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Abstract— Balancing between demand and supply of grids is the most important task of the power systems operators and
control systems. Otherwise, the possibility of frequency instability and severe damages to equipment are present. Primary
frequency control (PFC) is the first and main control action in the grid in front of the active power imbalance disturbances.
In this paper, the effects of the spinning reserve characteristics and the grid dynamic parameters, on PFC performance and
maximum frequency decline (frequency nadir), are investigated. Then, a comprehensive equation is presented to determine
the maximum frequency deviation after a large power imbalance in the grid. This equation considers all effective factors
such as volume and speed of the primary frequency reserve (PFR), grid inertia constant, grid load level, and the frequency-
dependent loads. The correctness of the presented equation is verified through different simulations. Finally, a comprehensive
scheme is proposed for the primary frequency control reserve allocation in the grid, in the form of a few equations and
instructions.
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1. Introduction

Preserving the stability and security of the power grid
against disturbances, and supporting the power quality
requirements are the most crucial principles in the control,
operation, and planning of the power system. The power
system stability concept can be categorized into angular
stability, voltage stability, and frequency stability, which
are not independent [1]. One of the most critical factors for
safe operation of the grid is to maintain frequency stability
with the lowest cost. In the occurrence of a significant
power imbalance between demand and supply, the system
frequency will change dramatically, and the grid might
collapse [2]. Therefore, precise controls and protections
are designed to maintain the active power balance and the
grid frequency near the nominal value.

A large active power imbalance disturbance is usually
because of the sudden trip of generation units, large loads,
and high load transmission lines. Nowadays, the high
penetration of renewable energy resources with variable
output power can also create a massive power imbalance
[3]. PFC is the first, fastest, and most important control
action to support the N-k security criterion and prevent
unallowable frequency variation in the grid, following
rapid and massive active power imbalance [4]. If the
primary control could not prevent severe frequency drops,
the under-frequency load shedding (UFLS) is considered
as the last and most expensive control response, which, by
shedding off some loads, helps to recover the frequency.
Therefore, maintaining the grid frequency within the
permitted range without load shedding is the main task of

PFC. Secondary and tertiary frequency controls are
auxiliary controls that enter into action after the PFC
function, to reduce the frequency deviation and restore the
power exchange between regions to predefined values [5].
The base and backbone of PFC is the Primary Frequency
Reserve (PFR) which its specifications have significant
effects on its performance. The grid frequency control has
been a matter of concern for researchers for some decays,
and various papers have discussed on amount of reserve
for primary and secondary frequency control, especially in
the presence of high penetration of renewable energy
resources. Accordingly, different deterministic and
probabilistic methods have been presented to allocate PFR
[3, 4, 6-13]. However, less attention has been paid to the
detailed requirement of the PFR. Also, the effective
parameters such as ramp rate limit of units, the load level
of the grid, and the reserve allocation scheme between
units have not been gotten enough attention [12]. Because
of the high-speed operation of PFC, in comparison with
secondary and tertiary control, it should be provided by
high-speed generation units (high ramp rate). Evaluating
the ramp rate of different power plants has received
increasing attention for grid operators, and various
industrial projects have been defined for assessing the
response time of the power plants in front of a step and
ramp change in grid frequency [14, 15]. Accordingly, the
capability and accurate dynamic models of different power
plants extracted, and better PFC reserve allocation can be
done. Furthermore, with the advent of micro-grids,
renewable energy sources, controllable loads, and smart
grids, the topic of PFC in advanced grids are getting



Tabriz Journal of Electrical Engineering (TJEE), vol. 51, no. 2, Summer 2021

attention increasingly [16]. The possibility of providing
PFR using controllable loads and renewable energy
resources such as wind turbines and solar power plants has
been the subject of various articles [17].

On the other hand, to encourage the power plants to
participate in PFC and providing PFR, various markets and
pricing schemes have been proposed and used worldwide
in which the price is mostly based on reserve MW volume
[18]. However, the speed of reserve and the ramp rate of
power plants also should be considered in the pricing of
the PFR. Anyway, providing a method for allocating the
minimum reserve MW capacity results in significant cost
reduction.

