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Abstract—Currently, more than 60 units of generating equipment for power plants are involved in standardized
primary frequency control (SPFC). The active power of such power units or turbines should vary in proportion
to the deviations of the network frequency (turbine rotation speed) with certain dynamic characteristics. For the
objectivity of assessing the quality of power plants' participation in the SPFC, nine criteria were formulated, for
which mathematical algorithms were developed. One of the important criteria that is used for automatic control
of the participation of power plants in the SPFC is the assessment of the actual values of the “deadband” and
statism of the primary regulation. In practice, when using the existing algorithm to determine the values of the
deadband and statism of the primary regulation, an incorrect result is often obtained. Incorrect calculation
results lead to economic losses of power plants participating in the SPFC and inadequate assessment of the tech-
nical state of turbine control systems. The article discusses the existing methodology for assessing the actual val-
ues of statism and deadband of the primary regulation of generating equipment when operating in normalized
primary frequency regulation. The assumptions used in its development and leading to an additional error of the
method are analyzed, for example, that the actual static characteristic is symmetrical relative to zero. Examples
of incorrect calculations obtained using the existing methodology are given. An alternative method for evaluat-
ing these parameters of primary regulation, which allows them to be more accurately and objectively evaluated,
is proposed and it is compared with the existing methodology. A description of the calculation algorithm using
an alternative method is given, its features and advantages are considered, including the absence of restrictions
on the amount of initial data. Comparative graphs and data of estimates of the actual values of the deadband and
statism of primary regulation, obtained using the considered algorithms, for various equipment involved in the
normalized primary regulation of frequency are presented. It is shown that the values obtained using the pro-
posed algorithm more adequately characterize the actual dependence of the generating equipment’s active
power on changes in the network frequency, which makes it possible to obtain more representative and adequate
data in comparison with the results of calculations using the existing methodology and, accordingly, to give an
objective assessment of the generating equipment’s operation.
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One of the main ways to ensure the balance of elec-
tricity between its production and consumption is pri-
mary control—automatic change in the active power of
the generating equipment when the network frequency
changes. In Russia, primary control, carried out by
equipment on which a reserve for changing the active
power is specially set and maintained, is called stan-
dardized primary frequency control (SPFC) [1]. The
generating equipment of power plants participating in
the SPFC must respond to network frequency devia-
tions exceeding 20 MHz' proportional to the change in
active power with certain dynamic characteristics and
meet the specified requirements formalized for objec-

L All other generating equipment in Russia operates in general
primary frequency control and must respond to network fre-
quency deviations exceeding £75 MHz (for combined cycle
plants £50 MHz).

tive assessment in the form of nine algorithmic criteria
and having a mathematical description [2—4]. In this
case, for example, are estimated inconsistency in the
discreteness of recording measurements, lack of an
adequate or proper response to changes in power with
frequency deviations, the presence of power fluctua-
tions, etc.

One of the important criteria that is used for auto-
matic control of power plants’ participation in the
SPFC is the assessment of the actual values of the
deadband and droop of the primary control. In the
control system, the deadband of primary control is
called rated (installed) value of the frequency’s devia-
tion from the nominal value at which no primary con-
trol is required. The minimum value of the deadband
of the primary control corresponds to the deadband.
Primary control droop is the coefficient that deter-
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mines the dependence of the change in active power
on the change in frequency. When working in the
SPFC, the value of the deadband should not exceed
20 MHz, the droop of the primary control should be
equal to 5% [1, 2].

At present, when monitoring the operation of equip-
ment in the SPFC, to assess the actual values of droop
and deadband of primary control, a statistical method
with the establishment of violation measures is used.
Droop and deadband are defined as parameters of the
regression function between frequency deviations Afand
deviations of equipment power AP. The regression func-
tion in this case displays the dependence of the condi-
tional mathematical expectation AP from Afand defines
a regression model that reflects the static characteristics
of the primary control of equipment [2—4]. The mea-
sure of violation is a certain numerical scalar function
calculated on a time interval depending on the initial
data [3, 4]. When evaluating the actual values of droop
and deadband, the violation measures are deviations in
modulus of the values calculated by the statistical
method from the required ones.

