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Abstract. General primary frequency regulation (GPFR) is employed
within the power system to limit frequency variation deviations from a
reference value in positive and negative directions, ensuring safe power
object operations and reducing the prevalence of power outages. Specific
requirements outlined in normative documents must be met when carrying
out GPFR procedures. However, in practice, frequency regulation is beset
by a range of issues. Certain emergency disturbances induce undamped
frequency fluctuations and unwarranted customer and generator outages. A
striking illustration of this phenomenon is provided by the Norilsk-Taimyr
power system mishap involving an imbalanced active power of 40 MW.
Low-frequency oscillations persisted for nearly 30 seconds, and stable
GPFR operation was only achieved at a rate equivalent to 25 %, which falls
short of the stipulated standards. This study highlights the issue of
suboptimal GPFR laws for controlling frequency in a power system with
multiple frequency-leading power plants. The Norilsk-Taimyr power
system is modelled using MATLAB to investigate transients in GPFR. The
results identify shortcomings in the current control laws and provide criteria
for developing updated control algorithms.

1 Introduction

General Primary Frequency Regulation (GPFR) refers to the automated adjustment of the
power output from generating equipment, carried out by dedicated controllers in response to
fluctuations in frequency in order to reduce said fluctuations. Primary controllers, including
automatic speed controllers and active power controllers, are utilised to perform primary
regulation of the generating equipment. Primary regulation should prioritise limiting
deviation of frequency from the prescribed limit for use by the power plant, while also
minimising the possibility of attracting power-consuming units. All generating equipment
must comply with the participation requirements to take part in the power frequency
control [1], [2].

The generator's frequency regulation occurs at different stages of its operation. Frequency
regulation takes place during generator start-up and its connection to the grid for parallel
operation, i.e., synchronisation. During operation, the generator frequency is regulated to
prevent emergency situations in the power system. Additional information about the process
of frequency regulation during synchronisation is available in references [3] and [4]. This

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 470, 01048 (2023) https://doi.org/10.1051/e3sconf/202347001048
ESR-2023

study examines the intricacies of regulating the mode characteristics of an operational
generator to alter the frequency of the interlinked power system.

The effectiveness of primary frequency regulation by automatic control systems (ACS)
of turbines is crucial to the quality of frequency, voltage, and current in the power system.

During real-life power system emergencies, undamped frequency oscillations (UFO) can
occur in frequency control. This results in avoidable power outages for consumers and
generation. Unfortunately, the operation of turbine control systems at some of the world's
largest power plants has led to several accidents due to non-damped oscillations.

Extensive research has been conducted on the primary frequency control process, as
reported in [5-7]. The authors investigated emergency situations with significant oscillations
during frequency control in recent years. They noted that undamped oscillations were caused
by frequency regulators with feedback on generator active power. Loss of power system
stability can result from incorrect tuning of such regulators' parameters.

The problem of undamped frequency oscillations in power systems can be resolved by
tuning turbine frequency regulators accordingly. Presently, most regulators utilise frequency
correction according to the PI law, thus accurately modifying primary power when frequency
value changes occur. However, optimal regulation stability is still potentially compromised,
particularly in power systems that include several power plants involved in regulation.

An important issue is the analysis of the quality of the HDR process in systems with high
hydroelectric power plants, because in most cases frequency regulation is carried out by these
types of generating equipment due to their manoeuvrability. The works [8-12] consider this
problem. The authors studied frequency fluctuations in several power systems with a high
share of hydro generation. The papers describe the regime in a power system with several
hydroelectric power plants, which led to a long period of ultra-low frequency oscillations,
seriously affecting the safe and stable operation of the entire system. The authors evaluated
the features of frequency regulation and found that the half-period characteristic of turbine
counter-regulation leads to the occurrence of ultra-low frequency oscillations. Optimization
and increase of efficiency of this process implies joint tuning of all controllers as a part of
regulation systems.

Another measure to improve the efficiency of the FRA process is the installation of
multifunction, multi-band stabilizers (MBS) [13-14]. Such MSSs allow to improve the
control by means of a wide range of adjustable parameters and to obtain the required phase
characteristics.

