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Abstract: A new method to tune the controller parameters is presented in study for Automatic Generation
Control (AGC) of hydro turbine power systems. The controller parameters are adjusted such that the maximum
phase 1s located on the right-most pomt of the ellipse, corresponding the meximum peak resonance on the
Nichols chart. For this system making the open-loop frequency response curve tangent to a specified ellipse
is an efficient method for controlling the overshoot, the stability and the dynamics of the system. The
robustness of the feedback PID controller has been investigated on a multimachine power system model and
the results are shown to be consistent with the expected performance. The results are also compared with a
conventional PT controller and shown to be superior; especially since the transient droop compensator of the
speed governor is removed a much faster response is obtained. The region of acceptable performance for the
LFC covers a wide range of operating and system conditions.
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INTRODUCTION

Electric power systems consist of a mumber of control
areas, which generate power to match the power demand.
However, poor balancing between generated power and
demand can cause the system frequency to deviate away
from the nommal value and creates madvertent power
exchanges between control areas (Kundur, 1994; Saadat,
1999; Gross and Lee, 2001). To avoid such a situation,
Automatic Generation Control (AGC) or in other words,
Load Frequency Controller (LFC) (Kundur, 1994) 1s
designed and implemented to automatically balance
generated power and demand in each control area.

The general practice in the design of a LFC is to use
the PI decentralized controller. This gives adequate
system response considering the stability requirements
and the performance of its regulating units. Conventional
PI controllers of fixed structure and constant parameters
are usually tuned for one operating condition. Since
the characteristics of the power system elements are
non-linear, these controllers may not be capable of
providing the desired performance for other operating
conditions (Hiyama, 1989; Dash et al., 1998). Therefore,
the response of this controller is not satisfactory enough
and large oscillations may occur in the system
(Rerkpreedapong et al, 2003, Kumar ef al, 1985
Tripathy et al., 1998). Moreover, the dynamic performance
of the system is highly dependent on the selection of the
PI controller gain. A high gain may deteriorate the system
performance having large oscillations and mn most cases
it causes instability (Tang et af., 2002; Kundur et al,
1994). Subsequently, a number of decentralized load

frequency controllers were developed to eliminate the
above drawback (Liu et al., 2003; Lim ef al, 1996,
Rahi and Feliachi, 1998). However, most of them are
complex state-feedback or high-order dynamic controllers,
which are not practical for industry practices. This
problem 1s more complicated when the system 1s non-
minimum-phase. These real characteristics make the
performance limitation of the system occur.

To cope with the variation of the plant parameters the
adaptive techmques have been applied (Valk et al., 1985,
Kanmniah ef al., 1984) but they require information on the
system states or an efficient on-line identifier. The model
reference approach may be also difficult to apply since the
order of the power system is large.

It 13 well known that the hydro turbine 1s non-
minimum-phase and in this regard the speed governor of
the hydro turbine needs to be equipped by a transient
droop compensator. This ensures that the system will be
stable when the load changes (Kundur, 1994). However,
this makes the system response to be comparatively
sluggish (Kundur, 1994).

In control theory Poulin and Pomerleau (1997)
introduces a new method to obtan the parameters of
the PT (or PID) controllers based on an optimization
technique using the constant-M circles in Nichols
chart. The main idea 18 to keep the maximum overshoot
of the system respomse in a predetermined value
following a step change in the reference input. The
predetermined bandwidth and phase margin guarantee
the stability of the system.

This techmque has been modified and applied for the
first time in power systems by Khodabakhshian and
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Fig. 2: Hydro power system with the transient droop compensator

Golbon (2005) to design a new PID load-frequency
controller for a smgle-machine mnfinite bus hydro
system. This study extends and applies this technique to
design a robust PID controller for a decentralized LFC in
a multimachine system. Comparative results will be given
for the conventional PI controller and the proposed one
for a multimachine hydro power system example. The
performance is shown to be comparably desirable and
robust, especially when there are large changes m the
parameters of the system. More importantly, since for the
speed govermnor a compensator is not used, a much faster
response 18 achieved.
SYSTEM MODEL

Most hydro tubo-generators (and also steam
turbines) now m service are equipped with turbine speed
governors. The function of the speed governor is to
monitor continuously the turbine-generator speed and to
control the gate position in hydro turbines (or control the
throttle valves which adjust steam flow mto the steam
turbines) mn response to changes in system speed or
frequency.