The following data sets are used as the initial infor-
mation for assessing the actual values of droop and the
deadband of primary control depending on time:

1. turbine rotor speed f = {fi, i= 1,...,n}, Hz;

2. actual power of the power unit/turbine P, =
{Persr i =1,...,n}, MW; and
3. given planned

{Pepir i = 1,...,n}, MW.

In addition, you need to know:

1. rated (installed) power of the power unit/turbine
Pnomv MW;

2. required (installed in the control system) value of
the deadband of primary control DB, , Hz (as a rule,
no more than £0.02 Hz [2]);

3. the required (set in the control system) value of the
droop of the primary control S, % (usually 5% [2]);
and

4. tolerances for deadband estimates ¢,,, Hz, and
statism e, % of required values (specified parameters
of the calculation algorithm).

Block diagram of the algorithm for evaluating the
actual values of droop and deadband of primary control
using the existing method is shown in Fig. 1 [2—4].

In practice, when determining the values of the
deadband and droop of the primary control using the
existing algorithm (see Fig. 1), an incorrect result is
often obtained. For example, they are presented in
Fig. 2 as a set of values of relative changes in power AP,
% of the rated power of the power unit R, (hereinafter
%), depending on (/) the relative changes in the net-
work frequency Af and (2) the calculated static charac-
teristic built using the existing algorithm to determine
the actual values of the deadband and droop of the pri-

turbine power P =

req>
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mary control. The graphs are given for the combined
cycle power unit no. 1 of Syzran CHP for January 11,
2020, and steam power unit no. 3 of Iriklinskaya GRES
for February 17, 2020. Using the existing algorithm for
the power unit of the Syzran TPP, estimates of droop of
1.5% and deadband + 0.069 Hz were obtained, for Irik-
linskaya GRES, respectively 3.3% and + 0.024 Hz. At
the same time, it is clearly seen from Figs. 1 and 2 that
the parameters of the primary control of power units are
determined incorrectly: the actual values of the dead-
band are significantly less, and the droop values are
greater than those calculated using the algorithm.

It should be noted that the participation of TPP
equipment in the SPFC is carried out within the mar-
ket of services for ensuring system reliability (system
services) of the UES of Russia, i.e., participation in
the SPFC is a service paid by SO UES [5]. Ifthere isa
discrepancy between the power change and the estab-
lished requirements, the cost is the nonpayment of
services for 1 h during which it was recorded. But if a
discrepancy is recorded for the droop and deadband of
primary regulation to the required values, then ser-
vices are not paid for the day (24 h) when the discrep-
ancy was recorded [2]. Incorrect results obtained by
calculations using an existing algorithm lead to eco-
nomic losses of TPPs participating in the SPFC (non-
payment for services for 24 h) and inadequate assess-
ment of the turbine control systems' technical state.

VTI has developed and tested an alternative
method allowing one to take into account the short-
comings of the existing algorithm more accurately and
to objectively estimate the values of droop and dead-
band of primary control. The same data arrays are
used as the initial information for the VTI technique
depending on time (f, Ry, Ry,), which are used to cal-
culate the relative vectors x (frequency deviation from
the nominal value 50 Hz) and y (power deviations
from the planned target R ,):

X, = B, = f, = 50;
y; = AP, — Pacti — Pschi % 100.
nom
Further, the frequency deviation vector x breaks into
N intervals (vectors) in the range from the minimum
Xpin to the maximum x,,,, values. To ensure the accu-
racy of calculations, the values x,;;,, Xmax, and N should
be determined in such a way that the width of the inter-
val does not exceed 1.5 MHz and the number of points
in the interval provides the required accuracy.
For each interval, calculate the average value of the
power deviation M, (average value of all points falling
into the interval) by expression

My :i;yja

where 7 is the number of points in the interval from 1
toN;j=1,...,n..
THERMAL ENGINEERING  Vol. 68

No. 8 2021



METHODOLOGY FOR DETERMINING THE ACTUAL VALUES OF DROOP

649

Input data

)

Transition to relative values:

x=f—150;
y= [(Pacl - Psch)/Pnom] x 100
Calculation of RHO

There is

No Yes no negative

RHO > —0.1 statistical correlation
between
measurements
3
Estimation of DB and droop values

from the smoothed

static characteristic

v

DB estimation: DB,
S estimation: Sey

Yes No

|DBest - DBrqu > €d.b

The DB is inconsistent
with the required value

The droop is inconsistent
with the required value

(&

n

N

d )

Fig. 1. Block diagram of the algorithm “Inconsistency of the deadband and droop with the required values” using the existing
methodology. x is frequency deviation; y is deviation of the actual power from the planned; RHO is the correlation coefficient
between x and y; S is droop; DB, S, are estimated value of deadband and statism.

