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ABSTRACT

A model for a commercial scale 1000 MWe MHD/Steam power
plant was developed and used to study control problems.

To determine the behavior of the system state variables
in the presence of load demand perturbations, a linear
incremental model was contructed for the plant. The model
made use of a fuel dependent MHD channel and the known
characteristics of the downstream steam plant.

Using the Megawatt-Frequency concept, various control
techniques for dealing with a step change in electric load
demand were studied. Both continous and digital control
functions were applied to limit the frequency deviation on the
utility grid.

It was found that the fuel and air inputs to the combustor
are sufficient to control the plant. The large lags in the
steam section are overcome by the relatively fast response
of the MHD section and result in a satisfactory transient
response with no auxiliary boiler present.

By using only proportional-integral-derivative (PID)
control, the simulated plant settled to a new steady state
point within 35-50 seconds. Optimal state variable feedback
gave a low settling time (40-60 seconds) with a reduced
control effort. A peak control criteria was used to select an

acceptable continous control technique.
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For digital control, a finite-time settling time control
algorithm was applied to the discrete plant model. For

sampling periods of one to five seconds, the plant settles to

a new steady state in 10-50 seconds with acceptable level of

control effort. This technique is recommended for real time

process control of the combined MHD/Steam power plant.
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CHAPTER I
INTRODUCTION
1. MHD GENERATOR CONFIGURATION

The United States has abundant coal reserves to supply the
majority of its total energy needs. The binary MHD/Steam
energy conversion is an efficient technique for utilizing coal
to supply these needs.

The magnetohydrodynamic generator transforms the internal
energy of a gas into electric power by expanding the gas and
passing it through a magnetic field. The four basic types of
linear open-cycle MHD generators are shown in Figure 1.

These configurations have been shown to be of use in central
power generation (1). They include (2):

Continous Electrode Faraday Generator

Segmented Electrode Faraday Generator

Hall Generator

S~ Lo Np-

Diagonal Conducting Wall Generator (DCW)

The continous electrode and Hall generators have been found
unsuitable for power generation applications (l1). The segmented
elctrode generator requires a separate inverter circuit for
each pair of elctrodes resulting in additional cost. For these
reasons all known system studies (3,4,5,6) have proposed to
utilize the Diagonai conducting wall configuration. This study

will utilize the DCW generator operating with a single load.



0) CONTINUOUS ELECTRODE GENERATOR

b} SEGMENTED ELECTRODE GENERATOR
(FARADAY)

C) SEGMENTED AND DIAGONAL LY
CONNECTED ELECTRODE GENERATOR

Figure 1. Basic types of Linear
MHD generators
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For the interested reader, a detailed review of the evidence

leading to this choice has been prepared (6).
2. MHD/STEAM PLANT CONFIGURATION

Figure 2 is a schematic of a commercial scale open-cycle
MHD/Steam power plant (7). The major components are :
1. Combustor
MHD Channel
Magnet (Superconducting)

Inverters and Power conditioners

2
3
4
5. Diffuser
6. Heat recovery system including air preheaters
7. Gasifier and High Temperature air heaters
8. Steam bottoming cycle
9. Seed collection and regeneration system

Air is compressed in the main steam driven compressors
and then preheated in the heat recovery system and in the
high temperature air heaters (HTAH). Pulverized coal is mixed
with a small amount of potassium seed (KZCOB) and is burnt
with the hot air, in a fuel rich environment, in the combustor.
The resulting high temperature plasma (at approximately 3000°K)
is then accelerated to near sonic velocity in the nozzle.and
allowed to flow into the MHD channel. The DC power generated
is converted to AC power for feeding to the utility line.

The hot gases are decelerated in the diffuser and then

enter the heat recovery system where they lose heat to the
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5

boiler feed water and to the air. The seed material which is
converted to the sulphate form is removed before the exhaust
goes out of the stack. This is then circulated to the seed
regeneration system to convert back to carbonate form for

use again.

The air is preheated in the heat recovery system and then
in the high temperature air heaters to about 1900°K. The HTAH
are externally fired, regenerative air heaters run on clean,
low BTU fuel gas produced by the coal gasifiers.

The steam generated in the heat recovery system, the seed
regeneration system and the gasifiers is used to drive the
air compressors and a turbogenerator producing AC electric
power directly. This section of the plant is referred to as the
steam bottoming plant. The spent steam from the turbine is
condensed and heat discharged in wet cooling towers.

Such a combined plant promises an overall efficiency of
43-507, compared to an efficiency of 33-35% for a coal fired

thermal power plant with flue gas desulpherization (8).

3. REVIEW OF CONTROL SYSTEM DESIGN

Most of the studies in the past have emphasized the
development of system simulation models in terms of mass and
heat flow rates. Economic and physical description models
have been constructed by Chapman (9), Hals (10), Hollis et al.
(11), Oliver and Byer (12), Zygielbaum (13) and others.

Robles (14) and various other research workers have developed



quasi-one dimensional models for the combined plant without
any control system considerations. Aspens (15) has made a
fairly sophisticated model and has applied classical control
ﬁechniques. Agarwal (16) recently applied classical and
modern control theory to a representative MHD/Steam system.
No work, however, has been reported on the direct digital
control of the combined plant, especially of the commercial

scale.
4. SCOPE OF PRESENT WORK

The purpose of this work is the development of an
incremental power model for a commercial scale MHD/Steam power
plant that is sufficiently accurate for the study of control
applications. A diagonal conducting wall MHD generator is
modeled and fuel dependent load lines obtained. This together
with the steam plant characteristics leads to an incremental
power model for the overall plant. The combined plant is
assumed to feed base load requirements implying the changes in
the load demand are step type and are of small value.