Above all, since both PFC and UFLS are responsible for
ensuring the grid frequency stability, their design should
be coordinated. However, less attention has been paid to
these important issues so far [12]. The most important
parameter in coordinating PFC and UFLS is maximum
frequency drop after disturbance (frequency nadir), which
is a significant indicator for grid frequency security.
Indeed, PFC must stop frequency drop before reaching the
UFLS thresholds. Therefore, estimation of the frequency
nadir and determining the effective parameters, could be
very useful in PFR allocation. In the previous studies,
some methods have been proposed to estimate frequency
nadir after disturbance in power system [19-23] which
most of them are based on the system frequency response
(SFR) model. Reference [19] analyzed the effect of the
dead band in PFC loop on frequency nadir. It has
improved the method of [20], but it is so complicated and
similar to [20], has not considered the ramp rate of units
[12]. This parameter is not also considered in the presented
method in [21]. The proposed method in [22] uses
machine learning and clustering the probable scenarios in
the grid to predict the frequency nadir. Also, reference [23]
uses ANN to predict the frequency nadir value. This
method is complicated and time-consuming, which can
decrease its applicability in real power systems.
Accordingly, as the contributions of this paper, the
effective parameters on the dynamic frequency response of
the grid are discussed in detail. Then, considering all
effective parameters, a simple and comprehensive
equation is proposed to estimate the frequency nadir.
Finally, using the aforementioned equation and
considering the interaction of PFC with UFLS, an
enhanced method for allocating the primary frequency
reserve is proposed. The proposed method gives a
comprehensive information about the effective parameters
on PFC performance in the form of a few simple equations,
which can be very useful for the grid operators. Since it
considers all effective parameters, it is not needed to
allocate conservative PFR. Indeed, with a minimum
volume of reserve and allocating the determined reserve
properly between the candidate unit, the cost of PFR is
reduced.

The rest of the paper is organized as follows. In Section 2,
the modeling of the power system for frequency studies
presented. The general frequency control strategy of power
systems is explained briefly in Section 3, with an emphasis
on primary frequency control and active power reserves.
In Section 4, the effect of different parameters on the
frequency behavior of the system is studied. A
comprehensive equation is presented in section 5 to
determine the maximum frequency deviation of the grid
after a power imbalance disturbance. According to the
results of previous sections, a new plan for allocation of
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the PFR, coordinated with power system security and
UFLS scheme, is presented in section 6. The conclusion is
the last part of the paper.

2. Modeling of power system for frequency studies

The issue of frequency stability studies and the design of
proper control strategy requires an appropriate model of
the power system and its effective parts. In this regard,
detailed modeling of all parts is not necessary, and only
those parts, equipment, and controllers, which their
function is in the time range of PFC and UFLS operation,
are intended. The related parts include the frequency
dependency of loads, turbine-governor of power plants,
and somewhat the transmission system.

Although there is some oscillatory difference between the
frequency of busbars in the grid, after power imbalance
disturbance [24], considering the preserved angular
stability of the power system, the average value of
frequency in all buses is equal; therefore, the transmission
system can be ignored in frequency studies. Accordingly,
one can use a single bus grid model where all loads and
power plant units are connected to one hypothetical
busbar. However, the effect of the transmission system on
the angular and voltage stability is very important.
Generally, the frequency behavior of power plants can be
presented by the swing equation. This equation shows the
relation between the frequency deviation (Aw) of
generated voltage with the change of its input mechanical
power AP,,, and output electrical power (AP,) as follows
[25]:

dAw

ZHT = Apm - APL (1)

in which, H is the inertia constant of rotor-turbine
combination. Also, for more types of loads in the grid, the
active power consumption changes with the grid frequency
changes. This dependency is modeled as

)

That D = 0PL / 0w is known as the load damping constant,
and AP, is the frequency-independent part of the load.
Combining the swing equation of all (N) power plants with
the frequency-dependent model of all (K) loads results in

APL = APLO +DA(I)

dAw dAw
2H, dt”“ + 2H, dt””

= APm—l + -+ APm—N - APLO—l - DlA(A)pu
— = Pyo_x — DxAwyy

N dAw N K
200 H)= 2 = = ) APy
i=1 i=1 =1
K
- Z D] Awpu
=

Considering (X1, H;) as equivalent inertia constant (H,,)
of the grid and ZleDj as equivalent load damping
constant of the grid (D.,), and transferring (3) to Laplace
form yields the following equation between grid frequency
variations (Af,,,) and power imbalance between total
generation (X AP,_;(s)) and total consumption

& APLO—j(S))-

A(Upu(s) = Afpu(s)
_ 2 APy _i(s) — X AP ;(s)
- 2H,q S + Deq
In power plant units, the governor is a system used to
control and adjust the turbine mechanical power (B,,). Fig.

©)

(4)
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1 shows a simple and general model of a turbine-governor
system. Inputs of the governor are generally the
feedbacked value of B,,, the unit dispatched power (Pg;sp),
and the grid frequency. The reference value of unit power
(Prer) is equal to dispatched power (Pg;p) of the unit in
the steady-state; However, for units participating in
primary frequency control, there is a feedback in the
governor which manipulates P, proportional to Aw .
Indeed, the coefficient of 1/R (R is called droop) operates
as a proportional controller and manipulates P,... The
output of the governor is the position of control valves
which changes the turbine mechanical power. Ignoring the
details, the turbine can be modeled with a time constant.
Furthermore, there are two constraints that show the
intrinsic limits of the power unit. The first constraint is a
rate limiter that models the maximum speed of the turbine
in increasing (R,4y) and decreasing (R,,;y,) its generation.
It should be mentioned that the value of R,,,;, and Rjq, IS
lower when the unit is in normal loading conditions.
Indeed, their values are much more in primary control
mode than in normal loading conditions. The second
constrain models the maximum (P,,,) and minimum
power (P,,;,) that the turbine can generate. Indeed, the
high-speed changes of output power can be around Py; in
the range of [Ppin Pnax]. Accordingly, the difference
between B,,,, and P, is called the PFR of the unit.

