drop, the termlj—pneeds to be evaluated.
P
We know that
d_:
dp

where c is the sonic speed in liquid at pressure of 9.8MPa considered in the dissertation.
2 2
Now, %j—p can be expressed as % Calculating % at 9.8MPa pressure for the
P

2

c=855941m/s and h=1798.31KJ / kg yields 0.4074. Since the value of %is less than 1,

therefore it is neglected.
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