The two following important characteristics about the plant
are known (17) :

1. A mismatch in real power, P affects primarily the
system frequency but leaves the voltage magnitudes basically
unaffected.

2. A mismatch in reactive power, Q affects only the bus

voltage magnitudes but leaves the system frequency unchanged.



It is emphasized that these two conditions apply for
small deviations in the power demand. In view of these facts,
the control problem can be divided into two decoupled and
independent problems :

1. The Megawatt-Frequency control problem or the PF
problem. Here the frequency deviation is sensed on the bus
and the real power generation is accordingly changed by the
control system action.

2. The Megavar-Voltage control problem or the QV
problem. The bus voltage magnitude deviation is sensed, this
being the most indicative of reactive power imbalance. 1If an
error exists, reactive power produced is controlled by the
field excitation of the rotating machinery and by the
additional reactive power sources in the system.

The MHD/Steam power plant presents unique PF control
problem since only the steam section has any rotating machines.
The QV problem is usually solved with conventional control
techniques of changing the field winding current of the
steam generator. We will not consider this aspect of power
control in this study. We will study various control
applications for the solution of the PF problem. The classical
and modern control systems are found to give acceptable.system

performance in this study.



CHAPTER II
STEADY STATE SYSTEM MODELING

Steady state performance evaluation includes the design
of an appropriate MHD generator and the selection of other

plant components as were shown in Figure 2.
1. MHD GENERATOR DESIGN

A Diagonal Conducting Wall generator (DCW) to be used in
the 1000 MWe combined plant was designed using the DESIGN3
numerical simulation program (18). This computer program
simulates a quasi-one dimensonal MHD generator model under
steady state. The DCW generator output is optimized by varying
the load current. A load current of 25000 amperes was found to
maximize the power output under constraints on various flow
parameters. The steady state plasma flow rate in the MHD channel

was 488 kg/sec (3.8 x 106 1b/hr) corresponding to a coal flow

input rate of 54.4 kg/sec (1.96 x 105

1b/hr) into the MHD
combustor. The generator was designed on the basis of this
mass flow rate for the plasma.

The velocity of the plasma in the channel was always kept
below the sonic speed. The flow mach number variation, magnetic
field configuration and the voltage variation along the length

of the channel are shown in Figure 3.

During the transient period, when the load demand is
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12
varying, the fuel input to the plant is controlled. 1In order
to obtain an incremental power model of the MHD channel, its
fuel dependent behavior was studied. Fuel input rate was varied
+ 5% about the steady state value of 54.4 kg/sec, and the load
lines were obtained. The voltage versus load current variation
is shown in Figure 4. The power output of the channel also
varies as the fuel input rate is varied. This variation is
shown in Figure 5. The optimal steady state point is marked at
a load current of 25000 amperes. As the fuel input is changed
the power output will remain optimal if the load is kept the
same. This constant load corresponds to the resistance line
superimposed on the curves in Figure 4 and 5. Based on the
power output curves, a constant K signifying the change in
output power per unit change in input fuel flow rate, is
calculated as shown in Figure 5. This constant will be used
to model the incremental power behavior of the MHD channel.

It is possible to do so, since the load lines are fairly
linear within the range of load variation considered in this

study.

2. MHD/STEAM PLANT SIMULATION

A generalized steady state model representing the combined
plant was developed and is described in references (11,19).
The Appendix describes the actual plant model used for the
study of the steady state performance of the combined MHD/Steam

power plant.
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The parameters used for the steady state model of the
combined plant are listed in Table 1. TIllinois # 6 coal is
used with the already designed DCW generator. The input
specifications to the performance model include the plant
output power, coal and oxidant composition and ratio, MHD
generator parameters and the air preheat temperature. The
major steps in the calculation procedure are listed in
Table 2. The procedure calculates the performance of each of
the plant components. The plant design is revised until
the desired specifications are met completely. It also
calculates the capital and operating costs for the plant.
A power summary for the plant is given in Table 3. These
power flows are for the steady state operating conditions.
These values are utilized in the development of the incremental
power model.

It is noted from Table 3 that the MHD and the steam section
contribute to the total power output in the approximate ratio

of 40/60 respectively.




TABLE 1

16

MAJOR DESIGN PARAMETERS OF THE COMBINED PLANT

Plant Parameter Units Description
Plant Size MWe 1000
Fuel Illinois # 6 coal
MHD Combustor
Fuel Pulverized Coal
Fuel Moisture Content 7 2.0
Oxidizer Air (21% oxygen)
Oxidant/Fuel ratio 0.84
Air Preheater
Type Indirect HTAH
Temperature (Air) K 1922
Fuel Low BTU gas
Gasifier
Type Entrained Bed
Fuel Illinois # 6 coal
MHD Generator
Type Diagonal Conducting Wall
Magnetic Field Tesla 6.0 (maximum)
Seed Proportion % 1.0 (maximum)
Flow velocity Subsonic
Steam Bottoming Cycle
Pressure psi 2400
Temperature °K 811
Reheat Temperature ‘K 811

Seed Regeneration System

Type

Tomlinson Tempella
Process
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TABLE 2
STEADY STATE PERFORMANCE COMPUTATION PROCEDURE

Step Description

I. Design of an optimal DCW generator.

II. Thermodynamic properties computation using the
procedure in reference (20).

III. Input specifications to the steady state performance

model:
1. Generator parameters
2. Component indicators
3. Thermodynamic coefficients
4. Plant configuration

IV. Execution of component subroutines in the same order
as specified in step III. Compute component
performance parameters.

V. Check if the output specifications have been met by
the design. If no, make a change in fuel input
mass flow rate and return to step I.

