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ABSTRACT

This chapter introduces somie of the major process control loops of a
typical LANDU Nuclear Generating Unit - Primary Heat Transport System
pressure and inventory control, Beiler level control and Boiler pressure
control. The subject of core reactivity is discussed briefly. Pertinent
process characteristics are described to elucidate the philosophy behind
the contrcl strategies. Unless indicated otherwise, the following
description is based on the Bruce "B" Nuclear Cenerating Station which is
a typical CANDU desigri.

6.1 PRESSURE AND INVENTURY CunTroLL1D [2]

6.1.1 Introduction

The Primary Heat Transport (PHT} System circulates pressurized heavy
water (reactor coolant, through the reactor fuel channels to remcve heat
produced by fission of uranium fuel. The heat is carried by the coolant
to the steam generators where it is transferred to 1ight water to produce
steam which drives the turbine-generator. The PHT is a closed circuit
and is stown in Fig. 6-1. Pressure and inventory control of this closed
circuit is provided by the Feed, Bleed and Relief (FBR) System shown in
Figy. 6-2. It consists of a pressurizer, a bleed condenser, a bleed
cooler, two feed pumps, isolating and control valves, and interconnecting
pipes.

Uo0 temperature changes in the PHT asscciated with operating transieuts
résults in "swell" or "shrink". The FBR stores Dpo0 from the PHT during
"swell", supplies it back to the PHT curing "shrink", regulates the PHT
pressure, and also provides cverpressure protection.

6.1.2 Inventory Control

The primary element in the inventory and pressure control of the PHT is
the pressurizer which is ccnnected to one of the reactor outlet headers
via a 12 inch diameter pipe. It functions like an "overflow tank" to
store "swell" when the temperature in the PHT increases. Thus, inventory
control is achieved by contrciling pressurizer level. This is largeiy
accomplished by natural insurye/cutsurge to/from the pressurizer with the
feed and bleed control valves providing the necessary trimming. Feed
valves open to inject Uz0 into the PHT, resulting in higher pressurizer
ievel, and the bleed valves cpen to bleed off Dp0, resulting in lower
pressurizer level.
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Fig. 6-3 shows the PHT swell characteristics for Bruce NGS-B. Note that
the change in D20 volume bears a linear relationship with change in
reactor power (or inlet header to outlet header temperature difference,
AT} except near full power when Dp0 boiling is encountered in some
reactor channels. The level setpoint of the pressurizer is programmec to
increase with aT sc that the sweil in the PHT due to increase in power is
accommodated in the pressurizer. The level setpoint could be programmed
to exactly match the swell characteristics, but since the departure from
Tinearity is small, and for the sake of simplicity, the best linear fit
is used. The cotted Tine in Fig. 6 -4 shows the level setpoint program
for Bruce NGS-A during the first years c¢f operation. Recently, the
pressurizer level setpoint program was modified (solid line in Fig. 6-4)
to provice an added measure of safety for the PHT main pumps. The zero
power pressurizer level setpcint is now set much higher in order that a
substantial Dp0 inventory is available at all times to cope with

certain malfunctions such as PHT pressure relief valve failing open.
Otherwise, the sudden depressurizaticn from such a malfunciicn could
cause pump cavitation. The mismatch between the PHT swell and the
pressurizer level setpoint program is accommodated by the feed and bleed
valves.

It should be pointec out that the PHT can be designed to operate without
a pressurizer (ey. Pickering wGS) but the result is that the unit cannot
maneuver as fast because the swell/shrink must be entirely accommodated

by the feed and bleed valves.

6.1.3 Pressure Control

The steam space in the pressurizer acts as a cushion on the PHT to absorb
pressure transients. The pressurizer is sized to accommodate the PHT
swell from zero power hot to full power, with enough steam space at full
power to limit pressure increases in the PHT due to various transients to
acceptable Tevels.

