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ABSTRACT

This work centers on robust compensating function scheme for adequate electrical power system
stabilization. There has been high level of disturbances in the power line and lack of adequate
compensation technique to cancel the effects of the resultant instability which has caused power
failures. The problem was addressed by the consideration of disturbances in the power line during
the design of the compensating function for the improvement of the power system performance and
stability. H-Infinity synthesis robust compensating function design method was used to design an
adequate compensator that can improve the performance and stability of the power system. From
the results, the H-infinity Synthesis Controlled Generating Plant (HCGP) recorded an overshoot of
0%, settling time of 1.04 seconds, tracking error of 0dB, gain margin of 21.7dB and phase margin
of 79.6 degrees. The simulation was repeated by varying the value to k to -0.3, and the generating
plant produced same results. This shows that the system can maintain performance and stability
equilibrium even when there is change in its parameters. Since the HCGP satisfied the
performance and stability robustness, therefore it was concluded that power system robust
compensating function scheme for improved performance and stability robustness was achieved
using H-Infinity synthesis method.
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1. INTRODUCTION

Power instability occurs as a result of the
imbalance in the power system between the
power supplied and power consumed which is
caused by line faults, power losses, loads etc.
When the disturbance is small and last for few
seconds, it could be taken care of by some
devices such as the tap-changer, reactors,
PSSs, governors etc. But when the disturbance
is large and last for a longer time, it affects the
generator and could cause the generator to trip.
When one generator goes off it triggers more
power imbalance into the network. These stability
challenges are categorized in many studies as
steady-state and transient stability issues.
Steady-state stability, which is also known as
small-signal stability is an electric power system
challenge which involves small changes or
disturbances such as load variations and
adjustment of generation schedules. Transient
stability concerns severe disturbances of the
system such as short-circuit faults and substation
outage. Oscillations of small magnitude and low
frequency linked with the electromechanical
modes in power systems often persist for long
periods of time, and in some cases, present
limitations on the power transfer capability. In
addition, such oscillations may sustain and grow
to cause system separation if adequate damping
is not available [1].

Sustainable  balance  between electricity
generation and load demand varies and greatly
needed in the power systems control [2]. In the
power systems, interconnection generator is

supported by the main loop control with
Automatic Voltage Regulator (AVR) that
regulates the voltage by controlling the
excitation. The high-performance controller

excitation for providing rapid control of terminal
voltage is necessarily to maintain the steady
state, dynamic, and transient stability of
synchronous generators in the modern power
systems. Additional control loop signal to the
AVR for excitation control is provided by power
system stabilizer (PSS). AVR-PSS excitation
control configuration has a primary objective to
provide damping and voltage regulation [3]. Due
to rapid increase in the complexity of power line
as a result of increase in load connections, there
is need for a robust damping technique that can
address the increasing instability issues in the
system. Robust control deals explicitly with
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uncertainty in its approach to controller design,
aiming to achieve robust performance and
stability in the presence of modeling errors and
disturbances [4]. System controllers designed
using robust control methods tend to be able to
cope with the disturbances or imbalances in
order to ensure the system stability. In this work
the H-infinity synthesis is applied for the
development of a robust compensator for the
power system stability control. This approach
makes use of weights to achieve desired
robustness and performance characteristics
through loop shape for the compensator design.

2. LITERATURE REVIEW
2.1 Power System Stability

Instability in a power system is initiated by a
disturbance in the system. Such a disturbance
could be as an example that line impedance was
changed due to an external cause. The behavior
of the system after the disturbance depends on
the intensity or capacity of the disturbance. A
small disturbance results wusually in small
transient effect in the system which is quickly
damped out, while a larger disturbance will excite
larger oscillations. Stability is associated with the
ability of a power system to decay oscillation and
continue its operation in equilibrium without any
major impacts for any of the consumers.
However as the power system is a nonlinear
system, system stability depends on the kind and
magnitude of the disturbance. This distinguishes
nonlinear systems from linear systems that can
be classified as stable or unstable independent
of the disturbance. Stability of a power system is
strongly coupled to both the magnitude and
character of the disturbance as well as to the
initial operating point. The stability of a power
system is the ability of the system, for a given
initial operating condition, to regain a state of
operating equilibrium after being subjected to a
physical disturbance, with most system variables
bounded so that practically the entire system
remains intact [5]. In order to achieve a better
understanding of stability analyses of power
system, it is important to classify possible power
system stability. The classification is based on
the physical mechanism being the main driving
force in the development of the associated
instability. It could be either the active or the
reactive power that is the important quantity. A
common characteristic of the instabilities is that
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they originate from large imbalance of active or
reactive power in the system, locally or globally.
This imbalance of power can then develop in
different ways and cause unstable behavior
depending on system characteristics.