VI. Calculate capital and operating costs for the plant
design selected. ‘

VII. Print results.




TABLE 3
OVERALL PLANT ENERGY BALANCE

Description of Flow Input (MW) Output (MW)
Heat Input
Coal to MHD combustor 1528.38
Coal to Gasifier 847.68
Coal to seed regeneration 188.11
Total power input 2564.17

Electrical Output

MHD output power 413.71
Steam output power 590.52

System losses

Auxiliary power 56.50
Heat recovery system loss 42.56
Heat rejected to stack 116.61
Heat rejected in condenser 1199.66
Gasifier and HTAH loss 38.37
Seed regeneration system loss 47.88
Slag heat loss 15.77
Inverter loss 12.79
Other losses 29.80

Total Output (Electric + Losses) 2564 .17




CHAPTER III
INCREMENTAL POWER MODELING

The combined plant is assumed to be operating at a steady
state point, and that it is connected to a commercial grid
whose capacity is several times larger than that of the plant
under study.

As discussed in Chapter I, changes in the real power
demand affect the system frequency f. The purpose of PF
control is to steer the system to a new steady state such that
the frequency deviation Af settles down to zero. When a
change in real power demand is received the PF control will vary
the fuel input rate to the plant. This is because one of the
most reasonable ways by which the power demand change APd can
be met is by changing the power input to the plant i.e. by

changing the coal, preheated air and seed input flow rates.
1. MHD GENERATOR-INVERTER INCREMENTAL MODEL

The output of an MHD generator can be controlled by the
mass flow of the input fuel, the firing angle of the inverter
or by the use of a load-tap changing transformer (LTC).

Control of the firing angle is rapid (1 to 10 millisecond),
but the LTC transformer is a slow changing controller (5 to 6
seconds). Hence the former is used initially for rapid control

action and is followed by the LTC transformer for restoring the

19
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system once the new steady state is attained (21).

Figure 6 shows a plot of ideal load line characteristics
of a MHD generator on a normalized voltage, current and power
scale. Superimposed on the MHD generator load lines are
the characteristics of the current fed inverter system. The
line A'B' is the natural voltage line of the inverter and
the 1.0 PU power line is the natural load line of the channel.
If the MHD dynamics try to move it downwards, due to decrease
in the power input, the inverter will automatically shift to
the 'Current control' mode of operation on line A'''B''' and
still maintain the maximum possible power output. Similarly
if the power output increases and MHD load line shifts to
1.28 PU line, the inverter characteristics shift to line A''B''.
This automatic control of the inverter system is accomplished
by a feedback control network shown in Figure 7 (21,22). 1In
this controller, the reference voltage and current is compared
the corresponding actual values and the firing angle of the
inverter controlled. This results in a fast change in the MHD
power output. However, the LTC transformer or a suitable solid
state alternative (23) is used once the transient period is over
and a new steady state has been reached.

The load line characteristics of the DCW generator used in
the design of the combined plant have already been seen to be
linear in the vicinity of the operating point. If we assume
that the inverter system is controlled in the manner described

above, the effect of fuel input change on the load impedance
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23
can be ignored. This is because the inverter always maintains
the operating point on the constant load line. Also we know
that the output power of the MHD generator is a linear function
of the fuel input rate and is related to the coal input rate
wfuel through a constant K. This means that the MHD generator-
inverter can be represented as a linear element in the

incremental power model of the combined plant.
2. INCREMENTAL POWER MODEL

To describe small changes about a steady state point, an
incremental power model is constructed. The model is based
on the incremental power behavior of the various plant
components. The model is actually a linearized version of the
plant behavior equations.

Considering the Laplace transforms of all power increments,
the incremental power model for the combined plant is shown
in Figure 8. A demand change APd(s) produces a frequency
deviation Af(s) through the K4/(1 + ras) block, where K4
represents the effect of change in frequency due to the speed
change of the rotating machinery in the system. For control
M (s) is sensed and is used to control the incremental fuel
input rate Awfuel(s).

K has already been calculated and is related to the gross
calorific value of coal. K0 represents the thermal process
efficiency of the MHD combustor where the fuel is burnt. The

combustor time constant T is related to the plasma residence
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time in the combustor. APair(s) is the change in the power in
the preheated air being put in the combustor. APf(s) is the
total change in the combustor power input which leads to the
total change in the combustor output APO(s).

Blocks with gains Kl’ K, and K3 represent the effect of
the changed load line on the inverter output APi(s) and the
auxiliary power APaux(s). X3(s) is the power mismatch between
the total change in power generation APG(s) and the change in
power demand APd(s).

The diffuser, heat recovery system and air preheater are
modeled by the blocks (1 - Kl), (1 - KS) and (1 - KGH)
respectively. The blocks K5 and KGH represent the boiler feed
water circulating in the diffuser and the air preheated for
use in the gasifier. The rest of the heat goes into the heat
exchanger modeled by the block KHE/(l + THES).

Steam is also produced in the gasifier APSG(s) and in the
seed regeneration system APSS(s). The total steam thus
available is Xll(s) and is used in part to run the main
compressor modeled by the blocks Kc and 1/(1 + Tcps). The
remaining superheated steam Xlz(s) runs a three stage turbine
and an alternator. The net incremental power in the steam
section is thus APS(s) which contributes to the total electric
power produced Xz(s).

The incremental models for the gasifier-HTAH and the seed
regeneration system are linearized version of the actual models.
The inputs to the gasifier change by amounts APcoalG(s) and

X7(s), being proportional to the change in the MHD channel input.



26
The entrained bed fluidizing coal gasifier is represented by
the block KGAS/(l + TGASS), where TGAS is related to the
residence time in the gasifier. The gasifier produces some
steam, the change being APSG(s). It is noted that the steam
block KSG/(l + TSGS) has a much lower time constant than that
of the main heat exchanger viz. THE;»TSG. Loss in the gasifier

is modeled by a constant block K The clean gas produced

GL’
by the gasifier is used to run the HTAH, which heat the air
used in the MHD combustor. The heat change to air APHTAH(S)

is determined by the block KHTAH/(l + 1 AP

nrS) - Pyrex(s) 1is
the change in the exhaust gas heat and APHTAHL(S) is the
change in the HTAH loss.