It worth mentioning that the different type of turbine
governors has their own particular model, but it will be
shown in Sec. 5, that, in state of a significant power
disturbance in the grid, all units behave similarly in PFC,
and the presented model in Fig. 1 can be used for all of
them.

Considering the dynamic model of (4) and the turbine
governor model in Fig. 1, the system frequency response
(SFR) model is constructed, as shown in Fig. 2. This model
is relatively a complete model for the grid frequency
analyses. In this model, it is supposed that n units are
participating in PFC, which have their own limits in the
amount and the speed of power changes. In the normal grid
state, Aw is so small, and P,..r and B, of all units are equal
to their corresponding Py;s,. Therefore, the total value of
the grid load (P,,) is equal to the sum of the Py;,,s of all
units. Hence, the effect of Pg;,s and Py, are canceled and
are not shown in the final model (Fig. 2). Accordingly,
only load variations (4P,) and the power variation of units,
caused by PFC, are considered. The UFLS is also
presented in this model.

Given the fact that lot of units are participating in the PFC
of a large grid, the SFR model and its analysis will be
complicated. However, the SFR model can be simplified,
and the primary control loops of all units can be modeled
in the one equivalent loop with equivalent parameters, as
shown in Fig. 3. It should be mentioned that the equivalent
SFR model in Fig. 3 is valid in all conditions, but the
values of Rpgx—eq: Rmin-eq» Req» and other equivalent
parameters are not constant and change during the
response to different values of AP, disturbance. Indeed, for
some values of disturbance (4P,), the output of some units
reaches their P,,, limit and doesn’t respond to further
frequency deviations. Hence, it is ignored from SFR
model; thus, the equivalent parameters of Rygx_eq.
Romin—eqr Req Change.

3. Grid frequency control
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Active power control is one of the most important tasks of
the operator to keep the grid frequency near the nominal
value, with supporting the constraints on generation units
and transmission system. In modern power systems, three
hierarchical control mechanisms are used to control the
generation and frequency of the grid, which are tertiary,
secondary, and primary controls. Tertiary is the slowest
one that determines the dispatched (reference) power of the
units, based on economic and technical parameters.
However, secondary and primary controls act in the
occurrence of the power disturbance.

Following a large imbalance in the power system, such as
a power plant trip or the disconnection of a highly loaded
transmission line, three consequences occur in the
following order [1]:

1- generator rotors oscillate, and the grid frequency starts
to decline,

2. because of frequency deviation, the primary frequency
control is activated to stop the frequency decline and
restores it to near the nominal value (it takes from several
seconds until several ten seconds),

3. the secondary control is activated as a centralized
control, and by changing the Pg;,,, of prespecified units or
by connecting new units to the grid, restores the grid
frequency and power flow of the tie lines.

It should be mentioned that in deficiency of the primary
control reserve, the frequency decline continues until
UFLS is activated to stop the frequency decline by
shedding some of the loads.

Fig. 1 shows the overall operation of the primary and
secondary control in the grid frequency recovery with
emphasis on their operation time interval. It should be
noted that based on the arguments presented in later
sections, the operation time interval of the primary control
depends on the dynamic characteristics of the grid, and is
not the same for all power systems.

Continuous Service
50.2

10s  30s 60s

Time ——  10mins

8
=)
g
d
q

Plimary | Secondary (to 30mins)

Frequency (Hz)
N
©
@

Reserve—»

N
©o
w

Occasional Service

49.2

Fig. 1. Response time of primary and secondary control
in a sample power system after power imbalance
disturbance [7].

Active power reserve is the backbone of PFC. In
definition, flexibility in the change of active power
generation in the grid is called active power reserve and
can be categorized into two types, including spinning and
non-spinning reserves [6].

Spinning Reserve is the free capacity of the grid
synchronized generation units, which can be released and
used in lower than some minutes if needed.

