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Abstract:

This paper deals with the design of Fuzzy Proportional Integral and Derivative FPID
controller salf tuned by Relative Rate Observer RRO method. The developed approach
is applied to the Load-Frequency Control LFC of the Egyptian power system EPS as a
single area with multi unit power system. The studied power system comprises three
power plants; non-reheat, reheat and hydro generation plants. The proposed FPID
controller is designed on an average point of four loading conditions of the EPS during
summer and winter of 2008. The effectiveness of the proposed FPID self tuned by RRO
(FPID-RRO) has been demonstrated by introducing the system nonlinearities using
MATLAB-SIMULINK simulation program. Moreover, a comparison of the FPID with
FPID-RRO controllers under different disturbances and parameter variations are
presented to validate the FPID-RRO controller. The simulation results reflect and prove
fast settling time and accurate tracking for the LFC of the Egyptian Power System.
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1. Introduction:

Real-world load-frequency control systems usually use the proportional-integral and
derivative PID type controllers [1-4]. Since the parameters of the PID controller are
commonly tuned based on classical, experiences and trial-and-error approaches, they are
incapable of obtaining good dynamical performance for a wide range of operating
conditions and various load scenarios. For instance a classical PID controller gains
remain constant for all values of input, however, afuzzy controller gains depend on the
range where the control variables exist at any instant. Since fuzzy controllers are
nonlinear, it is more difficult to set the controller gains compared to PID controllers.
The piece wise linearity of the fuzzy controller provides better system and improved
robustness to changes in the system parameters as compared to a classical controller.
Fuzzy logic is extensively used in processes where system dynamics are either very
complex or exhibit a nonlinear character. The first fuzzy logic control FLC algorithm
implemented by Mamdani [5-7] was constructed to synthesize the linguistic control
protocol of a skilled human operator. Although, this type of FLC application was
successful compared to classical controllers, the design procedure is dependent on the
experience and knowledge of the operator and it is limited by the elucidation of the
heuristic rules of control. Another benefit can easily add that any of needed non-
linearity can be performed by simply making specific changes in only some rules. So,
the needed nonlinear control surface instead of the linear surface can be obtained.

In literature, various structures for FPID (including FPI and FPD) controllers have been
proposed. Fuzzy Pl control is known to be more practical than fuzzy PD because it is
difficult for the fuzzy PD to remove steady state error. The fuzzy Pl control, however, is
known to give poor performance in transient response for higher order processes due to
theinterna integration operation. Thus, in practice the FPID controllers are more useful.
To obtain proportional, integral and derivative control action all together, it is intuitive
and convenient to combine FPI and FPD actions together to form a FPID controller [8-
12]. The ideais to start with conventional PID controller, replace it with an equivalent
linear fuzzy controller. Thisis relevant whenever a PID controller is possible or aready
implemented. Such a FPID controller is used in this study.

The values in terms of fuzzy logic gains (normalizing gains) are calculated with respect
to the PID gains and usually determined during off-line design. The tuning of these
gains can be performed during on-line adjustments to enhance the process performance,
as well as to accommodate the adaptive capability to system uncertainty and process
disturbance. Relative Rate Observer Self-tuning RROST method [13] is used for tuning
gains includes 1/O scaling factors SF and parameters of membership functions MF. The
RRO ideais given in [13]. This method adjusts the scaling factors that correspond to the
derivative and integral coefficient gains of the FPID controller using a fuzzy inference
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mechanism in an on-line manner.

In recent years, intelligent techniques based on artificial neural networks, fuzzy logic,
multi-agent systems, genetic algorithm, simulated annedling, particle swarm
optimization, ant colony optimization and hybrid intelligent techniques have been
applied to power system operational and control problems which were not countered
effectively by conventional and modern control techniques [14-18]. Also, the
description of the process in terms of IF-THEN rules can be combined with a
mathematical description of nonlinear plants in the form of a fuzzy system model
(Takagi—Sugeno fuzzy) [19]. These techniques have been found very effective and
reliable even to deal with design, implementation, synthesis and analysis of LFC
schemes in complex and large order power systems.

This paper provides a simple and straightforward procedure for designing FPID-RRO
for Egyptian power system EPS. The main contributions of this paper are given in two

steps:

» Thefirst step in the design procedure is to replace a conventional PID controller by a
linear fuzzy controller acting like it. The closed loop system should thus show
exactly the disturbances response. Thisis a check that the implementation is correct.
The FPID controller should be characterized by:

1. The control loop must have a sufficient degree of stability.
2. Following a step load change, the static error in frequency should be zero.
3. Thefrequency error should be minimized.

