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Abstract - The current day-to-day problem faced by
thermal power plants is the requirement of economic and
reliable operation towards achieving maximum efficiency.
An effective way to realize this objective is to make
improvements in the existing controls with the modem
techniques. Regulation of air and fuel to optimize
combustion for meeting varying load is an important
parameter in boiler operation. A multi agent control system
(MACS) for a fossil-fuel power unit is presented. Every agent
in the MACS is an intelligent agent making decision
according to the operating condition of the power plant.
This agent uses Neuro-Fuzzy to evaluate the produced
optimized gains for feedback control. To show that the Gain
Optimizer agent can produce improved gains when needed,
a simulation was run in which the MAS a was used to
control the system, but the Feedback agent were
intentionally initialized with gains that would cause the
power plant model output to exceed one or more of the
thresholds that trigger a gain optimization. The result
shows that these agents can be successfully implemented
simultaneously in MAS to achieve the coordinated goal of
customizable optimized multiobjective power plant control.

Key Words: Multiagent Control System (MACS),
Neuro-Fuzzy, Gain Optimizer, Thermal power plants.

1. INTRODUCTION

The problem facing Nigeria electric power industry today
can be attributed to society’s ever increasing demand for
energy, environmental concerns with reliance on fossil
fuels, and uncertainty about an aging infrastructure’s
ability to cope with increasing demand for energy. Existing
control systems for power plants are rigid and lack the
capability to provide optimal operation with increasing
amounts of requirements placed on the power plants,
prompting the need for a more adaptive, robust control
system.

This research presents an enhanced multi - agent based
industrial process automation based on the concept of
Multi-Agent Systems (MASs), which have been applied to
other complex problems in the power industry. It applies a
MAS distributed control methodology to a large-scale
power plant optimized control system, improving the
overall flexibility, autonomy, and robustness of the control
system using Neuro-Fuzzy technology, which in turn
increases the efficiency and operation of the power plant.

A methodology for MAS design was formulated by merging
concepts from the fields of software engineering, control
engineering, and concepts from intelligent systems theory
and intelligent machines in [1]. The resultant control
system structure, seen as an open organization of
intelligent agents, constitutes a general framework for the
development of large-scale intelligent control system.

2.0 REVIEW OF RELATED LITERATURE

Authors in [2] developed a dynamic mathematical model
of a three-boiler steam generation process and control
structure to improve dynamic robustness. The main
objective is to prevent cascaded tripping of boiler. A trip of
one boiler causes a drop in steam header pressure, which
produces “boiler swell” in the untripped boilers. These
effects will shut down all the untripped boilers through
drum level high protection. The variables that affect the
boiler swell are the rate of fuel firing to the boiler and the
rate of feed water flow to the drum. The dynamic model
developed by them contains ordinary differential
equations describing mass and energy balances for each of
the three boilers and a mass balance of the steam header.
The model was tested with override control scheme to
prevent cascaded tripping. In this design, coordinated
control scheme has not been dealt which will control the
header pressure as per boiler capability curve including
feed water flow to the boiler. Also he has not included the
combustion process in his model.

Authors in [3] presented a non-linear dynamic model for
natural circulation type drum boilers. The model describes
the dynamics of the drum, down comers and riser
components derived from first principle and are
characterized from physical parameters. In this model the
shrinks and swells phenomena associated with the drum
water level have been given more importance than
combustion control system.

Authors in [4] developed a boiler drum model for long-
term power system dynamic simulation. The identification
of physical parameters was obtained from the tests carried
out on the actual plant. Ziegler-Nichols response method
was used to determine suitable values for reheater
temperature and gas damper position. In this paper, the
recirculating gas and the division between the primary
and the secondary air is neglected. Further uniform
surface temperature for the riser was assumed to predict
heat transfer within the furnace.
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Authors in [5] presented a nonlinear control oriented
boiler modeling by modifying the boiler model developed
in [6]. A nonlinear combustion equation with a first-order
lag was introduced for excess oxygen in the stack and the
stoichiometric air to fuel ratio for complete combustion.
The air fuel ratio is one of the uncertain parameters to
develop the oxygen level equation. They showed that the
air to fuel ratio in the model varied linearly with oxygen
level. But in practical case only the air and fuel flow are
directly proportional to steam flow demand. But the
oxygen level is more at low loads and less at higher loads,
which is not linear.