Thus, new data vectors are obtained x,, and y,,
containing N values. Wherein y,, contains the average
values of points in each interval, x,, contains the value
of the middle of each interval.

Next, graphical dependencies of the previously
obtained values of y; from x; are plotted in the form of
a set of points (“clouds”) and a graph of average values
of y,, from x,,. For the left and right parts of the graph,
auxiliary straight lines are drawn at two points. The
first point used for construction has the same coordi-
nates for the left and right lines and is the center of the
set with coordinates M|x;|, M[y;] (here M is expected
value). The second points through which the auxiliary
lines are drawn are located on the graph of average val-
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ues and are distant from x,,;, and x,,,,, specified when
dividing into intervals, by 14% of the width of the
dividing range, rounded to the nearest point x,, ;. The
value of 14% was obtained empirically.

Thus, auxiliary lines must be constructed

Yauxt = X + bla Yauxa = hX + b2’

where
My,] - y.lo]
=— " - bh=M|y|-aM|x|;
4T M- xalol L= b s
[yi] - yav[02]
=—M- b =MIv]i—aMlx
a, M [x,-] _ xav[oz] ] 2 [yl] a [xl]’
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Fig. 2. Assessment of the actual values of the deadband and

droop of (a) power unit nos. 1 of Syzran CHP and (b) no. 3
of Iriklinskaya GRES.
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here o0, and o, are numbers of intervals lagging behind
the boundaries of the split by 14% of the width of the
split range.

Between o, and o, for the left and right parts of the
graph, at each interval, the distances between a point
on the constructed line and the point of average values
are determined. Value Xx,, ;,, for which the distance
between the straight line and the mean values is maxi-
mum, can be considered an estimated value of the
boundary of the deadband of the primary control.

Further, for the left and right parts of the graph, the
droop values of the primary control are calculated at a
distance from the edges of the division boundaries by
3, 6, and 10% of the width of the division range
according to the formula

S =-2000 "%
=07
where x, and y, are values at intervals close to the first;

X, and y, are values at intervals close to the interval at
which the border of the deadband is located.

For convenience it is better to define x, and y, at an
interval located from the border of the deadband at a
distance of 5% of the width of the split range.

Based on the obtained estimated values of droop
and deadband, it is possible to construct a piecewise-
linear graph of the “estimated” static characteristic. In
Fig. 3 is an example illustrating the plotting of aver-
ages y and x and estimates of the deadband and droop
of the primary control—the “estimated” static char-
acteristic.

It should be noted that the proposed algorithm
makes it possible to determine the deadband and

—0.2
—-0.4
—0.6
—0.8

S3

~1.0 ! ! !
20.04  —0.03 —0.02 —0.01

| | |
0 0.01 0.02 0.03 Af, Hz

Fig. 3. Averages plotted from (/) multiple points y; and x; and (2) “estimated” static characteristic. DB1, DB2 are left and right
boundaries of the deadband; max1, max2 are maximum distances between the auxiliary line 3 and a plot of average values within
the division range, the coordinates of which along the abscissa determine the boundaries of the deadband; S5, Sg, S are points
at a distance from the border of the split range, equal to 3, 6 and 10% of the range width; S5 is a point at a distance from the border

of the deadband, equal to 5% of the range width.
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Fig. 4. Block diagram of the algorithm for finding the mean values. A is the width of one interval; i—iteration number; y; ,—the
sum of power deviations within one interval; m—parameter of the power deviation meter within one interval; j—iteration number;

k—algorithm parameter for stopping the counter.

droop of the primary control separately for negative
and positive frequency deviations (decrease and increase
in frequency relative to the nominal value). The exist-
ing methodology assumes that the actual static char-
acteristic of the equipment is symmetrical relative to
zero. In practice, as a rule, it is shifted to the left or
right and has different values of droop and boundaries
of the deadband of the primary control for the left and
right parts. This is due to the fact that the change in the
active power of the equipment with increasing and
decreasing frequency occurs in different ways. On the
one hand, this is caused by different dynamic proper-
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ties of the equipment, and this is more important for
steam power equipment than for combined cycle
plants; on the other hand, it is due to the peculiarities
of the static characteristics and tuning parameters of
control systems of specific turbines.