» The second step is eventualy fine-tuning the linear FPID. The Relative Rate
Observer RRO method is achieved as a tuning method. The proposed controllers are
applied to the LFC of EPS as a single areawith multi unit power system. Simulation
is done when the controlled system is subjected to a severe disturbance with the
presence of the inherent nonlinearity and system parameter changes. The results of
the implementation for FPID have been compared with FPID-RRO.

2. The Eqgyptian Load Frequency Control System

The tota installed generation capacity and peak load of the EPS in 2008 are
approximately 22500 MW and 19740 MW, respectively [20-23]. The EPS incorporates
about 180 generating units belonging to the following categories:

1- Non-reheat generating units denoting the gas turbine power stations and a few of
steam power stations and representing approximately 24% of the installed capacity.

2- Reheat generating units denoting the majority of thermal stations and combined cycle
power station and representing approximately 62% of the installed capacity.

3- Hydro electric power stations represent approximately 14% of the installed capacity.
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The national energy control center NECC of the Egyptian Electricity Authority has
developed a dynamic power frequency model for the EPS [20-23]. The NECC modd is
originally built for solving load shedding problems and considers only the effect of
primary reserve. The EPS consists of seven strongly tied zones. These zones have not
considering any interconnection details and the study is carried out based on a single
area power system model [20-23]. The validity of the model has been tested through
two different generator outage contingencies in two different loading conditions [20-
23].

PRl —P- | Put
=

»
o - 11.5¢7 — e

— Rate Limiter 1 Pusilion limit 1
Nonreheat Reg suml  Nonrehzat plant

h 4
3/
b

2"HstD

~.
n-
T — _ Gan | *
o T e
Reheal Rey - - 3 T o me sum4
Y- —  Govem ‘ogition limit 2
sum2 Th =+1 U
Reheal Stzam Pant

or t
Hate Lriter 2

.

» R%; »- | Pn¥Ta s+pn3 = T

- - T3 = Pl
1lydroReg . [ = Fosil

sum3 Hydro goweneor
(]

""""" FPID

A
N J

Figure (1): The block diagram of the Egyptian Power System LFC model in Smulink
representation

Figure (1) shows the block diagram of the EPS LFC model using SIMULINK
MATLAB [18, 20-23]. The parameters of this modd are divided into two sets. The first
set of parameters does not depend on the system operating conditions. Table (1) includes
values of these parameters which have been estimated by NECC [20-23]. The second set
of parameters varies with time according to the operating condition. The data required to
calculate the parameters changing are concerned with the data of each generator
including: status (ON or OFF), type of unit (non-reheat, reheat or hydro), unit rating
(MW), unit output (MW) for the operating condition under study, inertia of the unit, and
the spinning reserve of the unit in percentage of the unit rating. The Simulink model
considers the generating rate constraints GRC for different generating units. The applied
values for the GRC are 0.1 p.u MW/min and 0.2 p.u MW/min for reheat turbines and
non-reheat turbines, respectively. The GRC of hydro plants is neglected since its actua
value is much greater corresponding to the time durations of practical disturbances [20-
23].
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Table (1): Egyptian LFC parameters
Parameter Value Parameter Value Parameter Value
D 0.028 R; 25 Tw 1.0
T, 0.4 R, 2.5 R 0.8
T, 04 Rs 1.0 T, 25
Ty 6 Ty 5

The dynamical equations of this model can be written in the state-space form given by

X(t) = A x(t) + B u(t) D
where :
X)) =[AF®E) AP(t) APt) AV, APst) AG®H)]
and AF(t) =x4(t) istheincremental frequency deviation in Hz, and
AP, () = x5(t) isthe incremental change in non-reheat plant output in p.u MW.
AP,(t) = x5(t) isthe incremental change in reheat plant output in p.u MW.
AV, = x4(t) isthe incremental opening in steam valve of reheat plant output in
p.u MW
APs5(t) = xs5(t) isthe incremental change in hydro plant output in p.u MW.
AG(t) = Xxg(t) isthe incremental opening in hydro plant inlet vanein p.u MW.