Since all the movements are small the frequency-
power relation for turbine- governor control can be
studied by a linearized block diagram (Kundur, 1994).
However, the computer simulation will be carried out
using the actual nonlinear system. The linear model is
shown m Fig. 1 for a single-machine mfimte-bus (SMIB)
(Kundur and Saadat) where the blocks are:

Hydro turbine S 1o Tes
1+0.5T,8
Load and machine =
2Hs+ D

Droop characteristics = 1/R,

The R;, T,, D and H are the regulation constant, water
starting tume, damping ratio and machine inertia,
respectively.

Transient droop compensator: Hydro turbine transfer
function is inherently non-minimum-phase because of
water inertia. Therefore, any step change on valve
position creates negative reflex on output power of
turbine. Using the nominal values for the speed governor,
turbine and machine parameters implies that in order to
have a stable system the permanent regulation constant
of the speed governor should be 20% (Kundur, 1594).
However, this coefficient is usually about 5% and this
makes the gain margin and phase margin both to be
negative and therefore, the system response following a
small change in load will be unstable (Kundur, 1994). A
compensator is then suggested to be included in the
speed governor as shown in Fig. 2 to solve this problem
(Kundur, 1994).
The compensator transfer function 1s:

_ 1+sT,
1+{R./Ru)Tgs

G.(s)
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Fig. 3: Block diagram of a two-machine system including turbines, governors, load and machines

where, Ty and R, are obtained using the equations given
m (Kundur) as follows;

R, =[2.3-0.15(T, - 1.0)KT, /T,)
T, ={5.0-0.5(T, - 1L.O)|(T,)

mwhich T, = 2H.

Multimachine system: Although the design of any
supplementary controller on a one-machine system 1s
logically the best place to begin an evaluation of the
controller, a more through investigation has to be done
with a multimachine model. For a multimachine case the
linearized block diagram which is an extension of Fig. 1

with also considering the effect of tie-line power is shown
in Fig. 3 (Kundur, 1994).

PERFORMANCE REQUIREMENTS

In load frequency control each control area has a
central facility called the energy control center, wlich
monitors the system frequency and the actual power
flows on its tie lines to neighboring areas. The deviation
between desired and actual system frequency 15 then
combined with the deviation from the scheduled net
mterchange to form a composite measure called the area
control error, or simply ACE.

In general, for satisfactory operation of power units
running m parallel it i1s most desirable to have the
frequency and tie-line power fixed on their nominal and
scheduled values even when the load alters and therefore,
to remove area control error (ACE = 0).

In a vertically mtegrated electric power system made
up of interconnected control areas the dynamics of the

system is usually non-linear and the parameters change
and therefore, special cares must be taken into account
for desigmng any fixed parameter controller. In this
regard, the following conventional requirements are
considered (Kundur, 1994, Stankovic et al. 1998

Kumar et al., 1985).

» FEach area contributes to the control of system
frequency.

»  Each area regulates its own load varations.

+  Optimal transient behavior should be reached.

» In steady state, system frequency in all areas and tie
line power interchanges are, respectively, returned to
their nominal and scheduled values (ACE = 0).

