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ABSTRACT Large frequency deviation degrades the operation performance of the boiler and its auxiliaries.
It affects the output of thermal power units. A significant change in power generation leads to a great
frequency deviation. An extended frequency response model for long-term frequency stability assessment is
constructed to consider the effects of frequency deviations on boiler auxiliaries. The static power-frequency
characteristic of the thermal power unit within an extensive frequency variation range is analyzed. It reveals
that the active power output of the generating unit is not monotonically increasing with frequency dropping.
An inflection point is observed on the static power-frequency characteristic curve when considering boiler
auxiliary frequency characteristics. In the range of greater frequency deviation, the output power decreases
rapidly with frequency declination, and an unstable equilibrium point (UEP) of frequency stability is
identified. A quantitative index is proposed for frequency stability assessment based on UEP. The stability
characteristic and the frequency stability quantitative index based on UEP are analyzed. The frequency
dynamic behaviors of the extended model are demonstrated to analyze frequency stability characteristics
within an extensive frequency variation range by a single machine system and the IEEE 39-bus system with
considering boilers and its auxiliaries.

INDEX TERMS Power system, thermal power plant, auxiliaries, frequency stability.

I. INTRODUCTION
Frequency is one of the most significant variables indicating
the security and stability of the power system. High pene-
tration of renewable energy sources decreases power system
inertia [1]. It results in a large frequency deviation for some
disturbances with great power deficit [2], [3]. Large fre-
quency deviation affects system active power control. It even
leads to blackouts, such as the cases in SouthAustralia [4] and
London [5]. Power system frequency security and stability
controls are facing new challenges [6], [7]. Therefore, it is
necessary to study power system frequency dynamic behavior
and stability within an extensive frequency deviation range.

Frequency stability is the ability of a power system to
maintain steady frequency following a significant imbalance
between generation and load [8]. With the development of
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renewable energy, frequency dynamic behaviors are more
complex and intense, which even lead to frequency insta-
bility in extreme situations [9]–[11]. So far, frequency sta-
bility studies mostly focus on frequency dynamic response
analysis, under frequency load shedding (UFLS) scheme
configuration [12], and quantitative evaluation of frequency
control techniques [13], [14]. Due to the rare occurrence of
frequency instability cases, most of those studies are mainly
based on frequency response simulation with the methods
of three categories: full-time domain numerical simulation
model [15], average system frequency model (ASF) [16],
and system frequency response model (SFR) [17], [18]. Most
of the power systems are mainly composed of the thermal
power unit. The controllability of the thermal power unit
output power is better than the other types of generating units.
The frequency response simulation models mainly consider
the frequency characteristics of thermal power units. The
full-time domain simulation is a commonly used method to
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obtain system frequency response. It has been implemented
in electromechanical transient simulation programs, such as
PSS/E andDSATools. ASFmodel aggregates the rotor swing
equations of all generators and ignores the effect of the volt-
age and the network. It roughly reflects system frequency
dynamic behaviors. If the turbine-governors are aggregated
into a single model, the ASFmodel becomes a single machine
model. If the nonlinear parts of the single machine model are
simplified, the SFR model is derived to analytically solve
the maximum frequency deviation and the corresponding
time with a given disturbance [18]. These methods usually
assume the boiler steam pressure is constant or infinite within
a small frequency deviation range. They are only suitable
for short-term frequency dynamic study. However, due to
the devices with slow dynamics, they cannot be used in
the scenario with large frequency deviations. Boiler and its
auxiliaries are ignored to speed up a simulation with the
assumption of infinite boiler stored energy [19].

However, the boiler cannot be overlooked when consid-
ering the long-term frequency dynamics following severe
upsets. In the long-term studies, the stored energy in the boiler
is limited in actual operation. It affects the primary frequency
regulation of the generator and the maximum frequency
deviation [20], [21]. Reference [22] considered the dynamic
behaviors of the boiler to reflect system frequency dynamic
behaviors following disturbances. Reference [23] indicated
that the control valve opening following a severe disturbance
results in a quick reduction of boiler steam pressure. Ref-
erence [24] proposed that boiler steam pressure is related
to feedwater and fuel regulation. Feedwater pumps and coal
mills are driven by induction motors. The induction motor
speed varies with frequency decreasing, which degrades the
performance of auxiliaries. Large frequency deviations make
the output of auxiliaries in power plant reduce dramatically
and affect boiler steam pressure. Boiler operation condition
change affects the mechanical power of the steam turbine,
and then it affects frequency dynamic behaviors. Therefore,
it is necessary to consider the power-frequency characteris-
tics of the auxiliaries in long-term frequency characteristics
analysis. Reference [25] constructs a simplified closed-loop
control model, including a boiler, pulverizing system, and
auxiliary regulation system. However, the power-frequency
characteristic of the auxiliaries was not considered.