Non-Spinning reserve is the installed generation capacity
of the grid, whose units are not grid-synchronized, while
they can be integrated into the grid and generate power if
needed.
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Table I: Two categorization of power reserve and their
relationship

First category Second category

Spinning Reserve PFR
Secondary Frequency
Non-Spinning Reserve Reserve

Tertiary Reserve

In other categorization, the active power reserve can be
divided into three types, including primary, secondary, and
tertiary reserve, based on their response time (the time that
they can be available) [6-8]. The reserve that a generation
unit can provide for the grid, depends on the dynamic
characteristics of the unit including its R4, and R,;,. In
this regard, the high-speed reserve which is provided by
high-speed units (high values of R,,,, and R,,,;;,) is called
PFR and used in PFC. Accordingly, the existence of this
reserve is necessary and should be resealed in the first few
seconds after power imbalance disturbance in the grid.
Meanwhile, it must have the capability to stay available at
least for a few minutes [4]. According to the turbine-
governor model in Fig. 1 and the SFR model in Fig. 2, the
power interval [Py, Praxls that the unit has high speed in
changing power (in the range of [R,.in Rmaxl), represent
the PFR concept, and the difference between P, and
Py 1S the value of PFR provided by each unit. The power
reserves that are slower and obtained by slower units are

Governor Model
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used in the secondary control and considered in the
secondary reserve category. The part of non-spinning
reserves that can be quickly synchronized with the grid,
such as small gas units, are also classified as a secondary
reserve. The tertiary reserve is the non-spinning reserve,
which can be synchronized to the grid based on grid load
and economic dispatch. Table | shows two main categories
of active power reserve in a grid and their relationship with
each other. Fig. 5 also shows the characteristic of primary
and secondary reserves with an emphasis on their response
time. It is noted that contrary to [8], Ty, T, and T; are not

constant and dependent on the load level and
characteristics of the grids.
ge
£ 3 |
= Q |
a o 1
T, T, time
2o
@ T
£5 |
g & |
[} : -
T, time

Fig. 2. Time-response characteristic of primary and
secondary reserves.
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Fig. 5. Simplified equivalent SFR model of a power grid

4. Effect of the grid and PFR characteristics on the
grid frequency behavior

Most power systems worldwide currently allocate primary
and secondary reserve based on well-known N-1 security
criterion [26]. Based on Union for the Co-ordination of
Transmission of Electricity (UCTE) and North American
Electric Reliability Council (NERC) requirement, the total
PFRs volume must be equal to the active power generation
of the largest unit in the grid [10]. Summary of the primary
control standards in UCTE and NERC presented in Table
.

Table Il: PFR standards [10]

Standard UTCE NERC
Full Availability <30s <60s
Deployment ends > 15min > 10 min

However, it can be shown that unlike what is shown in Fig.
5 and Table Il, the time characteristic of the PFR is not the
same for all grids and is dependent on various parameters
of the grid. Furthermore, even for a specific grid, it is not
constant and dependent on load level and other
characteristics. This issue is discussed in the following,
and, based on dynamic parameters of the grid, the desired
specifications of a PFR are presented.

It is noted that the final frequency deviation (Af (o)) after
power imbalance disturbance, the frequency nadir (fi.in),
and the occurrence time of f,;, (tmin) are as the most
important characteristics in the frequency behavior of the
system. In the following, it is tried to investigate the effects
of power system parameters, such as the Heq, Req, Deg,
total PFR (Byax—eq). its allocation scheme between units,
and Ry,qx—eq ON frequency behavior of the system. In this
regard, the equivalent SFR model of the grid (in Fig. 3) is
simulated in different conditions in Matlab/Simulink. The
specification of the simulated system is shown in Table IlI.
it should be noted that the value of R for the units is usually
about 0.05 pu/pu in a real power system, and assuming
that, for example, 33% of the synchronized units
participate in the PFC, R., will be about 0.15 pu/pu.

As mentioned previously, the main importance of f,,;,, is
due to UFLS scheme in the grid. In the most worldwide
grids, UFLS scheme is static, and a certain amount of grid
load is shed at some certain frequency thresholds. While to
establish the N-1 security criterion in the grid, the PFC and
the associated reserve should be able to prevent the reach
of the frequency to the first step of UFLS (f,,—1), after the
trip of the largest unit. As well, the importance of ¢t,,;,, is
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that, before t,,,;,,, the sufficient PFR must be deployed into
the grid and prevent further frequency deviation. Indeed,
for a larger value of t,,;,, the speed of PFR can be lower,
and vice versa.

Since an specific power systems may have different values
0f Hegy Deqs Prax—eq» @Nd Rypax—eq in different load levels,
to consider all possible conditions, the behavior of the
system is investigated in the following scenarios.

1) There is no limit on reserve value (Ppgy—eq and
Prin-eq) and its speeds (Rpax—eq aNd Rpnin_eq), and the
value of H,, is changed from 5s to 13s.

2) There is no limit on reserve value (Pyqx—eq and
Prin—eq) and its speeds (Rpax—eq aNd Rypin_eq), and the
value of D, is changed from 0 to 2pu/pu.

3) There is no limit on reserve speed (Rqx—eq and
Rinin—-eq), bUt the volume of the reserve is limited.

4) There is no limit on the PFR value (Pyax—eq), bUt its
speeds (Rpax—eq aNd Rypin—_eq) are limited.

5) Both the volume and speed of the reserve are limited.

6) Prax—eq IS greater than the simulated power disturbance,
but it is not allocated equally between the units.