In Fig. 4 as an example, there is a block diagram of
the algorithm for finding the y,, and x,,, with the help
of which, according to a specially created program, the
values of the deadband and statism of the primary reg-
ulation can be automatically estimated. In this case,
the calculation results can be assessed visually by com-
paring them with the theoretical (specified) graph of
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Fig. 5. Assessment of droop and deadband at (a, b) power unit no. 2 of Karmanovskaya GRES for March 20, 2016, and at the
(¢, d) power unit no. 3 of Permskaya GRES for March 12, 2016, using the (a, c¢) existing algorithm and the (b, d) VTI algo-
rithm. /—Relative to the change in power; 2, 4—calculated static characteristic for definitions of actual deadband and droop

primary regulation values; 3—average relative change of power.

the static characteristic. The data generated at power
plants and transmitted to SO UES to assess their par-
ticipation in the SPFC are used as initial information.

Example graphs for estimates of the actual values of
the deadband and droop of primary control, obtained
using the algorithms used in SO UES and developed at

Table 1. Values of deadband and droop of primary control

VTI, are shown in Fig. 5. Table 1 shows the values of
droop and deadband of primary control obtained by
the existing methodology and methodology of VTTI for
the characteristics shown in Fig. 5. It is clearly seen
that the values obtained using the algorithm proposed
by the specialists of VT more adequately characterize

Dead band, Hz Droop, %
Figure number technique technique
set value set value
existing VTI existing VTI
) 4.7 (left),
Sa, 5b +0.024 [_.0'0135’ 0.0125] +0.015 2.6 6.1 (right), 5.0
Maximum value 0.0135
5.4 (average)
) 6.1 (left),
5¢, 5d +0.033 [_.0'0135’ 0.0153] +0.015 2.4 5.9 (right), 5.0
Maximum value 0.0155
6.0 (average)
THERMAL ENGINEERING  Vol. 68 No. 8 2021
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the actual dependence of the active power of the gen-
erating equipment on changes in the network fre-
quency, which allows an objective assessment of the
operation of the generating equipment.

The VTI algorithm uses averaging over frequency
and power. This ensures the “stability” of the calcula-
tion to constant random changes in frequency and
makes it possible to obtain more representative and
adequate data in comparison with the results of calcu-
lations using the existing method.

Features of the VT1 technique are

1. The ability to select the boundaries of the fre-
quency deviation range in order to exclude single devi-
ations that can distort the assessment of droop and
deadband.

2. Sequential calculation of the values of the dead-
band and droop of the primary control, which makes
it possible to exclude the influence of frequency devi-
ations lying within the obtained value of the deadband
of the primary control on the estimation of the droop.

3. Separate calculation of the values of the border
of the deadband and droop of the primary control for
cases of decrease and increase in the network fre-
quency. This makes it possible to take into account the
different dynamic characteristics of the equipment
when increasing and decreasing active power.

4. The result does not depend on the volume (tem-
poral characteristics) of the original data.

It is recommended to use the existing methodology
if data (turbine rotor speed and active power) are avail-
able for at least 18—24 h. The VTI technique allows us
to obtain adequate and representative results in the
presence of initial information in 2—3 h.

CONCLUSIONS

(I) The existing methodology for assessing the
droop and the deadband of primary control when con-

THERMAL ENGINEERING Vol.68 No.8 2021

trolling the participation of generating equipment in the
SPFC has drawbacks, which quite often lead to incor-
rect results. A significant error of the methodology is
due, for example, to the use of the regression function
in the calculation of smoothing as well as the assump-
tion that the actual static characteristic is symmetric rel-
ative to zero.

(2) The specialists of VTT have developed an alter-
native method for calculating the actual values of
droop and deadband of primary control. The values
obtained using the algorithm proposed by the special-
ists of VTI more adequately and representatively char-
acterize the actual dependence of the active power of
the generating equipment on changes in the network
frequency. This allows us to give an objective assess-
ment of the operation of generating equipment.
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