Authors in [7] developed dynamic simulation model for
drum type boiler with turbine bypass system and its
application in the study and the design of a new control
philosophy. The thermo dynamic parameters for the
numerical model are set at one equilibrium condition and
the physical parameters represent all the storage terms
(masses and volumes) to replicate the dynamics of the
physical units. The physical and performance data for the
plant model was obtained from the data information
sheets, design data and heat balance diagrams which was
provided by the manufacturers. Practically the data from
heat balance diagrams will not match the real time values.
Authors in [8] developed dynamic model to design an
improved control strategy for pulverized coal fired drum
type boiler. The control techniques to improve load cycling
capabilities were discussed with respect to firing rate,
steam pressure, steam temperature, excess air and
exhaust air temperature. The control system described is
conventional in nature and does not incorporate or
involve the use of any advanced control concepts.

Authors in [9] developed section wise mathematical model
for reheat boiler-turbine-generator and simulated using
the physical parameters obtained from steam table and
unit acceptance test. In this much important has not been
given for furnace dynamics with respect to control
parameters.

Authors in [10] developed a power plant model for
operator training simulators. In this model the
coordinated control was much simplified. The governor
dead band was ignored. Valve functions were assumed to
be linear.

In the last three decades, there has been significant
research work on boiler modeling and control. The model
architectures described in the literatures are capable to
capture static relationship between input and output data.
However control applications require dynamic process
models. Dynamics of the furnace is not adequately
presented and hence these models have less practical
significance. The use of models to solve the complex and
interactive control problem of boiler systems have not
been seen any significant extent. Lack of good nonlinear,
control-oriented model for boiler is a bottleneck for using

model-based controllers to obtain input-output behavior
for the process. The complexity involved in obtaining the
reasonably accurate model is high. If assumptions were
made to reduce complexity in obtaining models, it would
yield degraded performance of controllers. Because of
high nonlinearity and uncertainty of the boiler system, it is
very difficult to achieve exact control oriented
mathematical model particularly for combustion process
and also it is less reported in the literature.

2.1 Power Generation in Nigeria

Power generation in Nigeria dates back to 1886 when two
(2) generating sets were installed to serve the then Colony
of Lagos. By an Act of Parliament in 1951, the Electricity
Corporation of Nigeria (ECN) was established , and in
1962, the Niger Dams Authority (NDA) was also
established for the development of hydroelectric power. A
merger of the two (2) organizations in 1972 resulted the
formation of the National Electric Power Authority (NEPA)
which was saddled with the responsibility of generating,
transmitting and distributing electricity for the whole
country. In 2005, as a result of the power sector reform
process, NEPA was unbundled and renamed Power
Holding Company of Nigeria (PHCN). The Electric Power
Sector Reform (EPSR) Act was signed into law in March
2005, enabling private companies to participate in
electricity generation, transmission, and distribution. The
government unbundled PHCN into eleven electricity
distribution companies (DisCos), six generating companies
(GenCos), and a transmission company (TCN). The Act also
created the Nigerian Electricity Regulatory Commission
(NERC) as an independent regulator for the sector.
At present, the Federal Government has fully divested its
interest in the six GenCos while 60% of its shares in the
eleven (11) DisCos have been sold to the private
operators. The Transmission Company still remains under
government ownership.

The generation sub-sector presently includes 23 grid-
connected generating plants in operation with a total
installed capacity of 10,396 MW (available capacity of
6,056 MW) with thermal based generation having an
installed capacity of 8,457.6MW (available capacity of
4,996 MW) and hydropower having 1,938.4 MW of total
installed capacity with an available capacity of 1,060 MW.
This comprises of the privatized GenCos, Independent
Power Producers (IPPs) and the generating stations under
the National Integrated Power Project (NIPP).

IPPs are power plants managed by the private sector prior
to the privatization process. These include Shell operated
- Afam VI (642MW), Agip operated - Okpai (480MW),
Ibom Power, NESCO and AES Barges (270MW).

In its effort to increase the level of power generation, the
Federal Government in 2004, incorporated the Niger Delta
Power Holding Company (NDPHC) as a public sector
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funded emergency intervention scheme. The company has
a mandate to manage the National Integrated Power
Projects (NIPP) which essentially involves the
construction of identified critical infrastructure in the
generation, transmission, distribution and natural gas
supply sub-sectors of the electric power value chain.