Thie reactor outlet header (ROH) is chosen as the reference point for the
PHT pressure control because the ccolant energy is highest at this point
and is near boiling at normal steady state operation in most CANDU
units. Fluctuations in pressure wouid result in void formation or
collapse. In the "nomal mode" of control, tlie ROH pressure is
maintainec at a constant vaiue by controlling the pressure of the steam
space in the pressurizer by Lleeding steam via the steam bleed valves
(when KOH pressure is above the setpoint) or by heat addition via the
inmersion heaters (when the ROH pressure is below the setpcint). The
heaters ailso turn on if the Tiquid temperature in the pressurizer falls
by a certain amount below the normal saturation temperature.

When needec, the pressurizer can be isclated from the PHT circuit and the
pressures of the separated sections can be controlled independentiy. PHT
pressure controi is now in the so calied “solid mode" because the
compressible vapour space is no longer available. The feed and bleed
valves perform PHT pressure control in this mode.

:6 __2



To provide overpressure protection, the PHT relief valves open at high
pressure to bleca Dpu from the PHT circuit to the bleeu conuenser.

The bleed condenser is the vessel which receives the PHT uleea flow, PHT
relief flow and pressurizer steam bleea flow, ana cools them down. The
cooling function is performed by the reflux condenser and spray flow.

6.1.4 Main Control Algorithms

The control algorithms for the feed valves, bleed valves, pressurizer

steam bleed valves, pressurizer heaters and PHT relief valves are listed
in Table 6-1.

6.2 BOILER LEVEL CONTRoLL31 [4]

6.2.1 Introduction

Feeawater is supplied by the Boiler Feed System to the boilers where it
is heated to generate steam for the turbine-generatur. Boiler Tevel
control is achieved by manipulating the feedwater control valves to
control the feedwater fiow. Figures g-5 and g-6 show a boiler ana the
Builer Feea System for Bruce NGS-B.

6.2.2 Process Dynanics

From a safety point of view, it is essential to maintain adequate water
inventory in the builers at all times. Because uf complex woiler
aynamics, there is no simple correlation between invertory (mass) of
water in the boiler and the level (volume). This is because of the
presence of a large amount of steam bubbles ("void") in the boiler under
most operating concitions. bubble generatiun or collapse cal be very
rapid in certain dynamics, resulting in severe "swell/shrink" and
therefore severe level transients.

Baseua on the boiler design and operating conditions, the steagy state
voi1d can be estimatea for each power ievel. Fig. 6-7 shows the

Bruce NGS-B "swell curves” predictd by Babcock and Wilcox (the boiler
manufacturer) and by Ontario Hydro. It is obvious from these curves that
the amount of void increases with power level. In order to maintain near
constant inventory in the boiler, ana to ensure that the level remains
above the tube bundle after a reactor trip, the level setpoint must be
raised with reactor power. The level operating line (setpoint) is shown
in Fig. 6-7.

Besides reactor power, the other parameter with a significant effect on
voia in the boiler is the boiler pressure. Normally, the Tiquid ana
vapour phases in the boiler are in thermedynamic equilibrium
(saturation). A sudden increase in pressure makes the liquia subcooiea,
the steam bubbles in the 1iquid collapse, and the level drops rapicly. A
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sudden decrease in pressure has the opposite effect. Reference [4]
provides a more in-aepth discussion on the subject. Because of the
effect of boiler pressure on level, on the turbine and on the PHT, it is
controlled to a constant value of G35 psia (4378 kPaj.

6.2.3 Level Control Scheme

The details on instrumentation or actual control program rules will not
be described. Instead, the generai control scheme is described here.

Al though reactor power and boiler pressure significantly affect boiler
level, they are traditionally not used to control boiler level. In a
power manoeuver, it is desirable to allow the reactor power to change at a
rate set Ly the operator, unconstrainea by other factors. Boiler
pressure is traditionally controlled to a constant setpoint, partly for
simplicity of contrel and partly because wide variations cannot be
tolerated by the turbine*. Reference [4] explores how boiler pressure
could be usecd to improve on the existing level control scheme.