Four loading conditions of the EPS are considered to design the FPID controller. These
four loading conditions represent the max and min loads in two daily load curves of the
EPS in 2008 [20-23] which are the two days of the max water discharge Monday
30/6/2008 and the minimum water discharge Tuesday 8/1/2008 from hydro power
plants. Table (2) shows the calculated parameters for the four considered operating
conditions. The average point of the four loading conditions is obtained from Table 2.
[20-23]. Based on the experience of the Egyptian Electricity Authority EEA in control
centers dates and National Energy Control Center NECC [7-9], the program of the
NECC considers only the effect of primary reserve concepts. The secondary loop based
on the frequency signal is added to the Egyptian power system Simulink model to enable
utilizing the effect of secondary reserve concepts. The secondary loop is a feedback
FPID asseenin Fig (1).
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Table (2): Operating conditions of EPS at 2008

H Pra Pn2 Pns
Condition 1 5.7096 0.2529 0.6107 0.1364
Condition 2 6.0168 0.3002 0.5200 0.1798
Condition 3 5.8552 0.2433 0.6179 0.1389
Condition 4 6.1452 0.3335 0.5455 0.1210

3. Fuzzy Controller Structure

A fuzzy logic controller has four main components as shown in Fig (2) namely;
fuzzification stage, inference mechanism, rule base and defuzzification stage. For the
design process, the triangular membership function is chosen because of its smplicity
and effectiveness. The peak value of a membership function is the point where the
output is unity and the width is the distance to zero membership. The input variables, or
process states in the fuzzy controller are named as: the error e(k) and the change in error

[ 5-7].
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Figure (2): Sructure of a fuzzy controller

Thefirst step in the design strategy is to replace the known PID by alinear fuzzy PID, in
other words, is to transfer the PID gains to the linear fuzzy controller. The conventional
PID controller signal u(n) at any given time instant n can be expressed in either absolute
as in Eqgn. (2) or incremental form Eqgn. (3) with respect to the feed-back error signal
e(n) asfollows:

u(n) = K, e(n + KTD Ae(n) + K, i e(n) T, 2)
S i=1
Au(n) = K, Aen) + Ko A%e(n) + K, T, e(n) ©)

TS
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Where, T; is the sampling period and Kp, Kp and K, are the proportional, derivative and
integral gains respectively. Also, Ae(n) = e(n) - e(n-1) and A%(n) = Ae(n) - Ae(n-1).

Based on the above, it is required to design fuzzy PD and fuzzy Pl controllers. The
design steps for any one of these controllers can be summarized as follows [8-12]:

For any one of the two controller types:
1- Place an equivalent conventional PD or Pl to control the process and get the
values of the gains Kp, K, and K using any control design technique.

2- Construct an alternative linear 2-input fuzzy PD or fuzzy Pl control having the
error and error change signals E , CE as the inputs.

3- Normalize the two inputs to any universe of discourse, for example [-1 1], by
placing two normalizing input gains GE and GCE that convert the maximum
values of the input signals to the values of the chosen universe of discourse.

4- Construct a linear surface 2-input fuzzy controller and choose the ranges for the
two inputs to be the same as the universe of discourse to which the origina inputs
where normalized [-1 1] tanking the output membership range as the sum of the
two ranges of theinputs, i.e,, [-2 2].

5- The input sets are uniformly distributed triangular and cross neighbor sets at
membership value of 0.5 so that any crisp value is defined in two fuzzy sets, and
the output membership functions is taken to be uniformly distributed singletons
for the simplicity of defuzzification.

6- Divide the two input membership domainsto only three areas. negative, zero and
positive.

7- Write the rule base that has to represent alinear surface as given in Table (3).

Negative Zero Posftive

Figure (3): Input memberships E and CE
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LargeNegative SmallNegaitve Zero SmallPositive LargeRositiv
1 |

Figure (4): Output membership

Table (3): Fuzzy rule base

E CE Negative Zero Positive
gegativ Large Negative | Small Negative Zero
Zero Small Negative Zero Small Positive
Positive Zero Small Positive Large Positive

Figure (5): Fuzzy rule base surface

The method of the defuzzification process converts the fuzzy output to crisp value to be
used as a non fuzzy control action is chosen to be the most popular defuzzification
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method as the center of gravity or center of areawhich isformulated as follows:
21U

Where u(u;) is the membership grad or weight of the element u; which is the output of
therulei.