The seed regeneration system has a coal input APcoalS(s)
related to the fuel input to the MHD combustor. The furnace
of this system is modeled by the first order block KS/(l + rss)
where T is the time constant and is much lower than THE "

The change in the steam produced is APSS(s) and the heat loss
(s).

change is APsloss

3. A COMMERCIAL SCALE PLANT

Table 4 lists the representative values of various model
parameters for a 1000 MWe combined MHD/Steam plant. As seen
in the table, most of the proportional constants are based
on the steady staﬁe performance. The time constants for the
various component blocks are based on the process dynamics
of that particular component. The steam plant constants are

based on existing literature. These parameters are sufficiently




27
TABLE 4
PARAMETER VALUES

Parameter Value Source
K 28.0 MW/kg/sec Chapter 2
K0 1.0 Steady State Model (SS)
Ky 0.22 SS
K5 0.97 Ss
K3 0.05 SS
K4 0.06 Machine Inertia
Ken 0.08 SS
Ko 0.02 SS
Ko 0.98 Heat Exchanger design
K 0.06 Compressor design
Kiz 0.40 Turbine efficiency
K13 0.98 Generator efficiency
Koas 0.98 SS
Keg 0.10 Gasifier design
Kot 0.01 Gasifier loss
K 0.96 SS
HTAH :
K 0.02 SS
HTEX ’
K 1.0 SS
K 0.36 SS
PSER 0.12 SS
PGSR 0.55 Gasifier design
Ty 0.05 second MHD combustor design
Ty, 10.00 second Steam generator lag
THE 00.00 second Reference (24)
T19 0.30 second Reference (15)
113 0.10 second Reference (15)
TGAS 0.05 second Gasifier design
Tgg 10.00 second Gasifier design
Tyr 20.00 second HTAH design
To 0.0l second Compressor design
<P 0.05 second Seed regeneration
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accurate for control problems related to the combined plant.
The incremental power model with the parameter values as

given in Table 4 was simulated on the IBM 370/65 computer
using the Continous System Modelling Program (CSMP). 1In all
the control techniques studied the change in power demand
was a unit step of 10 Mwe, an increment of 1% over the steady
state point. The CSMP program was used with the fourth
order Runge-Kutta integration method with an integration step
of 0.01 second. The computer time taken in a typical simulation
program with a final integrating time of 100 seconds was

found to be 1.0-1.5 minutes.



CHAPTER IV
CLASSICAL CONTROL
1. BACKGROUND

As has been shown before, the incremental coal input rate
Awfuel is the variable to be controlled by the frequency change
Af, so that the plént follows a change in load demand. The
classical control functions considered here were of the
following three types :

1. Integral (I)

2. Proportional-Integral (PI)

3. Proportional-Integral-Derivative (PID)

The integral control is necessary to attain a zero steady
state error. A generalized PID feedback control scheme is
shown in Figure 9. It is noted that only one variable is fed

back in order to control the fuel input rate change.
2. PID CONTROL

Based on the results of Integral and Proportional-
Integral controllers for various values of constants Cl and
C2’ the following values of these parameters were chosen
to give the best performance in terms of minimqm settling
time, control effort and stability :

C1 20.0

C2 10.0
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To study the effect of a PID controller on the incremental
power model, the following values of 03 (the coefficient of the
derivative feedback term) were used:

C3 =1.0, 5.0, 10.0, 20.0

The program incoporating the PID controller was written
using the CSMP package (25,26). The variation of all the
model variables with time was obtained and plotted. Figures
10 to 12 show some plots of interest. Figure 10 shows the
frequency deviation for the cases of C3 =1.0, 5.0 and 10.0.
Figure 11 shows the fuel input rate change variation with
time and Figure 12 shows the power mismatch. In all three
cases, the frequency deviation and power mismatch settle
to zero eventually. The fuel input rate change settles to the
new steady state value.

It is noted that the system settles down in 35-50
seconds based on a frequency tolerance of approximately
0.002 Hz. The steam section, however, takes a while before
it starts producing maximum possible power output. This is
due to a large heat exchanger time constant of 100 seconds.
The MHD section is fast responding, thus resulting in a
quick settling time. To get an idea of the load division
during the transient period, APi - inverter output power.
change and APS - steam section output power change, are
plotted in Figure 13 for the PIchontroller witﬁ a C3 value
of 10.0. The change in load demand, being 10 MW, is not
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divided in the ratio of 40/60. This is due to the slow response

of the steam plant.
3. RESULTS

Frequency error, Total control effort and Peak control
effort were chosen as the criteria for the performance
comparison of various control techniques. These parameters
are defined below:

1

1. Frequency error in sec ~ is defined as

e =S.(°Af)2dt
°

It is a measure of frequency deviation during the transient
period.

2. Total %Sntrol effort in kgzlsec is defined as

€u © jkbwfuel)zdt

quel is ;ositive for all timet1>0 for a APd step change.
Total control effort, e, is a measure of total change in coal
input flow rate as the system settles down.

3. Peak control effort in kg/sec is defined as

Py © bga:i‘ngﬁ (Awfuel)

It is a measure of peak change in fuel input rate. Since
the plant is a realistic physical system, there is a maximum
value of bW o1 that the plant can handle. We consider 5% of
the steady state value of Weiel (54.4 kg/sec) to be this
maximum for the case of AP, being 10 MW,. This means if a
particular control scheme.requires that the plant supply a
Awfue
suitable.