Table I11. Parameter values of the simulated SFR model

in Fig. 3
Parameters Value
Heq °s
Deq ) pu/pu
R., 0.15 pu/pu
Ty oq 0.2s
T eq 1s

4.1 There is no limit on the amount and speed of PFR, and
H,q is changed from 5s to 13s.

In this test, a disturbance as AP,= 0.05pu is applied to the
system, and H., is changed from 5 to 13s. The frequency
behaviors of the system are shown in Fig. 6 for different
values of H,,. Increasing the value of H,, increases f,:
and t,,;,. This phenomenon indicates that, for the higher
value of H,,, the PFC has more time to release the reserve
and prevent further frequency drop. Therefore, the speed
of the allocated PFR can be lower.
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Fig. 6. Frequency behavior of the grid after AP, =
0.05 pu for different values of H,,, and without any limit
on volume and speed of reserve.

4.2 There is no limit on the amount and speed of PFR, and
D.q is changed from 0 to 2pu/pu.

A power imbalance disturbance as AP, = 0.05pu is applied
to the system. The frequency behaviors of the system and
AP,,_r are shown in Fig. 7 for different values of D,,.
When the value of D, increases, the f,,,;,, and f,, increase,
and AP,,_; decreases. Hence, for the systems with the
higher values of D.,, a lower amount of the PFR is needed.
4.3. Limit on the reserve amount, no limit on the speed of
reserve:

In this case, the PFR amount is set to 0.04 pu, which is less
than the imposed disturbance to the system (4P,=0.05 pu).
Fig. 8 shows the frequency behavior, in which the f,,
becomes 49.5 Hz, which is not an acceptable value. Also,
the maximum frequency drop is much higher than the
cases without any limit on the reserve (Fig. 6). In this case,
the shortage of the reserve is compensated by the cost of
more frequency drop and reduction in load due to the non-
zero value of D,,. According to (5), the shortage of PFR
has decreased the R,, of the system from R,, = 0.15 to
Reg—new=0.25.

0.06 — T T T T =

Increasing D

Active Power Change(pu)

L
10

Time(s)
(a)
50
49.9
~
g2
2498 .
2 Increasing D
< Pl
=
g 49.7
=
49.6
49.5 L L
0 2 4 6 8 10 12 14 16 18 20
Time(s)

Fig. 7. Frequency behavior of the grid (a), and active
power generation changes (b), after AP, = 0.05 pu, for
different values of D,,, and without any limit on volume
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and speed of the reserve.
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Fig. 8. Frequency behavior of the grid after AP, =

0.05 pu, for Ppax—eq =0.04 pu and no limit on the

reserve speed.

0 5 10 15 40

4.4 There is no limit on the reserve amount, but its speed
is limited

Regarding the limited number of participating units in PFC
of a real grids, Rygx—eq @Nd Rypin—eq are limited. In this
simulation, the values of R,;,4x—cq aNd Ryyin_cq are setto
Royax = 0.002 pu/s and R,,;; = —0.003 pu/s, which
are near to their practical values [23]. The frequency
behaviors of the system, for 3 different values of H,, and
AP,=0.05 pu, are shown in Fig. 9. It is seen that, for all
Heq, the fi:, is much lower than that of the case without
any limit on reserve speed (Fig.6). Although there is
enough PFR, if the first step of UFLS is supposed on 49.4
Hz, for H,, = 5s and 10s, the frequency drop will activate
UFLS. Indeed, this means that the available PFR hasn’t
been used optimally and despite the sufficient volume of
the reserve, the N-1 security criterion is not supported.
However, increasing the number of participating units in
PFC increases Rp,qx—eq as Well, and frequency behavior is
improved. Besides, for a larger value of inertia (e. g. Hoq =
20S), fiin is larger than fg,.4-1, and UFLS is not
activated. This means that the required speed of the PFR
depends not only on 4P, but also on H,.

——Heq=5s

N

©
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T

e Heg=10:
~ = Heq=20s

s

5
>
T

4941

492+

Frequency(Hz)

s
o
T

48.8

486 I I I I I I I I
0 50 60 70 80 90

Time(s)

Fig. 9. Frequency behavior of the grid for different
values of H,, after AP, = 0.05 pu (Ryyqx—eq =
0.002 pu/s and Ryin—eq = —0.003 pu/s, and no limit
on reserve volume).

4.5. There are limits on both the volume and the speed of
the PFR

In this case, the reserve value is setto Pqy_eq = 0.04 pu
and its releasing speed is set t0 Ryqx—eq = 0.002 pu/s
and Rpin—eq = —0.003 pu/s . The frequency behavior is
shown in Fig. 10 for AP, = 0.05 pu. it can be seen f,, =

49.5 Hz and f;,,;, = 48.55 Hz, and considering the first
UFLS relay on 49.4 Hz, load shedding relays will operate.
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Fig. 10. Frequency behavior of the grid after AP, =
0.05 pu (Ryax—eq = 0.002 pu/s and Rypin_eq =
—0.003 pu/s, and the reserve volume of Py oq =
0.04 pu).