The conventional frequency response model does not
consider the frequency characteristic of the auxiliaries and
ignores the effects of frequency deviations on the output
of the boiler and its auxiliaries. In this premise, the output
power of the thermal power unit increases monotonously
with the frequency dropping. It is only suitable for the scene
with the frequency varying near the rated value. However,
if the frequency drops greatly, the output of the boiler and
auxiliaries are affected and reduced. It changes the output
power and the static power-frequency characteristic curve of
the thermal power unit within a large frequency deviation
range. Therefore, frequency dynamics and stability analysis
should be extended to an extensive frequency variation range.

In this paper, 1) an extended single machine fre-
quency response model is constructed to analyze the static
power-frequency characteristic to the thermal power unit and
long-term frequency stability within an extensive frequency
variation range. The extended model considers the effects
of frequency deviations on the output of boiler auxiliaries.
2) The static power-frequency characteristic of the thermal
power unit within an extensive frequency variation range is
obtained and analyzed with the extended model. It reveals
that the output power of the generating unit is no longer
monotonically increasing with frequency dropping. There is
an inflection point on the static power-frequency character-
istic curve of the generator. 3) The static power-frequency
characteristic curves of the generating unit and load have two
equilibrium points. Both of the equilibrium points can satisfy
the balance between generation and load. According to their
static stability characteristic, one of the equilibrium points
with a large frequency deviation is defined as the frequency
unstable equilibrium point (UEP). A quantitative index is
proposed for frequency static stability assessment based on
UEP.

The rest of this paper is organized as follows. In section II,
the physical structure of the thermal power unit is illustrated.
An extended single machine frequency response model is
constructed, considering the effects of frequency deviations
on boiler auxiliaries. In section III, the static power-frequency
characteristic of the thermal power unit is obtained and ana-
lyzed within an extensive frequency variation range. The
definition and stability characteristics of UEP are elaborated.
In section IV, a quantitative index for frequency static sta-
bility assessment is proposed to assess the frequency stability
degree under different load characteristics based on UEP. The
single machine system and IEEE 39-bus system are used to
verify the validity in section V. Conclusions are drawn in
Section VI.

FIGURE 1. The physical diagram of the thermal power unit.

II. THE EXTENDED FREQUENCY RESPONSE MODEL
A. THE PHYSICAL STRUCTURE OF THE
THERMAL POWER UNIT
The physical structure of the thermal power unit is shown
in Fig.1. The boiler system provides steam flow to the
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steam turbine. Steam turbine transfers steam flow to mechan-
ical power. In the generator, the mechanical power is con-
verted into the electromagnetic power transmitted to the
power grid. The power grid frequency is the feedback signal
to regulate auxiliary operation. Boiler combustion is deter-
mined by feedwater flow, fuel flow, and airflow supplied
by the auxiliaries, such as feedwater pump, coal mill, and
blower. According to the thermal power plant investigation,
these auxiliaries are driven by induction motors. The tradi-
tional induction motors are sensitive to frequency change.
However, the variable-frequency motors are not. Large tran-
sient frequency reduction decreases the speed severely of
the conventional induction motor. It results in motor stalling
in extreme conditions, which leads to the boiler, and the
generator stopped working. This paper mainly considers the
auxiliaries equipped with the traditional induction motor.

In the boiler system, the evaporation process is completed
in the boiler. The heating surface boundary of the boiler varies
with the ratio between feedwater flow and fuel flow change.
Fuel or feedwater change affects the boiler operating condi-
tions. The boiler working condition is regulated to maintain
the ratio between feedwater and fuel within the desired range.
It makes boiler feedwater flow, and fuel flow satisfies boiler
evaporation requirements, which further regulate the steam
flow of steam turbines to meet load change. The feedwater
flow is consistent with the steam flow and approximately
proportional to the load.

In the thermal power unit, the auxiliaries, the boiler
combustion, the steam turbine, and the generator form a
closed-loop feedback system. When frequency deviations are
small, the output of the auxiliaries changes a little. The effects
of frequency deviations on the output of the auxiliaries are
ignored in the conventional frequency response model. When
a large frequency deviation occurs, the induction motor speed
changes a lot. It makes the output of the auxiliaries decrease
severely. The output of the auxiliaries affects the output power
of the thermal power unit and constitutes a vicious circle.
Therefore, it is necessary to consider the effects of frequency
deviations on the auxiliary output in the frequency response
model.