Traditionally, feedwater flow is the only parameter manipulated to
control boiler level. The control scheme for Bruce NGS-B mainly consists
of dual computer control of the main feedwater control valves, startup
control valves and trim control valves. Note that three element analog
control is widely used for 1ight water reactor power plants. Three
element contrcl means that three measured variables are used in the
control algerithm. In this case, they are boiler level, feedwater flow
and steam fiow. ‘

The Tevel setpoint, shown in Fig. 6 -7, is basec on the boiler swell
characteristics. The feeawater control loop selects the higher of the
two boiler Tevels in each pair of boilers sharing a common preheater,
compares it with the setpoint, and sends the error to a PI controller.
The output of this controlier is addec to the flow error {difference
between feedwater flow and steam flow) and is sent to a second PI
controller. Feedforward terms from the rates of change of reactor
thermal power and boiler pressure are added to the second controller to
compensate for sweil/shrink effects. The cutput of the second contrcller
drives the feedawater control valves. A control block diagram is shown in
Fig. & -&.

The trin valve control Toop maintains a balance between the two boiler
levels and controis the preheater outlet pressure by modulating the two
trim valves. This design is unigue to Bruce NGS B.

6.2.4 Typical Boiier Level Transients

Figures 6-9 and 6-10 show typical boiler level transients auring
Tcading and after a reactor trip, cbtained from Bruce NGS-B simulation.

*  Pickering NGS is an exception, where, because of the absence of a
pressurizer, boiler pressure is varied with power level in such a way
$C as to reduce PHT swell.
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6.3 LOILER PRESSURE CONTKOLL94LEl

6.3.1 Introduction

The boiler pressure controlier (PC) is a computer program aesiyned to
contrul boiler pressure unaer all operating congitions and it forms part
of the overall plant control. A simpiified plant control plock diayram
is shown in Fig. 6 -11.

6.3.2 modes of Plant Control

There are two distinct modes of piant control. The “normal moue"
(reactor-following-turbine) is tne usual control moae at high power. In
this moae, turbine load is set or chanyged as desirea and reactor power is
automatically aajusted to keep poiler pressure at the setpoint. The
"slternate mode" (turbine-following-reactor) is the usual control mode at
Tow power and during upset cuncitions. In tnis mode, reactor power is
controlled to an operator specifieda setpoint and the steam loaas
(turbine, ASDV, CSDV, HWP;* are aujusted 1o maintain poiler pressure at
the setpoint.

The “alternate mode" is entered automaticaliy when reactor power is
sufficiently Tow or upon reactor trip, stepback or setback. Tnis moae
may also be entered, at any time, by an operator command via the Keyboarda.

6.3.3 Builer Pressure Setpoint Controi

There are several modes of BPC operation, differentiated by the way in
which tne puiler pressure setpoint is manipuiatea.

In the "warm-up" mode, the boiler pressure setpoint is increased at a
rate required to yive a constant rate of tlemperature increase.,

Increasing the boiler pressure aliows the water to heat to a hiygher
temperature before poiling. Tnis, in wurn, allows the PHT to heat up to
a higher temperature. Warm up heat comes from the PHT main pumps and the
reactor. The maximum warm up rate is limited to 5%F/win in oraer to
avoid excessive thermal stresses in the boiler and associated pipiny, ana
10 ensure that the swell rate in tune PHT is manayeable. Knowiny the
saturation relationsiipy between pressure and temperature (a curve fit is
used), the reyuired rate uf pressure change to achieve a particular rate
of temperature change is easily aetermined. The operator enters the
desired rate of temperature increase via the Keyboara.