(4)

3.1. Design steps for a fuzzy PD controller

The fuzzy PD (FPD) controller has three gains, which are mainly for tuning the
response, and they can also be used for scaling the input signal on to the input universe
to exploit it better, where the crisp proportiona derivative controller has only two gains
which make it flexible and better. The typical structure of FPD controller shown in Fig
(6), has two inputs [10-12]; the error signal ‘e’ and the change of the error ‘de/dt’. The
first input will be transformed from value '€ into the value 'E' after multiplication with
the error gain GE.

Fuzzy Logic
Controller
with Ruleviewer

L pefdudt

Derivative

Figure (6): PD fuzzy controller
E=GE*e (5)

By the same procedure, the second input will be transformed from value ‘de/dt’ into the
value of CE after multiplication with the change of error gain GCE.

CE = GCE * de/dt (6)

The two fuzzy inputs 'E' and 'CE' are processed by the rule base stage to produce the
new fuzzy variable 'u’ which will be transformed into the value 'U' after multiplication
with the output gain GU.

U=GU* u 7)

Although the controller needs both the error and the change of error as inputs, the
controller is single-input-single-output SISO, because in principle the inputs are formed
from the error measurement single feedback loop. The control signal U(n), a the time
instant n, isanonlinear function of error and changein error,

U(n) =f (GE* e(n) , GCE* e(n)) * GU 8)
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As the function f is the rule base mapping, with two inputs and one output, the input-
output mapping is a surface. A linear approximation requires the following conditions
[10-12]:
» Support sets of input linguistic variables must be large enough so that input values
stay in limits.
» Linguistic values must consist of symmetric triangular fuzzy sets that intercept
with neighboring sets at a membership value of so that for any time instant,
membership values add to 1.

* Rule base must consist of and combinations of al fuzzy sets.
* Output linguistic variables must consist of fuzzy sets positioned at the sum of the
peak positions of input fuzzy sets.
» The activation operator and should be multiplication and defuzzification method
must be “centre of gravity” COG.
Thiswill result in [10]:
f(GE* e(n) , GCE* ¢(n)) = (GE* &(n) + GCE * g(n)) 9)
Then the control action for the linear controller is:
U(n) = (GE* &(n) + GCE * ¢(n)) * GU

= GE* GU* (e(n) + At * (1) (10
GE
The ideal continuous PD controller is given by:
de(n
UM =K, (e +Tg* 1) 1)

Where u is the controller output, K, is the proportional gain, e is the error between the
reference signa and the actual signal y (e = Ref-y) and T4 is the derivative time
(T, =k, /k,). Comparing Equations, the gains are related as follows:

Kp=GE* GU (12)
Td = GCE/ GE (13)
Kd = GCE * GU (14)

Comparing (8) with (5), one get:

Table (4): Parameters of controller gainsand FLC gains

Conventional Gain Parameter Vaueintermsof FLC gains
Kp GE* GU
Kqg GCE* GU
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Calculate GE to normalize the error value as:

_ Fuzzy membership boundary valuesof error
- max (error crisp value)

GE (15)

3.2. Design steps for a fuzzy Pl controller

By the same way as proposed in [10-12] the FPI control can be obtained from Fig (7)
and FPI gains are tabulated in Table (5).

U Au u

e =l e

Integrator

S P

Fuzzy Logic
Derivative Controller

with Ruleviewer

Figure (6): PI fuzzy controller

Table (5): Parameters of controller gainsand FLC gains

Conventional Gain Parameter Valueintermsof FLC gains
Kp GEC* GCU
K, GE * GCU

Calculate GE to normalize the error value as:

Fuzzy membership boundary valuesof error

- GE= max (error crisp value) (21)
2- GCU =K,/ GE (22
3- GCE=Kp/ GCU (23)

3.3. Design steps for a fuzzy PID controller

For designing a PID fuzzy controller, it is straight forward to envision a fuzzy PID
controller with two input terms: error, derivative error. This can be obtained by using a
hybrid action of both FPI and FPD actions as follows [10-12]:
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1
: U
Integrator
- —
 — e L L1011
Fuzzy Logic G
Derivative Gaind Controller

with Ruleviewer

Figure (8) : Fuzzy PID mode

1- Regarding the two gains of K; and Kg, they will not differ from those of the above-
mentioned PD and Pl controllers, while the overall Ky will be the summation of the
Kp valuesfor both PD and PI.

u(n)=GCU i u(i) + GU u(n) (24)
i=0

Table (6) depicts the relation between the conventional gain parameters of the PID
controllers and the value of the FLC gains of FPID controller.