The analysis of existing research on GPFRs shows that the main measure to improve the
primary frequency control performance is either fine tuning of the regulators or using better
regulator models. However, it is important to consider this problem from the perspective of
improving the control laws themselves. This paper is the first step in this direction and
represents the creation of a multifunctional mathematical model as a prototype of the Norilsk-
Taimyr power system.

The objectives of the research may be:

1. Analyse existing frequency control methods and devices for implementing GPFR;

2.Model the Norilsk-Taimyr power system, with the ability to set various control
algorithms in automatic devices and study transients at GPFR through graphs;

3.Investigate the stability and quality of GPFR transients with varying laws of generating
equipment control.

The paper is structured as follows: Section II outlines primary frequency control
requirements for power systems, presents a mathematical model for the study of transients in
the GPFR of power systems. The results of the simulation are discussed in Section III, and
Section IV concludes the paper.
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2 Methods

2.1 Requirements for primary frequency control of power systems

The primary regulation [15] imposes the following requirements:

« for generating equipment with turbines equipped with electro-hydraulic governors, the
dead zone must not exceed 0.05 Hz, while for generating equipment with turbines equipped
with hydraulic governors, it must not exceed 0.15 Hz;

* the dead zone for the primary regulation should not exceed (50+0.075) Hz;

* the primary control droop must be within 4-5 % of power units with steam and gas
turbines, and within 4.5—6 % for hydraulic turbines.

Verification and confirmation of the generating equipment's preparedness for
participating in the GPFR should follow the requirements of the power system's operator.

TPPs' generating equipment (excluding gas and steam turbines) must meet the following
maneuvering characteristics.

If the frequency deviation is 10 % or less than the rated power of the generating
equipment, it is necessary to guarantee the generating equipment's participation in the GPFR
within the control range. In the event of a sudden frequency deviation, make sure to:

- provide at least half of the required primary power for a duration not exceeding
15 seconds;

- deliver all the required primary power within 5—7 minutes, depending on the type of
power unit.

To participate in the GPFR, the HPP generating equipment's maneuvering characteristics
must meet specific requirements.

To guarantee participation, the generating equipment must be able to operate within the
entire control range during frequency deviation. Additionally, in case of a jump frequency
deviation, the equipment should be able to implement the necessary primary power within
one minute [16].

2.2 Description of the mathematical model for the study of GPFR transients

2.2.1 Mathematical model of a single-machine system

Model development commences with the creation of a model of the hydro-generator using the
mechanical and electrical specifications provided. As previously mentioned, the model will
resemble the Norilsk-Taimyr power system and hence the modeling process will begin with
Ust-Khantayskai HPP's hydro unit.

The authors of the article develop their own model of power system, since the existing
mathematical models may lack both the generator frequency regulators and the possibility of
their adjustment and variation of parameters, which is necessary for the problems of GPFR
research. This choice was made due to possible limitations of current mathematical models,
which may lack the necessary features for researching HPFD, such as generator frequency
regulators. Technical abbreviations are defined upon first use.

The mechanical component is described and comprises the functions of the hydraulic
turbine and actuator. To model the hydraulic turbine, a simplified transfer function (1) was
utilized, which considered rigid hydraulic shock, clutch power, and the guide apparatus
opening.
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where up — initial opening of the guiding apparatus in per units; T — conduit time constant.
The transfer function can be transformed into a differential equation (2) and written as:

——2— = @

In this equation, Swq represents the opening of the guiding apparatus.
An aperiodic link (3) was used as an approximate model of executing mechanisms, which
is confirmed by experimental data (oscillograms of the Ust-Khantai HPP):

1
Wem(p) :1+T p-

Then the differential equation (4) describing the opening of the guide vane will be:

(3)
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where X — initial opening of guiding apparatus in per units; Tsm — servomotor time constant.
The following equation is the rotor motion equation (5), which describes the external

forces acting on the hydraulic unit rotor:

J%:Mext+Msyn+Masynv (5)
where J — inertia moment of rotating parts,  — shaft angular frequency, Mi, — external
mechanical torque on the synchronous machine shaft, Msy, — synchronous electromagnetic
torque, Masyn— asynchronous electromagnetic torque.