*  ASDV = atmospheric steam discharyge valves
CSuV = condenser Steai dump valves
HWP = heavy water piant
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Depending on the size and magnitude of the pressure error during warmup,
the following possible controls can happen:

- If the setpoint exceeds boiler pressure by more than 20.3 psi
(140 kPa), the setpoint is frozen until the error becomes less than
5 psi (35 kPa). This prevents a setpoint runaway.

- If boiler pressure exceeds the setpoint by 10.2 psi (70 kPa) the
ASDV's start to open.

- If boiler pressure exceeds the setpoint by 14;5 psi (100 kPa) the
CSDV's start to open and are fully cpen at an error of 36.3 psi
(250 kPa).

In the "hold" mode, the pressure setpoint is held constant, and the
boiler pressure is held at the setpoint by either acjusting reactor power
or the steam loads. This is the normal setpoint control mode at full
power. BPC is automatically switched from the "warmup" mode to the
“hold" mode when the pressure setpoint reaches 635 psia (4378 kPa), the
normal operating pressure.

The "cool-down" miode 1s similar to the “wami-up" mode in many ways except
that it is used to bring the steam pressure (and hence temperature)

down. The operator initiates the ccol down and selects the rate of
temperature decrease via the keyboard. The maximum rate of temperature
decrease is 5OF /min.

Normally, during cool-down the plant is in the alternate mode of control,
reactor power is set to zero and boiler pressure is adjustec via the
CSLV's and ASDV's. The CSDV's are fully open when boiler pressure
exceeds the setpoint by 36.3 psi (250 kPa), and the ASDV's are fully open
at an error of 41.3 psi (285 kPa). At & pressure error of 40 psi

(275 kPa), the setpoint is frozen and the ramp down does not resume until
the error is reduced to 30.4 psi (210 kPa).

6.3.4  Control Algorithms

The main control algorithms associated with BPC are listed in Table 6-2.

6.4 CORE REACTIVITY: WITH UR WITHOUT FEELBALK

6.4.1 Introduction

In this section, the subject of core reactivity with/without feedback
will be discussed. A simplistic approach will be adopted throughout to
elucidate the main ideas.
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The whole subject of control of core reactivity is ultimately concerned
with the control of cne parameter, the multiplication factor, k. The
multiplication factor determines the basic state of the reactor (i.e.,
whether reactor power is increasing, decreasing or holding steacy) and is
defined as the ratic of the number of neutrons in any one gereration to
the number of neutrons in the inmeciate preceding generation. There are
two multiplication factors in use. Kk, 1s the multiplication factor
assuming no leakage. A niore practical multiplicaticn factor is
k-effective or ke, which is the multiplication factor of the actual
reactor allowing leakage, i.e., kg = K (1 - Teakage). If kg is

unity, the reactor is said to be critical. 1In general, ko 1S given by
the four factor formula:

Kee = ne Pf
Where n = The Thermal Fission Factor, i.e., the number of fast
neutrons produced for each thermal neutron absorbed in
the fuel.
€ = The Fast Fission Factor, i.e., the ratio by which the
fast neutron production is increased by fast fissions
in U-238.
P = The Resonance Escape Probability, i.e, the fraction of

fast neutrons that slow down to thermal energy levels
without being absorbed.

f = The Thermal Utilization Factor, i.e., the ratio of
neutrons absorbed in the fuel to the total neutrons
absorbed in the reactor.

And ko is yiven by the formuia:

Ke = ne Pf Py Pg

thie non-1eakage probability of the fast neutrons

Where Pg =
curing thermalization.
and Pg = the nun-leakage probability for the thermal neutrons

Both Pr and Pg can be made changeable for control purposes.
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Reactivity, o, is a defined concept which permits dealing with the
multiplication factor kg with niore practically sized units.

p i1s defined as:

p = (ke'l)/ke

p is therefore the fractional deviation of k. from unity. However,

ke 1s always close to unity so that o = (ke-i) = ak. Ak is excess
reactivity. Reactivity far control studies is normally referred to as
ak. In Canada, the preferred unit for reactivity is the milli-k,
ice., p = .001 = 1 milli-k..