B. THE STRUCTURE OF THE EXTENDED FREQUENCY
RESPONSE MODEL
The conventional single machine frequency response model
simulates frequency dynamic behaviors of the power sys-
tem with small disturbance. It considers the speed-governor,
the steam turbine, the generator inertia swing equation, and
some nonlinear constraints. The output power of the gener-
ator is proportional to the valve opening of the steam tur-
bine with the assumption of constant boiler steam pressure.
The conventional model is not suitable to analyze frequency
dynamic behaviors and stability in an extensive frequency
variation range. Therefore, more control modules affecting
frequency dynamic behaviors and frequency deviation are
necessary to be considered to solve this problem. The power
system is a controlled system with many feedback loops,

which considers the long-term effects of the control input.
For the fossil-power plant, the auxiliaries are an essential
part of the feedback loop in the whole control circuit for the
thermal power unit. Some of the auxiliaries are equipped with
a variable-frequency motor. The output of these auxiliaries
is insensitive to frequency change. Therefore, an extended
frequency responsemodel is constructed in Fig.2, considering
the effects of frequency deviation on boiler auxiliaries.

FIGURE 2. The structure of the extended frequency response model.

In Fig.2, Pm is the steam turbine mechanical power (p.u.).
PL is load (p.u.).1ω is angular frequency deviation (p.u.),CV
presents the valve opening. 1Pt is the boiler steam pressure
deviation. Q1, B1, and V1 are the feedwater flow, fuel flow,
and airflow, respectively, of the output of the auxiliaries
equipped with traditional induction motors. Q2, B2, and V2
are the feedwater flow, fuel flow, and airflow, respectively,
of the auxiliary output with the variable-frequency motors.
α presents the percentage of the auxiliaries equipped with
a variable-frequency motor. Dq is the heat released from
furnace combustion (p.u.). Dte is the steam flow of the steam
turbine(p.u.).

The typical component models in Fig.2 only consider the
inertia link and do not consider energy losses. The influ-
ence of voltage change is little with active power deficits.
The extended frequency response model has the following
assumptions that need to be met. 1) The effects of frequency
and voltage are coupled and mutual. This model only ana-
lyzes the impact of frequency deviations and ignores the
influences of the voltage due to the time frame of interest
in frequency dynamics is longer than the excitation system.
2) The steam flow and the feed water are balanced, and
boiler steam flow evaporation is proportional to fuel flow.
3) The extended model does not consider frequency stability
control measures and only considers the effects of frequency
deviation on the output of boiler auxiliaries in the response
process.

C. DETAILS OF THE EXTENDED FREQUENCY
RESPONSE MODEL
The extended frequency response model is mainly based on
a single machine model. The structure of the single machine
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FIGURE 3. Single machine frequency response model.

model is shown in Fig.3. The variable value of model inputs
and outputs is the nominal value unless otherwise stated. The
steam turbine converts the kinetic energy of high-pressure
steam into the rotor mechanical energy [26]. The input of
the steam turbine is the steam flow, which is the product
of the valve opening and boiler steam pressure. The output
of the steam turbine is mechanical power [27]. The genera-
tor is reduced to the inertia swing equation considering the
damping effect [12], [18]. The speed-governor module is a
feedback control that uses frequency deviation and boiler
pressure deviation signal to regulate the valve opening and
boiler steam pressure [27].

In the single machine model, D is the damping coefficient.
H is the generator inertia time constant (s). FHP, FIP, and FLP
are the high, intermediate, and low-pressure turbine power
fraction, respectively, where FHP + FIP + FLP = 1. TCH is
steam chest time constant (s). TR is reheat time constant (s),
TCO is a crossover time constant (s), K3 is the proportionality
coefficient. TSR is the speed relay time constant (s). Pt,con is
constant boiler steam pressure (=1.0 p.u.). 1CCV presents
the instruction of the valve opening control from1Pt . CV0 is
the initial valve opening.

In this paper, IEEE boiler dynamic nonlinear model is
adopted [27], [28]. The boiler model is linked to the steam
turbine model via the interface variable of boiler steam pres-
sure. Boiler converts fossil fuel into thermal energy. Then the
thermal energy is used to heat feedwater into high-pressure
steam. The inputs of the boiler are the valve opening of the
steam turbine and the heat release from furnace combustion.
The output of the boiler is steam flow. The state equations of
the boiler model are expressed as equation (2) and (3) [27].