This stage of modelling is simplified where the asynchronous torque is deemed zero, the
turbine torque is expressed in relation to the unit's rated power, and the synchronous torque is
taken as equal to the load power, in the first approximation. The load power is expressed as
the sum of the constant component and the frequency-dependent component considering the
regulatory effect of the load. Friction losses are considered to be 2 % of the machine’s rated
power. The rotor motion equation (5) becomes (6) accordingly.
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2.2.2 Mathematical model of a two-machine system

At this stage of modeling, the electrical and mechanical parameters of the second unit are
assumed to be equal to the parameters of the first.

To derive equations describing the processes in the stator circuit, an equivalent circuit has
been drawn up (Fig. 1). Two synchronous machines connected to buses connected to an
infinite power system through resistance rs+jxs. The busbars are also connected to a load with
a constant resistance rl+jxI. As positive direction of machine currents (lg, 1) and system (ls)
the direction to the busbar is taken, for the load current (I;) — from the busbar.
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Fig. 1. Electrical equivalent circuit of two synchronous machines connected to busbars.

It is necessary to write equations according to the 1st and 2nd Kirchhoff laws for the circuit
(Fig. 1) and the system of equations (7) relating currents, voltage and EMF of synchronous
machines:

| = Id1+lql+ld2+lq2+ls,

I (@)
U =B — g (rg + ¥a) - rql(ral + jqu)v

=E, Ty (1 + Xg2) — qu(raz + jxqz).

<
|

where Es — phase EMF of the system, Zs — complex connection resistance with the system, Z,
— complex load resistance, E1 — phase EMF of the first synchronous machine, E; — phase EMF
of the second synchronous machine, ra — active resistance of the stator winding of the first
machine, r.,— active resistance of the stator winding of the second machine, Xq1, Xq1 — inductive
resistances of the stator winding along the longitudinal and transverse axes of the first
machine, Xq, Xq — inductive resistances of the stator winding along the longitudinal and
transverse axes of the second machine.

Next, mathematical calculations will be presented to obtain an equation relating the
electrical parameters of the first and second synchronous generators. The transition to the
coordinate system in the d/q axes is shown in Figure 2.

From the first, second and third equations (7) we obtain equation (8):
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From the second and fourth equations (7) we obtain equation (9):
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rdl(ral + X + le)+ rql(ral + X+ le)"'

o - _ ~ ©)
HlgpZis + 1922, = B — EK.

Similarly, from the second and fifth equations (7) we obtain equation (10):

i.dz(raz + Xgp + le)+ I—qz(raz + X2 + le)+

~ — - — (10)
g + 192 = E; —EK.
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where 815 — angle between the EMF of the first synchronous machine and the EMF of the
system (815 = o1 — Os).
Introduce the following notation (12):

E, = EKy B =Re(E, ) E; =Im(E,),
rIs = Re(zls)'xls = Im(zls)’

I 1ls = ral + rIs’Xcills = Xdl + Xls’quls = qu + Xls'

a

Ziss11 = N €080 + X, SING, Zi57, = I} SING — X, 0SS, )

Fazts = Taz + Tiss Xga1s = Xg2 T X Xqas = Xg2 + X
Zigso1 = Tagts COSB+ Xy 215 SIND, Zggp = P05 SING — X5 COSS,

215523 = Vats SINO = X215 COS8, Zigsps = Fyp15 €SS + X191 SIND.
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Then, after a series of transformations of the system of equations (11), taking into account
(12), we obtain a system of equations (13) for determining the currents of the first and second
synchronous machines:
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Lgalais = TgrXqus * la2Zissr + 1g2Ziss12 = —Exers
laaXaus + VgaFaus = la2Zissr2 + 1g2Ziss11 = B — Exis