»  The controller should be robust when the system
parameters change. Many robust control design
methodologies rely on prescribed parameterizations
of the system uncertainty set. Due to the complexity
of actual uncertainties in power systems such pre-
formatted descriptions are often either unavailable or
very conservative. As shown by Stankovic et al.
(1998) since a power system, especially for circuits
and electro-mechanical parts, is frequently passive,
closed-loop passivity, rather than the dynamic
model, can be the key factor in the robustness of the
control design. For a scalar linear time-mvariant
system, passivity 13 equivalent to the requirement
that the closed-loop transter function be positive real
(i.e., stable with the phase of the Bode plot between
+90 and -90 degrees) (Stankovic et al, 1998).
Therefore, the stability robustness can be checked
by the closed-loop passivity for a broad range of
independent variations in parameters of the system
(+50% has been used here).
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Fig. 4b: Block diagram of a multimachine system with PI
CONVENTTONAL PT CONTROLLER

In order to always have the system frequency on its
nomimal value a supplementary control action such as a PI
controller in the form

KI

s

of 1s usually required. This 1s shown m Fig. 4a and b for
a SMIB and multimachine systems, respectively. As can
be seen this supplementary controller increases the type
of the system and this ensures that the steady-state error
for a step change in load will be always zero (Kundur,
1994).

The controller gainK; has to be chosen in such a way
that a good shape of the transient response be obtamed.
It cannot be too high, otherwise mstability may result
(Kundur, 1994; Saadat, 1999). Although different
techniques have been addressed to choose the gain K,
there 1s no guarantee to have the most desirable response,
especially when the parameters of the system change.

For the multimachine case the selection of the
coefficient B, called frequency bias constant in area
control error equation (ACE; = AP, + BAL)), 15 also
unportant. The frequency bias B, should be high enough
such that each area adequately contributes to frequency
control. Tt has been suggested by Kundur that this
coefficient be obtained by the equation (B, = /R, + D) in

controller

which R; and D, are the regulation constant and damping
ratio of the ith system, respectively.

A new PID controller 1s then presented further to
make sure that all performance requirements are satisfied.

DESIGNING A PID CONTROLLER USING
MAXIMUM PEAK RESONANCE
SPECIFICATION (MFPRS)

Proportional Integral (PT) and Proportional Integral
Derivative (PID) controllers are widely utilized in
industries. The simplicity and ability of these controllers
are the most important advantage and many methods are
given in the literature to obtain their parameters.

Poulin (1997) has presented a unified approach for
the design of PI and PID controllers, based on the
constant M circles of the Nichols chart. The controller
parameters are tuned such that the open-loop frequency
curve follows the corresponding constant-M circle using
a predetermined maximum peak resonance. This approach
gives the possibility of having the desirable maximum
overshoot, the phase and gain margins and the bandwidth
of the closed-loop system simultanecusly. An
optimization procedure 1s first mtroduced to show the
basic idea. Some simplifications are then given to ease the
use of this method. This approach is applicable for stable,
unstable and integrating processes.
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The main design 1s first given for a PI controller and
then easily extended to a PID one. For example, assume
the block diagram given in Fig. 5.

The process transfer function 1s:

_ —8s
G,y = e -Tes) o7 1)
{1+ Ts)1+T,8)
where, 0 1s the time delay and 1s considered to be zero for
the design of LFC.
The PT controller is then given by:

G () = Xl TS) 2)
Tl S

The parameters T, and K are obtained using the formula

given in Appendix T.

DESIGNING A NEW DECENTRALISED LFC USING
MPRS METHOD

Before the design procedure for a new decentralized
LFC is given the following considerations must be taken
nto account.

¢+ In Fig. 5 the control system is with a negative unity
feedback. However, the system shown in Fig. 1
indicates  that the governor speed droop
characteristics (1/R;) is in the feedback path.
Although by some simple modifications this may
be easily changed to a umity feedback, thus waill
make the system to be very complicated for the
purpose of this study.

¢ The process transfer functicn (G,) given in Iig. 5 s
with the degree of 2. On the other hand, by locking
at Fig. 1, it can be seen that the degree of the open-
loop  system including governor  without
compensator, turbine, electrical machine and load is
3. It should be noted that m the proposed design
algorithm m this study the compensator will not be
considered.

*  The PI controller 1s normally mserted in the forward
path as used by Poulin and Pomerleav (1997) (Fig. 5).
However, in the LFC discussion the main purpose is
to stabilize the system following a step change n
load (AP,).

Therefore, in practice, as shown in Fig. 4 the PI
controller will be placed in the feedback path for
Aw/AP,.