In the generation sub-sector, NDPHC is expected to add
ten (10) new gases fired power stations to the grid some
of which have already been completed and commissioned,
while others are at different stages of construction in
different parts of the country.

3.0 LARGE-SCALE FOSSIL FUEL POWER PLANT
DESCRIPTION

The large-scale power plant under consideration in this
thesis is a 600MW oil fired drum-type boiler-generator
fossil-fuel electrical power plant unit (FFEPU).

The steam generating unit is an oil-fired, balanced draft,
controlled recirculation drum boiler which can deliver up
to 4.2 x 106 (lbs.)/hr of steam at a pressure of 2600 psig
and 1005°Fand reheat from 625°F to 1000°F. The boiler
unit also has six recirculation pumps that supply the
required recirculation flow with only four of these needed
to supply sufficient flow for full load operation for the
FFEPU. To address air flow, two forced-draft fans permit
the primary air and two induced-draft fans are set to
maintain the furnace pressure at a desired pre-set point
[11].

Furthermore, in the boiler system two condensate pumps
and a combination of combined booster and main boiler
feed pumps address the feedwater flow.

The turbine system is a tandem compound triple pressure
steam turbine. The system is composed of a high-pressure,
intermediate pressure and two double flow low pressure
turbines rotating on a common shaft at a rated speed of
3600 rpm, or 60Hz, and exhausting pressure at 2 in. Hq
absolute. At maximum load, the throttle steam is designed
to meet conditions of 2400 psig and 1000°F, and reheat
steam at 1000°F. The turbine system is coupled directly to
the generator unit, which is capable of producing
685,600kVa, 3-phase, 60Hz, at 22kV at a power factor of
0.90 [11].

3.1 System Description and Characteristics

The FFEPU model represents accurately the boiler-turbine
unit and needs to provide not only a physical realistic
model of the mechanical power systems but must also
incorporate interactions between the mechanical and
electrical component of the power plant. This FFEPU
model in [12] is an improvement to previous models [13]
for two very important aspects. Previously, the condensate

dynamics and the feedwater dynamics had not been
considered nor modeled due to the assumption that they
do not have a considerable effect, but these dynamics are
explicitly modeled in [12]. Secondly, this model actually
accounts for the electrical fans and pumps and how their
dependence on voltage and frequency affect the overall
system. Other important features that characterize this
FFEPU model are:

- The model development is based upon physical
processes with model parameters determined from
geometry, material properties and manufacturer’s data.

- Nonlinearities usually overlooked to obtain simpler
models are included to allow the model to be valid over a
wide operating range.

- In order to provide physically realistic thermodynamic
properties, steam table property fits are used.

- It is possible to verify the power plant model since an
actual operating power plant was used as prototype and
data can be compared.

Therefore this FFEPU model presents characteristics that
are desirable for implementation of the proposed control
configuration.

3.3 Power Plant Modules and Subsystems

The FFEPU model has been implemented and simulated in
MATLAB previously [14]. The FFEPU is a twenty-third
order nonlinear dynamic model and it is divided in four
different modules, which are the boiler module, the
turbine-generator module, the condenser module and the
feedwater module. Each of these modules is also
composed of a total of thirty three subsystems. Twelve of
these subsystems model the boiler module, eleven make
the turbine module, two make up the condenser module
and eight make up the feedwater module. This distribution
is better represented in Table 1. Many of the modules are
interconnected and also many of the subsystems are
connected to each other.

The model has twenty-three state variables distributed
throughout the FFEPU and has twelve control valves,
seven controlling the boiler module, two controlling the
turbine module, one controlling the condenser module and
two controlling the feed-water module. These twelve
control valves are the only variables that can be
manipulated to reach the desired FFEPU response, making
it very important to implement not only feedback control
but also an intelligent feed-forward control that is capable
of producing accurate control valves signals. These control
valves are shown in Table 2 below.
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Table 1: FFEPU Modules and Subsystems.

Boiler Module Turbine Module
Air Preheater Crosspipe
Downcomers Generator

Drum HP Turbine

Forced Draft

Fan Intercept Valve

Furnace Gas

Furnace Gas IP Turbine

Induced Draft Fan

LP Turbine

Primary Heater

Re-heater

Primary Super Gas

Re-heater Spray

Secondary Heater

Re-heater Gas

Secondary Super Gas Steamchest

Spray Heater Throttle Valve

Waterwall

Condenser Module Feedwater Module

Condenser Boiler Feed Pump

Condenser Pumps Deaerator
Deaerator Valve
Economizer
Economizer Gas
Feed Water Valve
HP Feed Water
LP Feed Water

Table 2: FFEPU Control Valves in each Module.