. (13)
Laalis = 1gaXis + 1aoZisgor + 1 qoZiss00 = EpSINS -y,

laaXis + 1qahis = la2Ziss2a + g2Ziss2a = E, €088 — By

The system of equations (13) in matrix form will look like (14):

Gais  —Xqus  Zsstr Lisoi2 lag -Ey
Xaus T ~Zssz Zssnr | | Mot B -Eq
Tol= . (14)
s =X Zga sz | | a2 E,sind-E,
Xjs e ~Zsszs Zsoa ] | lo2 E,cos8-E,

To find the EMF of synchronous machines and solve the matrix equation 14, it is
additionally necessary to introduce equations for the excitation circuits of both synchronous
machines into the model. To describe the processes in the excitation circuit, the differential
equation for the equilibrium of EMF and voltage drops (15) is used:

di; N dl,
fu E fdu E’
where us— voltage on the excitation winding, rs— active resistance of the excitation winding, is
— excitation current, L, — own inductance of the excitation winding, taking into account
saturation, Msg— mutual inductance, taking into account the saturation of the field winding
and the stator winding (longitudinal circuit).

ug =reip +L ()

3 Results

The system of differential equations described by equations 2, 4, and 6 was solved using the
ODE 45 solver within the MATLAB environment. The solution was obtained for the time
interval from 0 to 60 seconds with a step size of 0.01 seconds and is displayed in Figure 3.
The model functions correctly, as demonstrated by the figure. Increasing the opening of the
guide vane (expressed as a percentage) results in a corresponding increase in the active power
output of the unit (measured in p.u.).
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Fig. 3. The result of the functioning of a mathematical model containing one synchronous machine.

Additionally, to evaluate transient processes in implementing the GPFR, it is crucial to
develop a mathematical model for a two-machine power system.
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This involves expanding the current model by:

1.Incorporating equations for the operation of the hydraulic turbine and actuators for the
second hydraulic unit;

2. Adding equations that describe the electrical components of both hydraulic units to
establish a GPFR connection.

The resulting mathematical model reflects the interaction of two synchronous machines
(Fig. 4).

In addition to the equations for the second generator, the mathematical model of the single-
machine system in terms of stator winding reaction equations, asynchronous torques for each
generator, and the regulating effect of the remote load has been finalized.

To visualize the interaction between two generators and the changes in their frequency, the
mathematical model incorporates an emergency disturbance of a 100 MW power outage in the
power system. Taking into account all the damping components described, the frequencies of
the power system and individual generators alter as outlined in Figure 4.4. In the event of a
power deficit, non-damped oscillations are absent, and both system and generator frequencies
decrease to 49.15 Hz within 10 seconds, without assistance from regulating devices.
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Fig. 4. The result of the functioning of a mathematical model containing two synchronous machines.

4 Conclusion

This paper discusses the process of general primary frequency control and its performance
issues. The study's relevance is supported by multiple works by scientists confirming
undamped frequency oscillations in GPFR. In the article, based on the analysis of the works
of scientists and regulatory documentation [14], an exhaustive description and confirmation
of the research problem associated with the occurrence of undamped frequency oscillations
during GPFR is given. The main causes of undamped oscillations are associated with the
imprecise tuning of automatic regulators and the deficiencies in control methods.

The main objective of the article was to analyze the transient processes that occur during
the GPFR, which is the reason for the description of the development of a mathematical model
of the power system. The primary aim of this project is to develop a multifunctional
mathematical model for investigating transients at GPFR, equipped with a flexible interface.
The model is designed as an analogous simulation of the Norilsk-Taimyr power system,
capable of selecting various types of regulation and control laws integrated into regulators'
algorithms. The entire process of regulating frequency during different external impacts will
be displayed. The next step in the modelling process is to extend the simulated power system
to a complete power system encompassing two hydroelectric power plants, namely Ust-
Khantai and Kurey HPPs. Each plant will comprise multiple generators. Additionally, a
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frequency regulator equipped with static control will serve as automation for one plant whereas
a regulator with astatic control will operate the second one.

The reported study was supported by Russian Science Foundation, research project No. 22-79-00181.
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