The above-mentioned points indicate that there
should be some changes for the system given by
Poulin and Pomerleav (1997) in order that it can be
utilized in  LFC design Therefore, the following
procedure is proposed.

»  Furst it 15 assumed that the reference signal 1s Ap,...
Note that the poles of the closed-loop transfer
functions Aw/AP, and Aw/AP_; are the same.

» In Fig. 6, /R, is comsidered to be 1. This
coefficient will be considered after desigming the
PID controller.

¢ In order to reduce the degree of the system to 2a PD
compensator in the form of 2Hs+D is inserted in the
forward path of Fig. 6. The reason for this selection
1s that the open-loop pole

-D

T

1s much closer to the maginary axis in comparison

with the other open-loop poles

5

1 1
- ds,=——
25T, T T,
It should be also noted that since the damping ratio
D is small, even it changes, when compared with 2H

the pole
-D

§ =—
2H

can be considered to be constant.

» The compensator has been omitted and the new
controller must provide a stable system. This can be
easily achieved because this method has been
originally designed for non-minimum phase systems

(Eg. 1).
» A PI controller based on the transfer function
1 - T.s
G — w
o {1+ T 8)1+05T,s)

is designed exactly based on the formula given in
Appendix L. It 1s known that the water starting time
(T,) changes when the load varies. It 13 also known
that if the open-loop pole

)

(say, s,=— !
Y

is close to the origin, the performance may be
degraded considerably. Therefore, to make sure that
the worst situation 13 considered for the design

procedure, the maximum possible value of T, (1.e., T,
= 4.0 sec (Kundur, 1994) is chosen.
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Fig. 7: Multimachine system with the new controller

*  The PID (=PI +PD) controller parameters, therefore,
will be:

K {1+ Tis) K,
(2Hs + D)T =Kppumt ?4— K, s
where:
7HK.,
PDesign Ti +K.D
DK,

T

K, =2HK,

*  The designed PID controller will be then placed in
feedback path for each power system, for example, in
a two-machine system as shown in Fig. 7.

¢ Ttis evident that Kpp .. = Ko oo T1/R5.

*  With respect to industrial considerations, in order to
remove high frequency noise effects when a PD
controller 15 used, it 1s imperative that K s/(1+7T s)
(in which T, <<K,) be wed rather than Kgs
(Eitelberg, 1987).

+  An integral action for the tie-line power changes is
used and the integrated signal is inserted to the
summing point where the governor is connected
(Fig. 7). This ensures that the tie-line power changes
go to zero as the load changes.

*  Since the control strategy here 1s different, it is not
necessary to determine the frequency bias constant
and 1t will be considered to be zero. Usmng PID
controller with the integrator explained above

guarantees that ACE will be zero. In other words, Aw
and AP, go to zero as time goes to infinity.

hydro turbine 15 inherently a
minimumphase system, this makes the overshoot of
tie-line power changes grow rapidly and the system
response may be unstable as a result. In order to

*  Since non-

reduce the amplitude of these oscillations a gain of
0.1 1s utihized for the integrator (Fig. 7).

SIMULATION RESULTS

Simulation studies were performed on the system
with a third-order generator modeled by a set of non-linear
differential equations based on Park's equations
(Yu, 1983). The smnulation moedel includes typical rate
limiters and gain saturation in power plants. Consider, for
example, a typical power system taken from (Sadaat, 1999)
(Appendix IT).

For the conventional Pl controller by using the
method given in (Kundur, 1994) it was found that
Ky =K, =0.1 were the best selections for having the
best performance. The frequency bias constants will be
B, = B;= 21 and as suggested by Kundur (1994).

By wing MPRS method the PID controller
parameters would be:

Systemn A:

Td:0'01 KI=0117 KPDESlgn: 142 Kd=2.5
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Fig. 8: Frequency variation following a small change in
load in system B only A P, =0.01 p.u.)
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Fig. 9: Tie-line power variations following a small change
in load in system B only A P, =0.01 p.u.)