Boiler Module Turbine Module

ul: Fuel Flow u8: Governor Control Valve

u2: Gas Recirculation u9: Intercept Valve

u3: Induced Draft Fan

u4: Forced Draft Fan

u5: Combustor Gun Tilt

u6: Super-heater Spray

Flow

u7: Re-heater Spray
Flow

Condenser Module Feedwater Module

ul0: Deaerator Valve ull: Feed-water Valve

ul2: Feed Pump turbine Flow

3.4 Control pattern

Typical control methodologies for FFEPUs that take a
centralized approach or loosely decentralized approach
cannot manage the enormous complexities of a large-scale
power plant and at the same time provide the power plant
with optimal operation. FFEPUs under these control
methodologies can be susceptible to entire failure when
one individual system fails [15]. Recently, there has been
interest in Multi-Agent System (MAS) applications in the
area of Power Engineering. With a MAS control
methodology, the system can be built to be flexible, robust,
and extensible [16]. A MAS is a system that consists of two

or more intelligent agents. Each intelligent agent in the
system is responsible for his or her own individual task,
and with the collective completion of other agents’
individual tasks, the overall goal of the system can be
reached. Thus one of the most important properties of
MAS is that no one intelligent agent knows the overall goal
of the system. With these properties, a FFEPU under MAS
control can better adapt to changing objectives and
additional requirements placed upon its operation. The
intelligent agents in the system work together to reduce
coupling between many of the distributed systems in the
FFEPU, and thereby the FFEPU is better able to handle the
complexities of its many distributed systems. In this
research, a MAS control methodology is applied to a 600
MW FFEPU to make it more adaptive and responsive.

i. Coordinator Agent

The goal of the coordinator agent is to coordinate the
agents in the MACS according to different operating
conditions.

The coordinator agent COA is an important agent in the
MACS. It perceives the environment of the MACS to make
system level decision. It gets different information from
every agent in the MACS and even from the operator. It
analyzes and decides what kind of message should be sent
to which agent.

Firstly, the COA checks the unit load demand and the
operation command from the operator. Then the COA
checks the state of the MACS according to the output of the
FFPUA.

If the unit load demand changes large and rapidly, the COA
will decide to ask the reference agent RA to generate
optimal set-points and asks the FFCAs to generate
feedforward control signals. At the same time, if the error
between the setpoints and the output of the FFPUA is
found big, the COA will ask the FBCAs to work to eliminate
the error as soon as possible. Otherwise, if the unit load
demand does not change, the COA will decide not to ask
the RA and the FFCAs to work.

ii. Communication between Agents

Every agent is an intelligent and flexible entity with goals,
actions, and domain knowledge. They collaborate each
other through communication to achieve a global goal that
is beyond the ability of each individual agent.

In the MACS, one agent gets useful information from other
agents in order to make effective decision and provides
the required information for other agents through
message passing. The communication between agents in
the MACS is flexible. It can he inquiry and answer or send
and response. The communication between the agents in
the MACS is shown in Fig. 1.
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FFCAs

™" cos FFPUA

FBCAs

Fig. 1: The communication between the agents in the
MACS

As shown in Fig. 1, the COA communicates with every
agent by passing messages. There are two kinds of
messages: data and text in the MACS. For the text message,
the COA sends run or stop command to the RA, FBCAs and
FFCAs, and they in turn reply yes or no to the COA.

As for the data message, the RA sends the set-points E, P, L
to the COA, the FBCAs send the feedback control signals to
the COA. The FFPUA will send output E, P, L to the COA
when asked.

3.5 OPERATING WINDOW DATA

The two tables below contain the data needed to construct
the power-pressure and power input operating windows
for the 160 MW power plant used in this research.

Table 3(a) Upper pressures limit data.

Table 3.(b) Lower pressure limit data.