4.6. There is sufficient reserve, but not properly divided
between units

In this simulation, it is assumed that there are two identical
units in the PFC (SFR model of the system in Fig. 2 with
two units). In the first case, the total reserve is Bpgx—eq =
0.05 pu, which 0.035pu is gotten from the first unit
(Prmax—1 = 0.035u) and 0.015pu from the second unit
(Pmax—2 = 0.015pu), and the disturbance is as AP, =
0.05 pu. Accordingly, there is no shortage in PFR volume.
In the second case, the PFR volume of 0.05p.u is equally
divided between two units, and each unit provides
0.025pu of reserve. In Fig. 11, the frequency response of
the system in both cases are compared with each other. It
can be seen from Fig. 11 that the unequal allocation of the
reserve between units not only affects the f,,;,, but also
decreases f,,, which means inappropriate use of the PFR.
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Fig. 11. Frequency behavior of the grid after AP, =
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In summary, the results of the above simulations show that
the value of H,,, D,4, and speed, volume, and allocation
scheme of the reserve have a significant effect on the
frequency behavior of the system. In the next section, it is
tried to provide mathematical relations between £, H

speed, and the amount of the reserve.

eqr
eql

5. Maximum frequency deviation in power imbalance
disturbance

As already noted, to establish N-1 security criterion in the
grid, the PFC and the PFR should be able to prevent the
frequency decline to fi,.q—, after the trip of the largest
unit. To do so, an analytical method is proposed to obtain
the f,.in, after power imbalance disturbance, based on the
grid characteristics and PFR features. Accordingly, the
characteristics of a suitable grid-based PFR are presented.

First, it is assumed that, in the PFC model of Fig. 3, there
is no limit on the amount of the reserve. According to the
authors' surveys, although R,,,., of units depends on the
type and other characteristics of units, the average value of
R4, Tor participant units in the PFC is about R,,q—; =
0.005 pu/s, based on the nominal power of the unit [23].
On the other hand, the typical droop coefficient R =
0.05 pu/pu for units leads to a high gain (1/R = 20) in
the PFC loop. Accordingly, considering the high gain of
the PFC loop and the low value of R, .., a small frequency
deviation (out of dead band) in the grid activates the speed
limit of units and the power change rate of units is limited
to their R,,,,. Hence, the contribution of units in the PFC,
after the trip of the largest unit, is the increase of active
power with the maximum speed (R,,,.). Therefore, the
total equivalent active power variations in the grid can be
models as:

BBy 7(6) = ) APy i(6) -
=~ Z Rpax-it = Rmax—eq t

Which can be represented in the Laplace domain as

Rinax—
BBy (5) = e ©

Therefore, considering the grid model in (4) and the power
imbalance applied to the grid (AP,), the dynamic response
of the grid frequency, in the Laplace domain, will be as
follows.

max—e P
Af(s) = [—" —L—Deq.Af(s)].[ZH -

0.05 pu, for two different reserve allocation schemes: 1- )
balanced between units, 2- unbalanced between units.
As a result, the following relation is obtained
—2H.R R 2H.R “Deg AP, AP, Pea;
Af(8) = o tmarmea gy g Bmavmea oy g 2 Rmar-eq pamgty ) B0 4 2P 2Ry 1) )
f Dezq Deq D2 Deq Deq

AP;, — Dggq. Af,
tmin = — (10)

max—eq

ZHequax—eq

APy py.Deq + 2HeqRmax—eqln (ZHequax—eq T Apru_Deq) (11)

Afmaxpu) = — D2

eq

AP, — P

Afmax(pu) = Dmax = (12)

eq

2Hequax—eq
APL - Pmax—eq [APLP“' Deq + ZHequax—eq n (ZHequax—eq + APLpu- Deq)] 13
Afmax(pu) = max( '| 2 |) ( )
Deq Deq J

227



Tabriz Journal of Electrical Engineering (TJEE), vol. 51, no. 2, Summer 2021

1 Rmax—eq APL
Af(s) = . -
f quﬂ@+Dm)s@+D”) (8)
ZHeq 2Heq

Using inverse Laplace transformation, the frequency
behavior of the system, in the time domain, will be as (9).
On the other hand, the frequency decline continues as far
as the active power balance is achieved again. Indeed,
when the AP,_; becomes equal to sum of AP, and
frequency-dependent load change (D,,Af), the frequency
decline stops. At this moment, which is called t,,in, frmin =
frnom — Afmax takes place. Accordingly, t,,., can be
determined by (10). Putting t,,;, from (10) in (9), Afpax
is obtained as (11). Then, putting Afp,x(pyy from (11) in
(10), the value of t,,;,, is also obtained.