Systemn B:
T,=001 K =0122 Kppp, =0.983 K, =15
Figure 8 shows the frequency changes of both

systems following a small step change m load of power
system B only (AP, = 0.01 pu.). The tie-lne power
variations and governor output are also depicted in
Fig. 9 and 10, respectively. As can be seen from Fig. 8 to
10 the first 4 requirements have been easily obtained by
the proposed controller (MPRS). The results clearly show
that because of removing the transient droop
compensator of the speed governor in the proposed
controller algorithm a much faster dynamic performance 1s
obtained.

—— MPRS method (without compensator
====-Conventional PI controller (with compensatar)

A - T
g 017 -7 .
& 0.004 -
% -0.01- AW
\\
-0.02 N
o 0 100 150
0.08{ B
g 3 T
3 006 - ~
% 0.04 o RN
’/ S
0024 - ~a]
00087 ' '
© 50 100 150
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Fig. 10: Governor output following a small change in load
in system B only A P, =0.01 p.u)

80
60
MFRS method
40 Conve?_gf;gfa_]_f_l_fonh'oller ______ 0GR,

Open-loop gain (dB}

45 90 135 180 225 270 315 360
Phase {degree)

Fig. 11: Open-loop frequency response system A on
Nichols chart

To obtan a stable closed-loop system for all
frequency range, the open-loop frequency response curve
must be on the right-hand side and far from the critical
pomt (-180 degree, 0 dB) (Vegte, 1994). This important
objective 1s achieved easily when using PID (MPRS)
controller as can be shown from Fig. 11 for system A. The
same result was also obtained for the system B. The open
loop frequency curve, as depicted in Fig. 11, 1s also
tangent to the specified contour Mr = 0.0 dB given in the
design procedure as a main goal (Appendix T).

The stability robustness will be also tested by
changing the parameters of both systems (+50%).
The closed loop Bede diagrams are shown in Fig. 12 for
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Fig. 12: Bode plots of the closed-loop system for system
A when the parameters change (50%)
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Fig. 13: Frequency variation following a small change in

loads (AP, = 0.01 and A P, = 0.01) when the
parameters of both systems change by 50%

system A with alse having the same results for
system B confirming that the passivity 1s still satisfactory

for the proposed PID controller. However, the
conventional PI controller viclates passivity (the
phase gets more than 90 degree and lower than -S0

degree for some frequencies). Figure 13 and 14 also
show the responses of the two-area interconnected
power system following a small step change in load
for both systems. The results obtained demonstrate
the robustness of the proposed control scheme against
parameter variations.

0.020+ —— MPRS method {without compensator
i Conventional PI controller (with compensator)
0.015
0.010+
o
a
3 0.0051
Ay
< \A\.\
0,000 \
"‘-.._._--_
£.005 B
0.010 T ' .
0 50 100 150

Time (sec)

Fig. 14: Tie-line power variations followmmg a small
change n loads (A P, > 0.01 and A P}, > 0.01)
when the parameters of both systems change
by 50%

CONCLUSIONS

The load-frequency regulation characteristics of a
two-machine system with hydro turbines have been
studied. The proposed PID controller has been shown to
enhance the damping of the power system following a
small step change n load for different cases and gives a
better performance than the conventional PI controller. By
removing the transient droop compensator of the speed
governor a much faster dynamic performance 13 also
achieved. The controller performance was also desirable
for a wide range of operating points confirming its
robustness.

The major advantages of this new PID controller for
LFC design are summarized as follows:

¢ The implementation is much easier and less on-line
computational effort than the complex on-line
adaptive techmques.

» The overshoot and settling time of the system
response can be assured.

» Plant uncertainty due to different operating
conditions can be easily managed by the controller.

¢+  Non-minimum phase problem has been easily
resolved for designing the controller.

APPENDICES

Appendix I: Tuning method: The tuning method is based
on the contours of the Nichols chart and the specification
15 given m terms of the maximum peak resonance Mr of
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the closed-loop system. The controller parameters are
tuned such that the open-loop transfer function G (jw) =
Ge (Jw) Gp (), m which Ge and Gp are the controller and
process transfer fimections respectively, follows the
contour corresponding the desired Mr. This approach
gives the possibility of simultaneously handling the
maximum peak overshoot Mp, the mimmum phase and
amplitude margins and the closed-loop bandwidth.