2.1.1 Rotor angular or synchronous stability

The total active electrical power fed into the
power system by the generating plants is meant
to be equal to the active power consumed by the
loads including the losses in the system.
However, in practice, there is not always a
similar balance between the loads and the power
fed into the generators by the prime movers, e.qg.
the hydro and steam turbines. If such an
imbalance develops the rotating parts of the
generators, and other rotating machines, will act
as energy buffer, and the kinetic energy stored in
these will decrease or increase as a result of the
imbalance. Rotor angle stability is referred to as
the ability of synchronous machines of a power
system to remain in synchronism after a
disturbance. If the disturbance is local and
significant, e.g. an earth fault close to the
generator, the generator can fall out of step since
it has been accelerated during the fault. A huge
amount of currents will flow in the generator
windings; in such a case the generator must be
disconnected to prevent it from damaging.
Typical time scale for such instability to develop
can be in a second to a couple of seconds. This
type of instability is called transient instability,
and, such instability is usually in form of
aperiodic angular separation due to lack of
synchronizing torque. This form of instability is
also referred to as large-disturbance [6] rotor
angle instability. Small-disturbance (or small-
signal) rotor angle stability is concerned with the
ability of the power system to maintain
synchronism under small disturbances. These
disturbances are considered to be sufficiently
small that linearization of the system equations is
permissible for purposes of analysis. Usually
small-disturbance rotor angle stability is
associated with inadequate damping of low
frequency oscillations in the power system.

2.1.2 Frequency stability

Another important type of active power
imbalance is when the imbalance is not local but
global which is the case of frequency stability. In
such case if the sum of active power infeed is
enough there may be an imbalance locally. But if
the total power fed into the system by the prime
movers is less than what is consumed by the
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loads, including losses, this imbalance will
influence the frequency of the whole system. As
a result, the kinetic energy stored in rotating
parts of the synchronous machines, and other
rotating electrical machines, will compensate for
the imbalance resulting in a frequency deviation.
If the imbalance is not too large, the generators
participating in the frequency control will regulate
the active power input from their prime movers
and bring back the frequency deviation to
acceptable values. If the imbalance is very large,
the frequency deviation will be significant with
possible serious consequences. Particularly
thermal power plants are sensitive to large
frequency drops of long durations, since
detrimental oscillations could be excited in the
turbines. As a last resort the generators are
disconnected, making the situation even more
serious. This type of instability is called
frequency instability and the time scale could be
from a few seconds up to several minutes. Since
the involved mechanisms could be quite
different, it helps to distinguishes between short-
term and long-term frequency instability in the
system.

2.1.3 Voltage stability

In the case of reactive power balance the
situation is not as clear and simple as it is in
active power. There is always a balance between
produced and consumed reactive power in every
node of a network. This is a consequence of
Kirchoff's first current law. Imbalance in this
context means that the injected reactive power is
normally too small, that the voltage in the node
cannot be kept to acceptable values. At low load
the injected reactive power could be high
resulting in a too high voltage, possibly higher
than the equipment might be designed for. This
is not desirable but it is usually controlled in such
a way that no instabilities develop. In this case
the imbalance means that the injected reactive
power differs from the desired injected reactive
power, needed to keep the desired voltage. If this
imbalance gets too high, the voltages become
outside the acceptable range.

Reactive power is a more local quantity than
active power since it cannot be transported as
easily in power system. This explains why
voltage problems often are local, and often only
occur in part of the system. When the
imbalances (voltage problems) develop into
instabilities these are called voltage instabilities
or voltage collapses [5]. The instability could later
develop into very low voltages in the system. In
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principle too high voltages can also occur at
voltage instability. Low voltages arise at high
load conditions, while high voltages are
associated with low load conditions. Depending
on the time scale the voltage instabilities are
classified as short-term, a couple of seconds, or
long-term, tens of seconds to minutes. The short-
term voltage instability involves dynamics of fast
acting components such as induction motors,
electronically controlled loads and HVDC
converters, while the long-term voltage instability
involves slower acting equipment such as tap-
changing transformers, thermostatically
controlled loads and generator current limiters
[6]. The classification of power system
instabilities is summarized as follows in Fig. 1.