6.4.2  (Core Reactivity Without Feedback

When considering core reactivity, we are mainly concerned with the rate
of generation of neturons in the reactor core. In very general tems,
the time rate of change of neutron density, dn/dt (neutron m> sec‘l)
can be described by the following equation:

kate of Change of Neutron Dersity = Production Rate - Leakage Rate - Absorption
Rate

By making simplifying assumptions (in particular the one energy group
concept where a1l production, diffusion and absorption of neutrons is
assumed to occur at a single eneryy level), the following point kinetics
equations is derived:

J
an = (p - 8) n + > x; L.+ S
Ci= i o-ac, (DO1)
dt T *
Where, S = the source term in neutrons m=3
C; = the concentration of delayed neutron precursors of the
ith group.
B = total fraction ¢f delayed neutron
1* = mean neutron generation time (sec)
A= aecay constant for delayed neutron group i
By = fractional yield for de]ayedagroup i
n = reutron uensity (neutrons m~<)

total number of delayed groups
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For a step change in reactivity, p, the neutron density n(t) at the time
t is given by solving (DO1):

n(t) =Ae o + 2> Ae i - 1*¥S/p (DO2)

where a;, i=l, 2, ..., J, are negative exponents approximately equal to
-xj, i=1,2,...d, the decay constants of the delayed nelutron
precursors. a, is positive when p is positive and negative when o 1is
negative.

When o is positive, the negative exponential term dies out rapidly Teaving

n (t) = Ae %% - Txs/p (003)
Where ag = o/1* and Ay = ngy, i.e., value of n(t) at t=0.

If the delayed neutron precursors are neglected, n(t) is simply given by

n(t)=Aoeaot (DO4)
It can be seen from (D0O4) that with no delayed neutrons, the rate of
increase of neutrons is so fast that it is almost impossible to find a
regulating and protecting system to control the reactor. However, with
the presence of the delayed neutrons, regulation and protection become
practical realities.

With a negative reactivity p, all the exponents in (DCZ2) will have
negative values. Initially, the ag and the cdelayed neutron terms
determine the rate of cecrease. As the delayed neutrons die down, the
neutron source term (e.g., term arising from photoneutrons) becomes
significant. This is shown in Figure 6-12 in the Appendix. It can be
seen that the neutron source is important in reactor start-up after a
lonyg shutdown.

6.4.3 (ore Reactivity With Feedback

When @ reactor is operated at power, there are a number of reactivity
feeaback effects that change the core reactivity. Two main categories of
feedbacks will be ciscussed here. One is the temperature effects that
have feedback time constants in the ranyge of seconds to minutes. The
other is poisoning feedbacks that have loop time delays measurec in hours.

{a) Reactivity Changes Due to Temperature Variations

The reactivity changes produced by temperature changes are usually
measured for control purposes in units of milii-k change in reactivity
per degree change in temperature and is known as the temperature
coefficient of reactivity. A lumped coefficient of all temperature
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effects known as the power coefficient is often used for simulation and
other studies and is defined as the change in reactivity per unit
increase in power. A negative power coefficient is desirable since it
makes the reactor inherently stable or power limiting (in general, (ANDU
core has a negative power coefficient).

Core reactivity changes due to temperature variations are mainly
contributed by:

(1) Fuel Temperature Feedback

The reactivity changes due to increased fuel temperatures are mainly
aue to two effects. One is due to increase in the effective
temperature of the thermal neutrons in the fuel causing a decrease in
n for fresh fuel and an increase in n for fully irradiated fuel. The
other is Doppler Broadening (or Doppler Effect). Increasing the fuel
lemperature causes an increase in resonance capture with a resulting
decrease in P. This Doppler effect is normally the dominant effect
in the U0z fuel (see Figure 6-13).