The maximum peak resonance Mr and the maximum
peak overshoot Mp are closely related. For a second order
system, the following equation is given by Poulin and
Pomerleau (1997),

e 4

1_ 1_10—01Mr

Mp =100exp| —(— F——")
1+,/1—10”1Mr

For instance, Mr = 5 dB and Mr = 4 dB correspond to the
values of Mp = 10.75 and Mp = 32.75%, respectively.
Meanwhile, the fact that G (jw) curve follows and does
not cross, ensures that the mmimum phase and gain
margins are preserved (Poulin and Pomerleau, 1997). The
frequency range that G (jw) curve should follow the
specified contour affects the closed-loop bandwidth. The
higher range of frequency will have a fast response.

The tuning method having the above criteria is based
on an optimal concept and consists of minimizing the
distance between the open-loop system G(jw) and the
specified contour Mr. This distance is given by,

h? h
d; —\/(X(COJ— -1 )+ Yz(@i)"‘m

where, X{w) and Y(w) are the real part and the
imaginary part of G(ju) and h 15 the equation of the
contour given by:

_ 1GGe)| _ | X(@)+jY(w)|
11+ GGa)| |1+ X(o)+ V()|

.\/Xz (@) + Y (o)

B @)1+ YiHo)

The minimized criterion for minimizing d; will be

> X@)+ | M, =0 dB
18)=1,

M, >~0dB

3 LSO P
§N(X("“)‘1hz) YW

where, 0, is the controller parameters.
The constraints are:

20Log | H(je,)| = M, (1)
|H(jo)|z1 o< (2)
ZG(jo,,)>—180° (3

where, w, and w, are the closed-loop resonance
frequency and the open-loop crossover frequency,
respectively. The first constraint ensures that the G(jw)
curve follows but does not cross the contour. The second
constramt ensures the relationship between Mr and Mp
1s preserved. The last constraint ensures that the system
15 stable.

Now simple tuning formulas are presented based on
the contour concepts explained above for PI controllers
with the following transfer function.

_ K (+Ts)
Ts

i

Gefls)

The process transfer function 1s:

Gols) = K,(1-Tgs}e ™
(1+Ts)1+T,s)

where, T, = T; = 0.

Using the optimal procedure and some simplifications lead
to the following equation of controller integral time
constant:

( 1+0.1758/T, + 0.3(T,/T,) + 02T, /T, ) T, /T <2
Ti =
( 0.65+0356/T, +03(T,/T,)' + 0.2T,/T, )T1 8/T, =2

The proportional gain is then given by

K.=—
K| (ThY e, + (T T e, 1

T (T‘IT‘Z)2 wcuﬁ + (le + “[‘22 )wcn4 + wcuz }5

where, w,, is obtained by solving

¢ =—mn/2+arctan( T, ) - arctan(T,o,, ) - arctan{ T,o,, )

—arctan{ T,0,, ) — 6e,,
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and the desired phase ¢ is given by:
b= arccos(lf 107 1M’/2)7 b

Mr is considered to be O dB in this study. The open-loop
frequency curve of system A is tangential to the ellipse
Mr = 0.0dB (Fig. 2).

Appendix II: The system parameters are as follows
(Frequency = 60 Hz, MVA base = 1000},

System A: T'do=4.5,xd=1.3,xd=03,xq=0.5,2H=10,
D=10, T, =05 Ty = 40, 1/R = 20
(R;=0.05T, =14 R, =0.74

T'do = 45, xd = 1.3, xd = 0.3, xq =0.5,
2H=60,D=1.0,T,=02 T=4.0,1/R;=20
R;=005T,=14R,;=1.233

System B:

The limiter values are taken from (Kundur,
1994; Anonymous, 1973) and are;

open

Xov =016

« Close

Xav =0.16
Xk = 0.1
X =0.1
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