From the review, generators, i.e. the
synchronous machines, are very important in
angular instabilities, and it is sometimes said that
these are the driving force in this instability. Also
the analysis shows that the loads are very often
the driving force when it comes to voltage
instability, which consequently sometimes is
called load instability. Since all instability
problems (or disturbances) finally return to the
generator and affect its function, therefore the
control of the generator function becomes very
important to enable it regain equilibrium in
operation whenever the system goes off from
balance due to these disturbances and also
address the instability issue.

2.2 Power System Stabilization Methods

The transmission facilities in power systems
provide equal medium for power evacuation to all
participants at all times, ensure full capability and
reliability at minimum technical loss and ensure
equitable load allocation to consumers [7]. The
power ftransferred through a transmission
network is a function of transmission line
impedance. Low transmission line impedance
enables larger power flow while high impedance
limits the flow of electricity [8]. Longitudinal
transmission systems such as Nigerian
transmission system have high impedance and
are characterized by various steady-state
operational problems such as congestion, high
transmission line losses, voltage limit violations,
loss of system stability and inability to utilize
transmission line capacity up to their thermal
limits [9]. In [7] it was opined that these problems
have been reduced by reinforcement of
generating station and transmission line; building
new power plants and transmission lines as well
as using traditional electromechanical devices.
Also the use of reactors and tap-changers are
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recorded in some of the Nigerian transmission
stations. However, long construction time, high
cost of implementation and regulatory pressure
hinder the reinforcement of transmission lines
and generation stations while low speeds,
mechanical wear and tear, limit the use of
electromechanical devices [7]. The reactors and
tap-changers have been proved ineffective as
the electrical power system becomes more
complex and experiences higher level of
disturbance.

In the generation sector of the national power
supply, the generator output is usually decided
by the turbine mechanical torque, which could be
altered by excitation value transiently [10]. This
alteration is associated with some disturbances
in the form of power swing/oscillations that are
usually unwanted. In interconnected large
electric power systems, there have been always
unwanted spontaneous system oscillations at
very low frequencies in order of 0.2-2.0Hz [11].
There is need to damp the unwanted power
swing by changing output power, controlling the
excitation value and reducing the power
oscillation in order to have a stable system. The
stability of electrical power can most simply be
defined as its ability to continue in a stable
operation after some disturbances [10]. The
emergence of Power System Stabilizer (PSS)
brought some relief in power swing problems.
Power utilities worldwide used PSS as effective
excitation controllers to enhance the system
stability [12]. However, there have been
problems experienced with PSS over the years
of operation worldwide. Some of these problems
were due to the limited capability of PSS in
damping only local modes of electromechanical
oscillations. Furthermore, PSS can cause great
variations in the voltage profile under severe
disturbances and they may even result in leading
power factor operation and losing stability [13]. In
[14] whale optimization algorithm was used to
tune PID and PIDA controllers on AVR system
and in [15] a robust PID-PSS was designed for
an uncertain power system with simplified
stability conditions. However, the stability
margins (i.e., gain and phase margins) were not
considered in their designs which make it difficult
to ascertain the stability robustness of the
systems.

3. METHODOLOGY
3.1 Generating Plant Model

The frequency of a power system is dependent
on real power balance. A change in real power
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demand at one point of a network is reflected
throughout the system by a change in frequency.
Therefore, system frequency provides a useful
index to indicate system generation and load
imbalance. Slight or short-term energy imbalance
results to an instantaneous change in system
frequency as the disturbance is initially offset by
the kinetic energy of the rotating plant. Significant
loss in the generation without an adequate
system response can produce extreme
frequency excursions outside the working range
of the plant. The control of frequency and power
generation is commonly referred to as load—
frequency control (LFC) which is a major function
of automatic generation control (AGC) systems
[16]. Depending on the type of generation, the
real power delivered by a generator is controlled
by the mechanical power output of a prime
mover such as a steam turbine, gas turbine,
hydro-turbine or diesel engine. In the case of a
steam or hydro-turbine, mechanical power is
controlled by the opening or closing of valves
regulating the input of steam or water flow into
the turbine. Steam (or water) input to generators
must be continuously regulated to match real
power demand, failing which the machine speed
will vary with consequent change in frequency
[16]. For satisfactory operation of a power
system, the frequency should remain nearly
constant [17]. In addition to a primary frequency
control, most large synchronous generators
require a supplementary frequency control loop
and some of them are equipped with it. A
schematic block diagram of a synchronous
generator equipped with frequency control
loops is shown in Fig. 2.