(2) Heat Transport Coolant Temperature Feedback

An increase in heat transport coclant temperature causes an increase
in thermal neutron temperature with the same results as with the fuel
temperature coefficient above. Moreover, this causes a reduction in
density causing an increase in f and « and decrease in P. The
overall heat transport temperature coefficient is usually negative
with fresh fuel but becomes less negative or even positive as
plutonium builds up (such as equilibrium fuel). Absorption in Pu-23¢
1s increased as the fuel is irradiated resulting in a positive change
in reactivity (see Figures 6-14 and 6-15).

(3) Moderator Temperature Feecback

An increase in moderator temperature causes an increase in thermal
neutron temperature with the same results as with the fuel
temperature coefficient.

Besides, moderator density decreases resulting in neutron leakage.
This alsc causes a decrease in P and an increase in f.

With new fuel (mainly U-235), the moderator temperature coefficient
1s negative. As plutonium builds up in the equilibrium fuel, it
becomes less negative and may become slightly positive because the
increase in neutron eneryy increases fission captures in plutcnium
whereas it decreases them in U-235 (see Figures 6-14 and 6-15).

(4) Effects Due to Void Formation
Voids may be formied, if either the moderator or heat trarisport

coolant boils. If a reactor is over-nioderated, void formation will
cause an increase in reactivity.
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When the reactor is not overmoderated, then an increase in reactivity
can still result. The size of the void and its location are
important in deciding whether an increase or decrease in reactivity
results from the void formation.

The polarity of the net reactivity change for an increase in voids
cannot generally be stated for a given coclant. Excessively positive
or negative void coefficients should be avoided if possible to
prevent large power surges auring void formation or reduction.

(b) Fission Product Poisoning Feedbacks

Poisoniny feedbacks are mainly attributed to those fission products which
have a high cross section for non-productive abscrption. There are some
200 fission product poisons generated in the reactor. The most notorious
of these is Xe-135 which plays a very iuportant rcle in reactor power
manoeuverability. Regarcless of the nature of these fission products,
whether they are stable or unstable elements, in all cases, their effect

is primarily on the thermal utilization factor f so causing a negative
reactivity effect.

(cj Reactivity Feedback Block Diagram and Reactor Control

Figure ¢-16 shows in block diagram form the representation of
temperature and Xenon poiscn feedbacks.

For CANDU, on-power refuelling provides control of the basic core
reactivity. However, for control of relatively short transients,
reactivity control devices are required to compensate for reactivity
transients in the basic core, to permit rapid power changes to be made,
and for zonal power control. The reactivity control devices may be
constituted of moderator level, abscrber rods, booster rods and moderator
poison. An automatic regulating system (in CANDU cual computer control
is used) is provided for adjusting these devices.
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Table 6 -1 Main Control Algorithms for PHT Pressure
and Inventory Control

Feed and Bleed Valves Control

Reflux Feed Valve: where, YRF'YDF ,Y_ = demanded valve opening for
reflux feed, direct feed,
YRF = Al + Ble -CY1 and bleed valves
Yl = pressurizer level controller output
Direct Feed Valve: Y, = bleed condenser pressure controller
output '
YDF = A2 - B2Y2 - CYl YBIAS = bias signal for bleed valves
Al,Bl,A2,Bz,A3,B3,C = constants
Bleed Valves: .
Gl G2 = controller gains
= - + + T = t t‘
YB A3 BBYBIAS CY1 controllerxr res?t ime
L_,L = pressurizer level and level
P’ PSET setpoint
Controller Outputs: p
P__.,P = bleed condenser pressure
BC” "BCSET ] .
Y. = G (L - L ) and pressure setpoint
1 1'p PSET

Y

1
+ — -
2 G2(1 T.gdt)(PBC PBCSET)