1 of more than 2.72 kg/sec, then that scheme is not
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The values of e, €, and Py for the various PID control
schemes studied are listed in Table 5. The value of C3=0.0
corresponds to only a PI controller and its performance is
included for comparison purpose only. The values in Table 5
show that a PID controller is acceptable without any auxiliary
boiler to speed up the response of the steam section. It is
also noted that a value of C3=10.0 in the PID control provides
a reasonable peak control effort. This controller is chosen
as being sufficient for our purpose. The total control
effort for various cases is not a good criterion here for
chosing a particular controller, since the variation in e,

is not significant.



TABLE 5
PID CONTROL PERFORMANCE

C3 Frequency Error Total Control Peak Control

ee Effort, e Effort, p

u u

sec. ! kg.zsec_l kg.sec_1
0.0 6.81 x 1073 69.751 2.53
1.0 6.74 x 1073 67.846 2.33
5.0 6.53 x 107> 67.283 2.21
10.0 6.34 x 1073 66.785 2.10
20.0 6.09 x 10°°3 66.169 1.95
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CHAPTER V
OPTIMAL CONTROL

The application of optimal control theory to the design
of a control strategy involves representation of the system
in a state variable form and the specification of a cost

function.
1. PROBLEM FORMULATION

The dynamic behavior of a continous, linear, time
invariant system is governed by an n-th order differential
equation that relates the input and the output. The system
is completely specified at any time t, provided n independent
conditioné define the state of the system at that time, the
conditions be denoted by the vector x (27). The system can
now be represented by the state variable differential equation

given as

1%
I

Ax + Bu (5.1)
where

state vector

1%
o
]
.—l

A n x n system matrix

m x 1 input or control vector

e

B n x m input matrix

and the output y is given by the output equation
y=c'x (5.2)
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where

€C n x 1 output vector

The optimal control problem for this system requires the
determination of a control input vector u which minimizes
the cost function (28)

J = %:Sd?g?Q§\+ uTRu)dt (5.3)

where °

Q n x n positive semidefinite symmetric state cost

weighting matrix

R m x m positive definite symmetric input cost

weighting matrix
2. PROBLEM SOLUTION

J represents the cost that is to be minimized by the
optimal controller for the system. R and Q matricies weigh the
input control effort and the system state variables in the
optimal control problem.

The optimal control that minimizes the cost of the system
is a function of the present state of the system

u = - Kx (5.4)
where
K = R"!8Tp

K being a m x n matrix and P being the symmetric and

positive definite solution of the algebraic matrix Riccati

equation (28)

1 T

PA - PBR-IBTP + ATP + Q = 0 (5.5)
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This control strategy is also termed as 'State variable
feedback control', since u is a function of all the state
variables. The following conditions must be satisfied for
a optimal controller design (29):

1. The pair (A,B) must be completely controllable.

2. The pair (A,D) must be completely observable, where

D is a n X n matrix such that DDT = Q.

3. OPTIMAL CONTROL OF THE INCREMENTAL POWER MODEL

From the incremental power model of the commercial scale

MHD/Steam plant, eight state variables are recognized,

_ T
x = [of 0P AP ; AP, MPypy Xop Kpg X

Ao and Xy are not included since g 1s much greater

than Tg and Tgg» SO that the corresponding first order blocks

can be approximated as constants (APSG = KSGX15 and

X20 = KSAPcoals). The system equation becomes
X = Ax + BMWg ., + FoP, (5.6)
where 1
V' -1/7, a, 0 4, 0 0 0o o
0 -1/1o KO/TO 0 0 0 0 0
0 0 -l/-rcp 0 1/1cp KC/TCP 0 0
A = 0 0 0 -1/113 0 K13/'r13 0 0
0 0 0 0 -1/1.HT 0 0 Agg
0 Agy 0 0 0 -1/1HE 0 Agg
0 0 0 0 0 Ase -l/'r12 0
L 0 Ag, 0 0 0 0 0 -1/1GAS
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F={-K/t, 0 0 0 0o 0o o0 o]°T
= [ 1T

B=[ 0 x/t, O 0 O bg 0 bg]

A

12 = KK - KK, /1,

>
]

58 = (I = Kgg = Kop)¥yran/ Tyt
62 = Kgg(Ks(l - K + (1 - K) (L - X)L - Key)) /g

68 = Kgg/s + ¥yupKyrex (! - Kgg - Kgp)/Tyg)
Kio(1 - K/t

>
| |

Aga = KoagKer(l - K9) (1 = Ky) /14y

b6 = (1 - KSD)KSK.PSCR/TSD

g = KGASK.PGSR/TGAS
Based on the representative values of the various

parameters from Table 4, the system equation for the incremental

power model takes the form

0.1 0.0012 0 0.0056 0 0 0 0 |
0 -20.0 -20.0 0 0 0 0 0
0 0 -100 0 100 6.60 O
0 0 0 -10.0 0 9.80 0
= -}£+
0 0 0 0 -.05 0 0 .043
0 .007 o 0 0 -.1 0 .099
0 0 0 0 0 1.2 -3.30
0 1.26 0o 0 0 0o 0 -20
B -
T
[o 560 0 0 0 44.4 0 304.3]Taw , +
[-.006 0 o 00 00 o oJl%ap,

(5.7)
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This model equation contains an independent input EAPd
which is not present in equation (5.1). To apply optimal
control theory, the states are redefined in terms of their

steady state values, i.e.