Power systems are highly non-linear and time-
varying in nature. However, for the purpose of
frequency control synthesis and analysis in the
presence of load disturbances, a simple low-
order linearized model is used. A simplified
frequency response model for the described
schematic block diagram in Fig. 2 with one
generator unit is described, and then the
resuling model is generalized for an
interconnected power system in Fig. 4. The

between the incremental mismatch power
(APm-APL) and the frequency deviation (Af )
can be expressed as [16]:

APy(8) — AP, (1) = 2H L 4 DAF(H) (1)
Where Af(t) is the frequency deviation, AP, is
the mechanical power change, AP, the load

change, H is the inertia constant and D is the
load damping coefficient.

Equation 1 helped to achieve the generating
plant block diagram model for the generating
plant and also helps to study the relationship
between the mechanical power change and the
load change with the damping coefficient. The
damping coefficient is usually expressed as a
percent change in load for a 1% change in
frequency. Using the Laplace transform, equation
1 can be written as [16]:

AP, (s) — AP (s) = 2HsAf(s) + DAf(s) (2)
Equation (2) can be represented in a block
diagram as in Fig. 2. That is, a block diagram
representation for a non-reheat steam generator
unit with associated frequency control loops (LFC
system) comprising turbine, generator, governor,
supplementary control and load.

The rotating mass is the rotating shaft and
generator. In order to simplify the model for
control and analysis purposes, Fig. 3 can be
reduced to the diagram shown in Fig. 4.

1
14T,

1
145T;

1
D+2Hs

WhereM0=%,Go= » To = » Lo =
The transfer function of the generating plant
system model can be expressed as follows:

kGoToLo

G(s) = 1+GoToLoMo

©)

The electrical power generating plant analysis
and compensator development simulations were
carried out using the plant parameter data values

overall generator—load dynamic relationship as stated in the Table 1.
Table 1. Simulation data [16]

Proportional Load Inertia Primary Governor time Turbine time
Controller damping constant, control Loop constant, constant,
Gain, k(s) coefficient, D H gain, R Ty(s) Ty(s)

-0.3 0.015 0.08335 3.00 0.08 0.4
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Fig. 1. Connection between Instabilities and system components [5]
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Fig. 2. Schematic block diagram of a synchronous generator [16]

/ Primary
|
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Controller AP, AP, Af
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AP,
Govemor Turbine Rotating mass
and load

“, Supplementary
"\ control loop

Fig. 3. Block diagram model a non-reheat steam generator unit [16]
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3.2 Robust Compensating Function
Scheme for the Generating Plant

Due to the presence of uncertainties in the
generating plant as a physical system, the output
is termed disturbed output or actual output. This
means that the output must be affected by the
disturbances and noise introduced into the
system. This problem can be solved by the
development of the robust controller with
reduced sensitivity to disturbances, reduced
reference tracking error and improved stability of
the system. The compensator development
objectives here are to select the controller gains
in such a way that the generating plant output
“tracks” the desired output or the reference input.
The issue becomes the application of a method
with which the controller gains that can make the
plant robust in order to achieve the development
objectives can be achieved. Considering the
power generating plant in a real environment in
Fig. 5, with uncertainties, the inputs to the
system becomes the reference input r, and
uncertainty inputs: the disturbance D, and
feedback sensor noise N.

The general transfer function of the feedback
controlled system in a real environment is
represented as follows [4,18]:

66(5)Gp(s)
1+Gc(8)Gp(s)

Y(s) = (R(s) = N(s)) + D(s) (4)

-
1+G(8)Gp(s)

L__(R(s) - D(s) + N(s)) (5)

E(S) = 1+Gc(s)Gp(s)

From equation 4, the following functions are
derived

Ge(s)Gp(s) _ 1
1+Ge(s)Gp(s)’ S(s)

T 146()6p(s)’

T(s) =

L(s) = Go(s)Gy(s)

T(s) is the complementary sensitivity function.
S(s) is the Sensitivity function. L(s) is the open
loop function. The robust compensator
development objective becomes, to find the
compensating function Gc, that can optimize the
system output responds to satisfy the robustness
specifications. This was achieved using H-Infinity
synthesis method.

4. RESULTS AND DISCUSSION

4.1 Existing Generating Plant Analysis
Results

Applying the generating plant model parameters
and carrying out the computation and simulation
in MATLAB, the following results were obtained.