Table (6) : Parameters of controller gainsand FLC gains

Conventional Gain Parameter Vaueintermsof FLC gains
Kp GE * GU + GEC* GCU
K, GE * GCU
Ky GCE* GU

The calculate value of GE to normalize the error is given by:

1- GE = Fuzzy membership bouhdary valuesof error 25
max (error crisp value)

2- GCU =K, /GE (26)

JK2-4K, Kp
2K,

3- GCE=GE( (27)

4- GU =Kp/ GCE (23)
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4. Relative Rate Observer Based Salf-tuning of Two-input FPID Controller

The previous structural parameters include 1/O variables to fuzzy inference, fuzzy
linguistic sets, membership functions, fuzzy rules, inference mechanism and
defuzzification mechanism. The structural parameters are usually determined during off-
line design while the tuning parameters can be calculated during on-line adjustments of
the controller to enhance the process performance, as well as to accommodate the
adaptive capability to system uncertainty and process disturbance [13].

Tuning parameters include /O scaling factors SF and parameters of membership
functions MF. The relative rate observer idea given in [13]. Fig (9) shows the Relative
Rate Observer Self-tuning RROST method. This method adjusts the scaling factors that
correspond to the derivative and integral coefficients of the fuzzy PID controller using a
fuzzy inference mechanism in an on-line manner. The fuzzy inference mechanism that
adjusts the related coefficients has two inputs one of which is "system error" designated
as e and the other one is a new variable r, named as "normalized acceleration". The
normalized acceleration gives "relative rate" information about the fastness or owness
of the system response. The normalized acceleration r, (k) is defined as [13]:

de(k)-de(k-1) _dde(k)

VK= e T de) (29)
Here, d e(k) isthe changein error and it is given by:
d (k) = e(k) — e(k-1) (30)
and dd e(k) is called the acceleration in error and it is given by:
dd e(k) =d e(k) — d e(k-1) (30)
also, d &) is chosen asfollows:
de(k if dek) = |de(k-1
de(_):{ (k) l_\e(>\ dek-1) @D
de(k-1)  if |de(k)|< [de(k-1)|

The output of the fuzzy parameter regulator is designated as y and the scaling factors
GCE and GCU are adjusted as follows:

GCE = GCE; . K¢g . K¢ y (32)

GCU,

GCU =
Ks.y

(33)
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Figure (9) : Relativerate self tuning for PID-type FLC

The fuzzy rules of the FLC, according to [13] are as follows:

Table (7) : Relative rate observer FLC rule matrix

vl s M F
[
S M L
SM SM M L
M S SM M
L S S SM

| EE066 -14 |

The input and output memberships are depicted in Fig (10), Fig (11) and Fig (12).
L: large M :medium; SM : small medium; S: amall

For the other input variable rv the following linguistic levels are assigned:

F: fast; M : moderate; S:dow

SM M L

N 1 1 1 T
0.005 0.01 0.015 0.02 0.025

Figure (10) : Relative rate observer FLC input membaership for error signal e
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3 M L

Figure (11) : Relative rate observer FLC input membaership for relative rate signal r

SM M It

Figure (12) : Relative rate observer FLC output membaership

The advantage of this method over the peak oberver method is that there is no need to
keep the first peak unchanged [24,25].

5. Smulation Results

The smulation is done using MATLAB Platform. The LFC system comprises three
power plants; non-reheat, reheat and hydro generation plants as shown in Fig (1).
Severa cases are performed for the proposed FPID controller self tuned by RRO
method with system nonlinearly for verification of the effectiveness of the proposed
controllers. The nonlinearity is represented by a Generated Rate Constraint GRC. The
simulation results are started in all cases by comparing the responses of the controlled
system by a PID obtained using ant colony optimization system for LFC-EPS [18] and
the respective responses after replace it with FPID. It should be notced that the PID
gains used are those found with nominal system parameters. The values of the PID gains
were k;=1.9192, k= 0.15152 and k4= 0.5555 [18]. It is denoted by ACS-PID. It is
observed that responses of the FPID almost exactly the same responses of ACS-PID to
verify that the design procedure is correct.
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Case 1: Step disturbance APy = 1%

To test the effectiveness of the system equipped with the designed FPID- RRO
controller, the system is subjected to an increase by 1% in AP,. The time response of the
frequency deviation AF and the control input are displayed in Fig (13). Clearly, the
FPID-RRO shows good performance characterized by lower undershoot, less
oscillations and faster response. The control input using FPID has maximum starting
value with loss overshoot. The responses of ACS-PID and the respective responses by
FPID are almost the same.