! - -
2{_ - .}E ESS (5’8)
In order to determine the steady state vector g
the equation (5.7) is put to zero
Xgg = AXgg t BWpyeggq * EFPg = O (5.9)

where APd will be considered to a step input. Since the
steady state ferquency deviation is required to be zero,

this leads to the following solution in terms of AP

d

Af =0

s8
AP = 2.06AP

oss d
APairss = O'747APd
APSSS=O.6OAPd 5 10)
APHTAHss = O.64de :
Xllss = 1.64APd
X13SS = 0.613A:Pd

XlSSS = 0.748APd
Awfuelss = 0'0492APd

This change in variables puts equation (5.7) in the form

x' = Ax' + BAW. (5.11)
where

x'(0) = -xg4

AW

' = -
fuel (0 BWfuelss
A and B remain the same as before. The cost J is




constructed using R = 1 and

— a—

« 0 0 0 0 0 0 0
6o 0 0 0 0 0 0 0
0o 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
Q = (5.12)
©o 0 0 0 0 0 0 0
6o 0 0 0 0 0 0 0
0o 0 0 0 0 0 0 0
(0 0 0 0 0 0 0 o
such that, o0 )
J = %;&faAf'z + oW D (5.13)

Here oc(Af')2 restricts the frequency deviation, while
(Awfuel')2 penalizes the control effort needed in addition to

the steady state value of the fuel input rate change.
4. RESULTS

The Riccati equation (5.5) was solved on an IBM 370/65
computer for « varying between 100 and 15000. The program
checks for the controllability of the matrix pair (A,B) and
for the observability of the pair (A,D) and then computes P.
Based on the matrix P, Awfuel' is evaluated as a linear
combination of the state variable vector components as,

AW = AW

fuel fuel ~ Awfuelss (5.14)

=[C11 C12 -+ Cpg) %
The coefficients C11 to C18 for the various wvalues of o
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are listed in Table 6. It is noted that the value of all the
coefficients increase with the increase in o. The value of
C17 is found to be zero in all cases. This is due to a low
value of Ty~

The system together with the optimal controller was
simulated using the CSMP package, for various cases of q.

The frequency response, fuel input rate variation and power
mismatch curves for a number of cases of interest were

plotted in Figures 14 to 16. The system in most cases settles
to a new steady state in 40-60 seconds. The load division
between the MHD and the steam section is illustrated for the
case of a= 1000 in Figure 17.

Compared to the PID controller, the settling time is
almost equal in all the cases considered. The total frequency
error, total control effort and peak control effort will be
compared in the next section. The load division appears to
approach the new steady state value faster than for a single

feedback PID controller.
5. DISCUSSION

The values obtained for er, €, and Py using optimal
control are listed in Table 7. The frequency deviation error
decreases while the total control effort increases with the
increase in the value of a. This is expected since a is the

weight on the frequency deviation in the cost function. The
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TABLE 7
OPTIMAL CONTROL PERFORMANCE

a Frequency Error Total Control Peak Control
ee Effort, e Effort, p
u u

sec. t kg.2sec'1 kg.sec-l
100 8.40 x 1073 56.15 1.28
500 7.82 x 1074 57.71 1.60
1000 6.38 x 10°4 58.01 1.78
2000 6.06 x 10™% 58.17 1.98
5000 5.85 x 10”4 58.38 2.26
10000 4.60 x 1074 58.56 2.43
15000 3.80 x 1074 58.81 2.69




52
peak control effort increases as o is increased. For the value
of o greater than 15000, P, becomes more than 2.72 kg/sec. Thus
a value of o more than 15000 should not be chosen. The
variation in total control effort is not very significant in the
cases considered. However frequency error and peak control
effort can be used as two criteria to chose the most suitable
optimal controller. Based on these criteria, a of 1000 is
quite acceptable since it provides a set of reasonable values

of er, and Py

u

The values of er, © and P, in most cases are smaller than

u
for a single feeback PID controller (Table 5, page 38). It
be kept in mind here that the state variable control does,
however, require that each state variable be made available,
either by direct measurement or by the construction of an
observer (29). It has been verified that for the combined plant
it is possible to measure directly or indirectly the values of
all the state variables at any given time.

It is concluded that the state variable feedback yields
an overall better system response than that given by the PID
control scheme. The optimal controller does not require any
storage for integrals and derivatives and requires computation
of only one number at a time. It is recommended that siﬁce the
difference in performance is not very large, the choice of

using any particular controller be based on the ease of

implementation, operation, reliability and maintainence.



CHAPTER VI

DIGITAL CONTROL TECHNIQUES

Recently computers have been used as control elements in
many industrial applications. Such systems may be treated as
sampled-data systems, since the information fed into the
digital computer is the corresponding signal value only at one
instant of time. The computed output remains unchanged until
new information at the next sampling instant is fed into the

computer.
1. SYSTEM CONDITIONS

Since we are interested in dedicated microprocessor
based digital controllers which are in turn controlled by
a digital computer, these goals place stringent conditions
on the control algorithm that can be used. The conditions
are (30):

1. The parameters of the process model must be directly
related to easily measurable and easily computed process
quantities.

2. The on-line control computation must be simple enough
to carry out within the sampling period available.

3. It must be possible to compute the controller outputs
from the process model parameters without carrying out any
iterations. This requires that no integrations or derivatives

be required to be evaluated for control output computation.
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2. DISCRETE SYSTEM MODEL

For the application of digital control, we represent the
incremental power model in the discrete form as
x(@fl T) = Adg(mT) + h(T)u(mT) (6.1)
where

g nxn system matrix

h n x 1 control vector
. 1
u control input equal to_Aquel
X state variable vector equal to x'
T sampling interval or period

The value of x at discrete time intervals is governed by

this equation. The system is controllable if the set of
-2

matrices Ad'lh, Ad h ... Ad'nh are linearly independent (27).
If this is the case, a time optimal control algorithm can be
applied for driving x to a desired point in n time intervals,
for a system with n state variables. We will apply one such

control algorithm to a discrete model of the combined plant.
3. FINITE-TIME SETTLING CONTROL ALGORITHM

Figure 18 shows a schematic of a digital controller applied
to a continous time system. The input to the plant is sampled
and is held constant over each interval. This particular
procedure is more satisfactory than the continous control,
since here the control effort is piecewise continous and can be

easily generated.
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Figure 18.