My

GoToLg

Fig. 4. Reduced generating system model with primary control loop

T{E} € (:) G ( s)

GP(SJ ¥s)

Controller

Generating plant

Fig. 5. Control system with disturbance and noise inputs in real environment
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The results in Figs 6 and 7 show that the overshoot was very high and the settling time was also high
also, which means it will take the system a long time to settle if there occurs a small disturbance. Low
gain margin and negative phase margin indicates that the power system is slightly stable.

4.2 Robust Compensating Function Scheme Analysis Results

Applying the H-Infinity synthesis method on the existing generator model, the compensator Gc was
developed and presented in state space equations as follows:

—1960 —6566 —19580 —43180 —41640 —7147 —36590
16 0 0 0 0 0 0
0 8 0 0 0 0 0
A= 0 0 4 0 0 0 0
0 0 0 2 0 0 0
0 0 0 0 0.5 0 0
é) 0 —1.1le—16 —444le—16 4.44le—16 -—-11le—16 —0.01
0
0
B=] 0
0
0
13.519

C=[-1097 -3721 -1.113e+04 —2.454e+04 —2.366e+04 —4062 —2.08e + 04]

D = [0]

The results in Figs.. 8, 9 and 10 show that H-Infinity Controlled Generating Plant (HCGP) achieved
better performance with overshoot of 0% and settling time of 1.04 seconds than that of the existing
system that achieved overshoot of 18.1% and settling time of 3.75seconds. The HCGP achieved
robust stability with gain margin of 21.7dB and phase margin of 79.6deg than the existing system that
achieved marginal stability with gain margin of 1.3dB and phase margin of -79.5deg.

Step Response

0
0.2+ ]
0.4+ ]
o 06} i
2
= System: G
€ 0.8 Settling time (seconds): 3.75
< 08}
N,
1k \./ i
System: G
i Peak amplitude: -1.02
1.2} | Overshoot (%): 18.1 .
| Attime (seconds): 1.69
1.4 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 25 3 35 4 45 5
Time (seconds)

Fig. 6. Step function graph for generating plant
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Bode Diagram
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= 100+ H
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g i | At frequency (rad/s): 1.91 I
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-90-2 S E— L |1 L \T—Wﬁ
10° 10° 10° 10 10 10
Frequency (rad/s)
Fig. 7. Bode plot of the generating plant
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ge]
5
= 05} .
[e¥
S
< 04} 1
0.3F i
0.2+ i
0.1F E
0 1 1
0 0.5 1
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Fig. 8. Step function response of the HCGP
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=)
(=)

~ 90 — -
E i N
. At frequency (rad/s): 3.16
Tomelv Cloged loop stable? Yes |
107 107 10° 10° 10
Frequency (rad/s)
Fig. 9. Bode plot of the HCGP
System: loop-gain (L, w hen k=-0.3)
Peak gain (dB): 50
At frequency (rad gu|ar Values
50C = T
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» @ﬁi@‘*‘ System: sensitivity (S, w hen k=-0.3)
) ‘@«g@% ’ Peak gain (dB): 1.38
ey At frequency (rad/s): 12.8
= <
E \
@ 100 - . -
=)
©
> .
& -150- N -
= ‘
(=]
£
2 v N R loop-gain (L, when k=-0.3)
O Csensitivity (S, when k=-0.3)
C sensitivity (T, when k=-0.3) ;
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-300 ‘ ‘ ‘
10" 107 10 10° 10"
Frequency (rad/s)
Fig. 10. Sigma plot of the HCGP
5. CONCLUSION These show that the generating plant

performance was very poor and marginally
The existing generating plant was analyzed stable. Hence it requires an adequate
based on its model parameters for performance compensating function to operate well in a
and stability and it recorded an overshoot of high disturbance prone grid like the national
18.1%, settling time of 3.75 seconds, gain margin  power system.
of 1.3dB, and phase margin of -79.5degrees.
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In order to achieve this, H-infinity synthesis
controller development method was used to
develop a robust compensator which can help
the system to achieve performance and stability
robustness characteristics. From the results, the
H-infinity synthesis controlled generating plant
recorded an overshoot of 0%, settling time of
1.04 seconds, tracking error of 0dB, gain margin
of 21.7dB and phase margin of 79.6 degrees.
The simulation was repeated by varying the
value to k to -0.3, and the generating plant
produced same results. This shows that the
system can maintain performance and stability
equilibrium even when its gain parameter was
varied. Since the HCGP satisfied the
performance and stability robustness, therefore it
was concluded that power system robust
compensation for improved performance and
stability robustness was achieved using H-Infinity
synthesis method. This means that the
developed HCGP provides adequate damping
than the existing power generating plant.
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