Pressurizer Steam Bleed Valves and Heater Control

Y = P - = ded 1 i
PSB G3( ROH PROHS) where, YPSB deman e. valve opening for
@y pressurizer steam bleed valves
T A = demanded heat rate
Q... =G, (P -P_ -P_) Op a
PH 4 ROHS DB ROH' | :
o G3,G4 = controller gains
PDB = pressure deadband
= PHT
. ' PROH'PROHS P p?essure and pressure
PHT Relief Valves Operation setpoint
Y = G_(P - P ) .
REL 5" ROH ROHR where, Y = demanded valve opening for
REL .
PHT relief valves
= gain
G5 g
= PHT relief i
PROHR reli pressure setpoint
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Temperature Eifects on Reactivity, Equilibrium Core
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APPENDIX: BASIC CONTROL ALGORITHMS

Proportional Control

The proportional controller provides one of the simplest and
most intuitive type of control. It simply drives the process
with a signal proportional to the error signal.

The action of a proporticnal controller is expressed
mathematically as:

m = Ke+b (1)
where m is the contreoller output

e is the error signal applied as input to the
controller

b is the bias term
: k is the controller gain.

The bias term is_supplie& so that the control signal will not
érop to zero when the error is zero.

Severzl important properties of proportional control
nay be summarized as follows:

(i) Without a-bias term(b), there will always be a
‘steady state error or offset. This offset is
reduced if the controller gain 1s increased.

However, too large a gain can lead to instability.

L
i

(2) For a given operating condition, there is only one
bias setting which will reduce steady state offset
to zero. If the operating condition is then changed,
the system will eventually reach a new steady state
condition with non=-zero offset. On proporticnal controllers-

the bias term is manually adjusted.

Proportional-Integral Control

For some processes (e.g. precision positioning equipment) it is
édesirable to eliminate offset and keep the controlled variable
at same setpoint. This is achieved by introducing the integral
term also called the automatic reset term in addition to the
proportional term.

The output of a proportionai integral (PI) controller is given
by:

o= k[e+—f‘;:§‘e&] | (2)

where m, e, K were defined in eguation (1), a2nd T. is called
+he reset +ime. I



As long as there is a non-zero error (let us assume it is
positive), the integral term in ecuation (2) will keen
increasing., Thus the controller output m will z
and this drives the process in such,a way as to
error to zero. Tz is called the reset time,

kesp increasing
reduce the

Under some conditions, PI control leads to the undesirzble.
phenomena known as wind-up and saturation. Suppose a process
tnder PI control is shutdown but the controller is left ‘on'.
Any error seen by the controller will persist because the
process is off. The integral term will continue to increase
until the controller output reaches the maximum value. The
controller is now in a state of saturation. On subsecuent
start-up of the process, the controller will initially cause a
disturbance in-the process. The phencmena of the integral term
requiring time to change from the saturated state to an
" operating point is called integral wind-up. Important PI controllers
usually have an "anti-windup" feature to limit the integral term.

Provorticnal-Derivative Control

The output of a 7D controller is given by:

dt

where T, is called the rate time or derivative time and all
other'vgriables-have been previously defined.

m:k[e-f-'(.‘péf_]-x-!:' (3)

The absence of wind-up and the presence of the derivative term
makes PD control suitable for processes that experience
freguent shutdowns and start-ups, and also for processes that
employ duplex control action in ‘which one of two control
mechanisms is always inactive. .

Derivative action is susceptible to noise and is offen used in
conjunction with a filter. Because there is no integral
action, the offset problem is present with PD control znd a
bias term is provided as shown in eguation (3)

Precoortional-Integral-Derivative Gontrol

The PID controller (or 3 mode controller) contains 21l the control

mocdes previously discussed. If the parameters are properly selected,
this controller can combine 2ll the strong points of the P, PI and
PD controllers.

The 3 mode controller may be represented by:

+
mz.k[eﬂ'.}‘-l-ge# '-a-_'E,f_:.] (4) .

where all terms have been previously defined. This is called
the ron-interacting or parallel form of the PID algorithm.