Schematic of a digital controller
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It can be shown (27,31) that if the input is sampled,

then we have

x(0) = -Mu (6.2)
or

u = Cu0) u(l) ... un-1) 17 = -M"1x(0) (6.3)
where

N L A S (6.4)

This input gives control at each step to drive x(n) to
zero. Here n refers to the n time interval. This control
gives the value of u(k), k=0, 1, 2, ... n-1 in terms of
the values x(0). It would be more reliable if a given u(k)
could be found in terms of just x(k) at the start of each
sampling period. This helps in removing the effect due to
external noise in the measuring devices. It is desirable to
have u(k) as a constant linear combination of the state
variables x(k).

The Finite-Time settling algorithm is based on the two
conditions:

x(n) =0
x(0) = -Mu(0)

(6.5)

Applying these conditions to the discrete equation form

(6.1) we obtain,

x(1) = Agx(0) + hu(0)
= -M [u@) u@) ... ut-1) 0]° (6.6)
and
x(2) = Agx(1) + hu(l)

M [u@ u@3) ... u@-1 00]" (6.7)
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In general we have,

x(k) = -M [ u(®) u(k+l) ... u(@-1) 0 ... 0] T (6.8)
down to the equation for x(n-1) as

x(n-1) = -M [u(n-1) 00 ... 077 (6.9)

Now we can put x(k) as column of a matrix such that,

{ x(0) x(1) ... x(n-1)] =-M.U (6.10)
where the first row of matrix U is the control function we
want. We therefore have,

X =-MU

1 (6.11)
u=-M1x

Thus we can find U if M is non-singular i.e. the system
is controllable. Then u(k) is a linear combination of the
state variables x(k). This combination is given by first row

of matrix -M-l.

4. DIGITAL CONTROL OF THE MHD/STEAM PLANT

The Finite-Time settling control algorithm (FTSC) can
now be applied to the incremental power model. A discrete
representation of the form (6.1) is found for various values
of sampling interval T. The procedure for calculating Ad
and h(T) is described in detail in reference (27). The basic
formulae are |

A

d exp (AT)
T (6.12)
= (exp(aryb.at
[}
Ay and h are functions of T which was allowed to take the

values of 0.1, 1.0, 2.0 and 5.0 seconds. The system is of

order 8, thus 8T seconds are required to drive the system to


https://exp(AT:)b.dr
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the new steady state i.e. to go from x'(0) to 0.

A computer program was written to calculate Ad and h and
check if the system is fully controllable. Then the state
variable feedback coefficients are computed based on the first
row of matrix -M-l. It was found that the peak control effort
for the case of T = 0.1 second was very high compared to the
2.72 kg/sec limit. Thus it was not considered further. For
the other values of T, the frequency response, fuel input rate
change and power mismatch were obtained as a function of time
and are plotted in Figures 19 to 21.

It is noted that the system settles to a new steady state
in 10-50 seconds depending on the sampling interval. The
variation in Af and Awfuel is larger than for the PID and
optimal controllers. This is because the system settles to a
new steady state very fast and thus considerable control
effort is necessary to accomplish this. The load division is
of interest here. The load division between the MHD and steam
section is shown in Figure 22. The case chosen is for T = 5
seconds. It is seen that the APi and APS both reach the new
steady state value in about 50 seconds. This is expected since
all the state variables are driven to the new value in
approximately 8T seconds. The load division response is faster

than any other types of controllers considered before.

5. DISCUSSION
The values for er, €, and p, are listed in Table 8. The

frequency error and the total control effort both decrease with
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TABLE 8
DIGITAL CONTROL PERFORMANCE

Sampling Frequency Error Total Control Peak Control
period es Effort, e, Effort, P,
T seconds sec. ! kg.?'sec_l kg.sec_1

0.1 0.8933 54.44 12.65

1.0 0.2612 52.16 3.90

2.0 0.1917 49.06 2.81

5.0 0.0317 49.04 1.94
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an increase in T. This is because the deviations in f and quel
take place at a very fast rate for low values of T and their
peak values are also very high. However for low values of T,
the system settles to the new steady state in a lower amount
of time.

Based on the peak control effort values, it is noted that
T below 2 seonds is unacceptable. This is due to the maximum
limit of 2.72 kg/sec imposed on Awfuel' Compared to PID and
optimal controllers the frequency error here is more but limited
to a predetermined time. The control effort does not differ
significantly from the best PID and optimal controllers.
However, the digital control presents a reliable, inexpensive
and flexible on-line control technique for the combined plant.

A value of T = 5 seconds is an acceptable sampling time.
It provides a reasonable frequency response with low control
effort. It is to be noted here that the period of 5 seconds
is long enough for all the computation. The digital control
is expected to be implemented using a large number of dedicated
microprocessors connected to a large digital computer. The
digital control technique is recommended as one of the suitable

control strategies for the combined plant.



CHAPTER VII

CONCLUSIONS

It was the purpose of this work to develop an incremental
power model for a commercial scale, coal fired open-cycle
MHD/Steam power plant and use it to study associated control
problems. The model was constructed assuming the load demand
changed only the state variables in a small region around the
normal operating point. Various control schemes, including
classical and modern schemes, were then used to force the
system to a new steady state when a step change in load is
received.