In the above relations, it was assumed that until ¢,,,;,,, the
amount of PFR is not limited and the production of units is
increasing continuously. In other words, 4P,,_;(tpmin) =
Rinax—-eqtmin 1S less than  By,._.,. However, if
Rinax—-eqtmin 1S greater than Ppg,_.q, before reaching
tmin, the total volume of the PFR is released, but the
frequency drop is not stopped. Therefore, the frequency
drop continues until the active power balance is restored
due to the reduction in consumption of frequency-
dependent loads. In this case, the f;,;,, is obtained from the
following equation.

Generally, if Ryax—eqtmin < Pnax-eq, then the absolute
value of Af;,.x in (12) is lower than that of (11). Therefore,
it can be shown easily that the general relation of Af;,ay iS
the maximum value of (11) and (12), which can be
represented as (13).

The presented equation for Af,.. in (13) is valid for all
situations. While the relation in (12) is valid if
Rinax—-eqtmin < Prnax—eq. and (11) is valid when
Rinax—-eqtmin > Pmax—eq - TO Verify the presented equation
in (13), two examples are given in the following.

A. For a disturbance value of AP, = 0.04 pu, the PFR
volume Pygx_eq = 0.04 pu, Rpgx—eq = 0.002 pu/s,
and the system parameters presented in Table 3, the
value of Af,,.x from (13) will be as follows.

Afmax(pu) = max(0,0.018) £ 0.9Hz

Also, the simulation result shows Af,,., =0.91Hz (Fig. 12
(@)), which is very close to the obtained value in (14). Also,
as expected, the active power of the equivalent unit
increases in a ramp manner and are limited t0 Ry,qx—eq

(Fig. 12 (b)).
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Fig. 12. Frequency behavior (a) and active power change
(b) in the grid, after AP, = 0.04 pu for defined PFR
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B. Also, for a disturbance AP, = 0.04 pu, the PFR

volume as Bpgx—eq = 0.02 pu, Rpygy—eq = 0.002 pu/
s, and the system parameters presented in Table 3, the
value of Af,ax from (13) will be as follows.

Afpmax = max(0.02,0.018) = 1Hz

Also, the simulation result of the system shows
Afmax =1Hz (Fig. 13 (a)), which is compatible with the
obtained answer in (15). It can be seen from Fig. 13 (b) that
the active power of the equivalent unit increases in a ramp
manner limited to R,.., and before the reaching of
frequency to f,,in, all PFR is released.
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Fig. 13. Frequency behavior (a) and active power change
(b) in grid, after AP, = 0.04 pu for defined PFR.

6. Proposed Plan for the Allocation of PFR
As noted earlier, to establish the N-1 security criterion in

the grid, PFC should be able to prevent frequency drop to
fsn-q after the trip of the largest generation unit.
Accordingly, with the help of the equation provided for
Afmax N (13), the minimum requirement for PFR,
including its amount, speed, and its allocation strategy can
be determined.

AP[™* D, + 2Hequax_eqln<
fishea +0.1 < 50 —

2HoqRinax—eq + APrpy-Deg

ZHeq Rmax—eq )
an

2
D¢,
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6.1 PFR volume

Similar to the previous standards [10], PFR volume is
determined based on the generation of the largest unit in
the grid. While the effect of the parameter D,, should be
considered. Indeed, in the large power systems, the effect
of D, is considerable, and its corresponding load
reduction can alleviate the amount of required PFR.
According to the largest single outage (AP[™**) and the
effect of D, on load reduction, the following relation can
be used to determine the amount of PFR [7].

PFR = AP — D4 (50 — f1) (16)

Where f;, is the minimum acceptable frequency of the grid
after AP"**. It should be noted that all terms in (16) are in
per unit in the same power base. Besides, for a given power
grid with a definite AP;"**, the value of D, is not constant
and depends on the grid load level and their types. In other
words, by decreasing the network load, the per-unit value
of D, is reduced, and in turn, more amount of reserve is
needed.

6.2 PFR Speed

Given the first frequency threshold of UFLS (f; _gxeaq), the
PFR speed (Rp,qx—eq) Should be such that, based on (12),
the inequality of (17) is satisfied.

The value of 0.1 on the left side of (17) is considered as a
confidence level for sure prevention of UFLS in AP™%*
occurrence. Indeed, the PFR is determined in such a way
that with the trip of the largest unit, the frequency nadir is
at least 0.1 Hz higher than f; _speq-

Solving (17) for Ryqx—eq is NOt €asy. Instead, the right-
hand side of the inequality can be depicted for different
values of Ryqx—eq, and considering fi_gpeq, the minimum
required of the reserve speed is determined. For example,
for a system with the parameters presented in Table 3, the
value of f,,;,,, for different values of R,,,4x_cq, is Shown in
Fig 14. It can be seen that the minimum value of the
required Ry, qx—eq fOr fi_snea = 49.4 Hz is 0.0094 puls.