— — ACS PID
— - — F-PID
1 S5 1RO - PID

0 a0 a0 30 40 50 (=] To a0 a0 100
Line {second )

() — Frequency deviation

(4] T T T T
— — Qutput ACES PID
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(b) — Control input
Figure (13) : Dynamic performance of EPS associated with step disturbance

Case 2: Disturbance variations

The system is subjected to the disturbance shown in Fig (14) - a. It is observed that the
controlled system with FPID-RRO has lower undershoot and smooth responses as
compared to a relatively larger undershoot exhibited by FPID with heavy oscillations.
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Fig (14) - b and - ¢ show the verification of the effectiveness of the FPID-RRO for the
frequency deviation AF and the control input. The control input using FPID and FPID-

RRO give better responses.
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Case 3: Tracking Disturbance Variations

Comparison between the performances of the proposed FPID-RRO and FPID controllers
when the system is subjected to the tracking disturbance variations is shown in Fig (15).
It can be noticed that the controllers show acceptable performance. Also, it is clearly
shown that the FPID-RRO has few oscillations and relatively short settling time while
FPID controller has large undershoot with a longer settling time. The control input for
the two controllers give satisfactory results.
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Figure (15) : Dynamic performance of EPS associated with tracking disturbance
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Case 4: System Parameters variation

The parameters D, Ry, Ry, Rs, Ty, Ty, T3, Tw, Th and T4 are taken into account as
parameters to be changed with 40% from their normal vaues in EPS [19]. The
simulation results are shown in Fig (16) - b and - ¢ when the system is subjected to the
disturbance shown in Fig (16) - a. For the proposed FPID-RRO and FPID the system is
shown to respond robustly to such parameter variations with the presence of the
nonlinearity GRC. The FPID-RRO still give better responses than FPID in smaller
undershoot and settling time fulfills its requirement to self tuning of FPID. The control
input using the two controls still give better results. Finaly, results obtained by the
FPID-RRO are very encouraging in the presence of system nonlinearity and parameter
variations than FPID.
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Fig. 16 Dynamic performance of power system
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6. Conclusions:

This paper has presented the design steps and a comparison for two controllers. Firstly,
FPID is designed based on PID controller with known gain values. Secondly, self
tuning is designed for FPID based on RRO method. The proposed designed controllers
were applied to the LFC of the EPS as a single area with multi unit power system. The
effectiveness of proposed controllers has been verified for diverse disturbances and
parameters’ change in the presence of the system inherent nonlinearity GRC. The results
prove that the proposed controllers FPID and FPID-RRO satisfy the LFC system
requirements and show a good performance during regulation and reference tracking
disturbances. Simulation results have demonstrated the FPID-RRO is more effective
than FPID controller asfollows:
1. Improving the transients with fast removal of steady-state error, less
oscillations and fast settling time
2. Presenting good performance under parameters’ change and system
nonlinearity.
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Nomenclatures:

Af Incremental frequency deviation (Hz)
APd L oad disturbance (p.u MW)

Pnl, Pn2, Pn3 Nomina rated regulating power output for non-reheat, reheat and
hydro plants respectively (p.u MW)

AP1, AP2, AP3 Incrementa output power at the given loading condition of non-reheat,
reheat, and hydro plants respectively (p.u MW)

R1, R2 Average governor droop setting of non-reheat and reheat plants
respectively (Hz/p.u MW)

R3 permanent droop of the hydro plant speed governor (Hz/p.u MW)

H Equivalent inertia const. of the system (sec.)

D L oad dependency on frequency (p.u MW/Hz)

T1, T2 Steam valve time const. of non-reheat and reheat thermal plant
respectively (sec.)

Th Time const. of reheat plant (sec.)

T3 Equivalent time const. of hydro plant (sec.)

Tg Response time of speed governor (sec.)

Tw Water starting time in the hydro intake (sec.)
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