Classical control technique utilized the proportional-
integral-derivative control to improve the response to a
step change in power demand. This utilized a single state
variable feedback to control the fuel input to the MHD
combustor. Optimal state variable feedback was used to
minimize a cost function related to the total frequency error
and total control effort in a certain proportion. This
involved the use of a multivariable feedback for control.
Finite-time settling control algorithm for a finite settling
time was also applied to a discrete form of the incremental
power model. This drives the system to the new steady state

in a finite time based on the sampling period chosen.
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Based on the frequency error, total control effort and
peak control effort criteria the following plant control
schemes were chosen as being most suitable:
PID 20/s + 10 + 10s
1000

Optimal N
Digital T = 5.0 seconds

All these controllers provide acceptable values of ee, €,
and P,-

Digital control techniques have the advantage in real time
control with a fairly inexpensive computer as the control
element. For a commercial scale plant, digital control is
recommended since it is more easily implemented, and is easy
to maintain. However, PID and optimal control with a proper

choice of parameters are acceptable if the algorithms required

can be implemented closely by a digital computer.
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APPENDIX



STEADY STATE SIMULATION MODEL

This Appendix is based on the work reported in reference
(11). That study considers the potential configuration of an
early commercial MHD/Steam power plant. We will consider here
a model developed for the study of steady state performance of
a combined plant with separately fired high temperature air
heaters.

Major design specifications have already been summarized
in Table 2 (page 17). Figure A.l shows the design of the
plant used in steady state modeling. The stream numbers in
Figure A.l1 are listed in Table A.1 and are self explanatory.
The major subsystems included in the model are air preheaters,
MHD cycle, the heat recovery system, the seed regeneration
system and the steam cycle.

The computer program was written in FORTRAN IV and was
executed on IBM 370/65 computer. The program is organized
in the form of subroutines that simulate various plant
components. The thermodynamic properties of the plasma are
found using the procedure in reference (20). The other steps

are same as listed in Table 2.
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TABLE A.1
DESCRIPTION OF STREAM FLOWS

Stream Number Fluid Description
1. Coal Plant input
2. Coal To seed regeneration
3. Coal To gasifier
4, Coal To MHD Mills
5. Input To MHD primary combustor
6. Flue gas To MHD generator
7. Flue gas To MHD Diffuser
8. Flue gas To radiant furnace
9. Slag From radiant furnace
10. Flue gas From radiant furnace
11. Flue gas To secondary combustor
12. Flue gas To intermediate air heater
13. Flue gas To reheater
14, Flue gas To superheater
15. Flue gas To low temperature air heater
16. Flue gas To condensate heater
17. Flue gas To electrostatic precipitators
18. Flue gas From convection section
19. Flue gas To ID fan
20. Flue gas From ID fan
21. Flue gas Plant waste exit to stack
40. Air Inlet to air compressor
41, HP Air Compressor output to air heater
42, HP Air To HTAH
43. HP Air To MHD combustor
60. Air Inlet to FD fan
61. Air Discharge from FD fan
62. Air To secondary combustor
63. Air To LTAH
64. Air From LTAH to ITAH
65. Air To gasifier
66. Air To gas burner
80. Ash/Seed From secondary combustor
81. Ash/Seed From convection section outlet
82. Ash/Seed From electrostatic precipitators
83. Ash/Seed From seed regeneration
84, Smelt From Tomlinson furnace
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TABLE A.1 (continued)

Stream number Fluid

Description

210.

Dregs
Seed
Seed
Seed
Seed
Seed
Air

Air
Coal/Air
Air

Flue gas
Flue gas

Coal/Air
Gas

Gas

Gas

Gas

Flue gas
Flue gas
Flue gas
Flue gas
Flue gas
Air

Air

Char

Cond.
Cond.
Cond.
Cond.
Cond.
Cond.
Cond.
Cond.
Cond.
Cond.
Cond.

Waste from clarifier

To recovery columns

To evaporators and spray columns
Output of seed regeneration
Plant supply of make-up seed

To MHD seed handling

Inlet to seed regeneration coal handling
Hot air for coal handling

To Tomlinson furnace

Supply to Tomlinson furnace
From ID fan discharge to seed
From seed regeneration to stack

From seed regeneration
From gasifier

To Claus plant

Output of Claus plant

To gasifier

To waster heat boiler

To clean up

From clean up

To gas burner

To HTAH

From HTAH

To superheater

To MHD coal drying

Wet gas discharge

Supply for coal handling
To coal handling

Recycle from waste heat boiler

From condenser

To Tomlinson furnace

To waste heat boiler

To FW heater #4

To condensate heater
From condensate heater
To FW heater #2

To MHD cooling

From diffuser to channel
From channel to combustor
From MHD cooling
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TABLE A.1 (continued)

Stream number Fluid Description
211. BFW From boiler feed pump
212. BFW To economiser
213. BFW To main steam drum
220. water Downcomer to water walls
221. water To water walls at radiant furnace
222, water/Stm To water walls at economizer
223. water/Stm From water walls at economizer
224, water To water walls at secondary combustor
225, water/Stm From water walls at secondary combustor
226. water To water walls at convection section
227. water/Stm Water walls from ITAH to RH
228. water/Stm Water walls from RH to steam drum
229, water/Stm From water walls at convection section
241. Steam From main steam drum
242, Steam From superheater
243, Steam To air compressor
244, Steam Air compressor turbine exhaust
245, Steam To HP turbine
246, Steam HP turbine exhaust
247, Steam Extraction for FW #1 heater
248, water Drips from FW #1 heater
249, Steam From Tomlinson furnace
250. Steam From waste heat boiler
251. Steam To RH
252. Steam To IP turbine
253. Steam From IP turbine
254, Steam To FW #2 heater
255, Steam To BFW turbine
256. Steam BFW exhaust
257. Steam To LP turbine
258. Steam To FW #4 heater
259, Steam From LP turbine to FW #3 heater
260. water To FW #4 heater
261, Steam LP turbine exhaust
262, water Drips from FW #4 heater
300. water To condenser
301. water To cooling tower
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