50

49.5

Fmin=49.5 Hz
Rmax=0.0094 ou/s

Fmin

48.5+-

I I I I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
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Fig. 14. Frequency nadir for different values of the
reserve speed.
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Fig. 15. Frequency nadir, (a) for different values of
reserve speed and D, (b) for different values of reserve
speed and H,,

Based on (17), the required speed for PFR depends on the
Heq and D,q. Inthis regard, the value of f;,;,, for different
value of Ryqx—eqs Heq, and De, is shown in Fig 15. It can
be seen from Fig. 15 (a) that the decrease in the value of
D.q,from21t0 0.1, considerably increases the required PFR
speed from about 0.002pu/s to 0.006pu/s. Also, decrease
of H,, from 9s to 1s considerably increases the required
PFR speed from about 0.002pu/s to 0.02pu/s (Fig. 15 (b)).
In fact, by decreasing the values of H,, and D,,, according
to (10) and (11), the value of t,,;, decreases, and the
primary control has less time to compensate power
imbalance.

Considering Rpax—eq = % Rmax—i» in order to get the
higher speed of PFR, more units should participate in the
PFC; while, in small networks, due to the constraints on
the number of units, the speed of reserve is limited
intrinsically. Therefore, the capacity of the largest
generation unit cannot be higher than a special value. Also,
for a larger grid with a definite AP/"**, the value of D,
and H,, decrease in low load conditions, and whereby,

more speed of PFR is required, and a greater number of
units should be used in PFC.

6.3 Proposed PFR allocation plan

Based on the analyses and studies carried out in the
previous sections, the following recommendations are
proposed to allocate a proper PFR. The proposed scheme
is depicted in the flowchart of Fig. 16.
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[ PFR Allocation

'

Determine the Grid Inertia
and Load Damping Constant
According to Grid Situation

Determine the Largest
Probable Power Imbalance
Disturbance According to

Grid Situation

A 4
Calculation of Minimum

R

max —eq

h 4

Calculation of
Minimum PFR Using
Using Equation (17) Equation (16)

| I
v

Selecting Between Candidate
Generation Units to Support
max —eq
and PFR volume and the
Recommendations 3-6 of Subsection
6.3

Ramp Rate and Free
Capacity of all Candidate
Generation Units

4_

Fig. 16. Overall flowchart of the proposed PFR
allocation scheme.

1. The PFR volume must be greater than or equal to the
value obtained from equation (16).

2. The average reserve speed (Rimax—eq = APn—eq(tmin) /
tmin) Must be greater than or equal to the value obtained
from equation (17).

3- In allocating the reserve between the units, the SFR
model, was shown in Fig. 2, should be considered as the
base model. Then, selection of units for participating in
PFC, and the allocation of reserve between them should be
such that the B gx—eq = 2 Pmax—i be more than the value
obtained in clause 1 and the requirement of clause 2 should
be met. To achieve this, in addition to the use of high-speed
units, a greater number of units should be considered for
PFC.

4. In order to establish the conditions of clause 3 with a
minimum number of units (which leads to less operating
costs), the total PFR should be divided equally between
units. It means that, at least, for t < t,,;,, By Of N0 unit
should reach its B, . It is noted that, if, before t,,;,, By, of
some units reaches to their B,,,,., the average reserve speed
(Rmax—eq = APp_eq(tmin) /tmin) becomes less than
Y Riax—i» Which may result in fmm < fi—snea @nd
activation of UFLS.

5. According to the results of Section 4, to prevent the
increase of R, which results in more Af,,, the PFR should
be distributed between units proportional to their nominal
power (the units with the higher nominal power should
provide more PFR). Otherwise, Af,, will be high, which is
a negative point in the operation of a grid.

6. In the low load level of the grid, the value of H,, and
D, decreases, and as a result, the grid needs a faster PFR.
In this case, considering that the number of synchronized
units is low, it's harder to meet the above-mentioned
conditions for the PFR. Hence, in PFR allocation, the main
attention of grid operators should be paid to low load
conditions. Also, in small scale grids, the capacity of the
largest generation unit should not be very high; otherwise,
the operator will have many difficulties in allocating the
PFR, and the PFR cost increases significantly.
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7. Conclusion

In this paper, the effect of grid dynamic characteristics,
including inertia constant, load damping constant, speed
and volume of PFR, and the mechanism of distributing
PFR between units on the frequency behavior of the grid
was investigated. Based on the investigation results, an
optimal scheme for allocating PFR (in the form of some
equations, instructions, and flowchart) was presented. The
proposed scheme considers all effective parameters;
hence, it is not needed to have a conservative PFR
allocation scheme. Indeed, with a minimum volume of
reserve and correct distribution of PFR between the
candidate unit, the cost of PFR was reduced. The proposed
scheme is not only applicable for large traditional power
systems, but it can also be used for microgrids with non-
zero inertia. Furthermore, the proposed scheme can be
used in the grid restoration process and the design of under
frequency load shedding schemes.
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