E P(kg/ | pflkg | ul(p.u. | u2(p.u. | u3(p.u. | L(m)
M| em?) | /m3) |) ) )
w)
10.0 | 237.4 | 318.1 | 0.322 | 0.210 | 0.122 | 0.000
5 2 6 0
20.0 | 231.8 | 312.0 | 0.361 | 0.236 | 0.168 | 0.000
0 2 3 0
40.0 | 2209 | 300.8 | 0.438 | 0.296 | 0.260 | 0.000
5 5 7 0
60.0 | 210.2 | 290.1 | 0.516 | 0.355 | 0.354 | 0.000
7 1 4 0
80.0 | 199.7 | 2789 | 0.595 | 0.425 | 0.449 | 0.000
6 1 5 0
100 | 189.5 | 268.1 | 0.675 | 0.503 | 0.545 | 0.000
2 2 9 0
120 | 179.5 | 257.8 | 0.755 | 0.590 | 0.643 | 0.000
5 7 9 0
140 | 169.7 | 247.1 | 0.836 | 0.689 | 0.743 | 0.000
6 0 4 0
160 | 160.2 | 236.8 | 0.918 | 0.799 | 0.799 | 0.000
3 6 6 0
180 | 1509 | 226.3 | 1.000 | 0.924 | 0.924 | 0.000
5 5 0

E P(kg/c | pflkg/ ul(p. | u2(p. | u3(p. | L(m)
(M m?) m3) u.) u.) u.)
W)
10.0 | 32.0 493.0 0.078 | 0.420 | 0.070 | 0.00
5 5 8 00
20.0 | 32.0 485.2 0.127 | 0.655 | 0.131 | 0.00
4 4 5 00
40.0 | 36.3 468.8 0.228 | 1.000 | 0.250 | 0.00
7 0 4 00
60.0 | 52.1 4499 0.339 | 1.000 | 0.359 | 0.00
2 0 1 00
80.0 | 67.3 430.2 0.448 | 1.000 | 0.463 | 0.00
6 0 7 00
100 | 82.1 409.2 0.557 | 1.000 | 0.565 | 0.00
4 0 4 00
120 | 96.5 386.2 0.665 | 1.000 | 0.664 | 0.00
6 0 9 00
140 | 110.7 360.2 0.773 | 1.000 | 0.762 | 0.00
4 0 6 00
160 | 124.6 328.8 0.880 | 1.000 | 0.858 | 0.00
8 0 7 00
180 | 138.4 284.6 1.000 | 0.953 | 0.00
0987 | 0 4 00
9
4.0 RESULTS

Fig. 2 shows a unit load demand that resembles a typical
load cycle.

140
130}
1201
110}
100}
Q0+
80
70
60
50+
40

—

Power (MW

o] 20 40 60 80 100 120
time (min)

Fig.2: Unit load demand.

It has different rising and falling slopes and different
constant powers. With the given unit load demand and the
plant model, the solution space is obtained from the
power-input operating windows.
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Fig. 3 shows the solution space for the given unit load
demand.

Sosb._ T T ]
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(o} 20 40 80 80 100 120
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Fig. 3: Solution space by the given unit load demand.

The gaps between upper and lower limits are the solution
space for the optimization process. This is because the
solution space for the feedwater valve is very small as
shown in Fig. 3. All simulation results are improved as the
number of objectives is increased. The demand pressure
set-points, P; mapped for different number of objective
functions are shown in Fig. 4. This is because the power
pressure operating window is quite large and the same
amount of power can be produced on a wide range of
pressure. As additional objective functions are added in
the optimization, the plant is operating more
conservatively in lower pressure.

140
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o 20 40 80 80 100 120
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Fig. 4: Demand pressure set-point trajectories.

5. CONCLUSION

The goal of this research was to design, implement, and
test a multi-agent system (MAS) intended for
decentralized optimized multi-objective control of a fossil
fuel power unit (FFPU). This control methodology is
intended to provide optimized control of an FFPU while
allowing the customization of operating goals as needed to
conform to changing market situations, such as changing
regulations, the cost of fuel, and load demands on the unit.
To do this, a MAS was developed consisting of agents that
have been designed to perform specific tasks, which in
coordination, achieve the desired control. This MAS was
designed for a smaller, simpler FFPU model in order to

focus on developing the MAS without the added difficulty
of accounting for the complexity of a larger power plant
model. In conclusion, this research shows that MAS can be
used to implement a control system intended for a FFPU.
This thesis also shows that agents can be used to
implement each of the control techniques discussed here.
Furthermore, this research shows that these agents can be
successfully implemented simultaneously in MAS to
achieve the coordinated goal of customizable optimized
multi objective power plant control of an FFPU.
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