Dte = k6PtCV (1)

Ṗt = k2k3
√
Pb − Pt − k3k5PtCV (2)

Ṗb = −k1k2
√
Pb − Pt + k1k4Dq (3)

wherePt is boiler steam pressure (MPa).Pb is the boiler drum
pressure (MPa). k1 and k2 are the heat storage coefficient
of the boiler drum and steam pipe, respectively. k3 is the
equivalence heat storage time constant (s). k4, k5, and k6 are
the internal parameter to simulate mass and energy balance.

Speed-governor senses the frequency change to regulate
the valve opening. The valve control module limits the
valve opening of the steam turbine. The input of the valve
control module includes the regulation instructions of the

speed-governor module and the control system. The control
instruction module simulates the coordination control system
commands. The output of the valve control module is the
valve opening. The state equations are expressed as equa-
tions (4) to (6) [27].

CV = x4 (4)

ẋ4 = (1ωK3 + CV0 +1CCV − x4) ·
1
TSR

(5)

1CCV = f (1Pt ) = K51Pt (6)

where x4 is the state variable of the speed-governor, K5 is the
proportionality coefficient.

FIGURE 4. The coal mill and water-wall dynamic module.

Fuel is the primary energy source to produce heat by
boiler furnace combustion. The dynamic process of boiler
combustion is simplified with the inertia blocks of the coal
mill and water-wall, which is shown as Fig.4 [27]. When
a large frequency deviation occurs, the output of the fuel
reaches the maximum value at a particular frequency.

In the coal mill and water-wall dynamic module, T1 and
T2 are the inertial time constants. B0 is the initial fuel in p.u.
Bm is themaximum value of the output fuel flow of auxiliaries
in p.u.1B is fuel regulation commands are related to1ω and
the output of the PI controller of steam pressure deviation.

FIGURE 5. The steam pressure controller module.

The structure of the steam pressure controller of the boiler
increases the fuel input to the boiler furnace, which is shown
in Fig.5. In this module, KP is the proportionality coefficient.
KI is the integral coefficient. Pt0 is the rated value of the
boiler steam pressure in MPa. 1M is the change of the fuel
flow (p.u.).

The auxiliaries sense the frequency change and then reg-
ulate feedwater and fuel to maintain boiler steam pres-
sure stable. In fossil-power plant operation, it assumes that
the temperature of the input water is invariable. The heat
absorbed for converting water to steam is proportional to
the input feedwater flow. The heat absorbed comes from
fuel combustion. If the calorific value of the fuel remains
unchanged, the change of the fuel should be proportional to
the feedwater. According to actual operation data in one day,
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FIGURE 6. Relationship between feedwater and fuel. (a) the actual
operation data; (b) the fitted curve of sample data.

the relationship between the fuel flow and feedwater flow
is shown in Fig.6. The figure shows the fuel flow and the
feedwater flow have the same change trend. The relation-
ship between fuel flow and the feedwater flow is fitted as
equation (7).

B = a · Q+ b (7)

where a and b is the function coefficient obtained by analyz-
ing actual operation data, Q is feedwater flow (t/h).

The input of the boiler is the heat release from boiler com-
bustion, which is the output of the coal mill and water-wall
module. The input of this module is the fuel flow. Therefore,
the fuel flow is calculated based on feedwater flowwith equa-
tion (7). The feedwater flow is the intermediate constraint
variable in the extended frequency response model.

D. POWER-FREQUENCY CHARACTERISTICS
OF THE FEEDWATER PUMP
The operation of the feedwater pumps plays an essential role
in fossil-power plant operation. The power consumption per-
centage of the feedwater pumps in power plants is relatively
large compared with other auxiliaries. This paper mainly
takes the feedwater pump as an example for detailed analysis.
The relationship between the feedwater and system angular
frequency is shown as equation (8).

Q =
√
(K1ω2 − Hst )/R (8)

where ω is system angular frequency in rad/s and ω = 2π f ,
K1 is the coefficient determined by the structure and the size
of the feedwater pump. Hst is the resistance coefficient of
static head, and R is the resistance of the water pipe.

Equation (8) is transformed into equation (9) and (10) with
the definition of critical angular frequency ωst .

ωst =

√
Hst
K1

(9)

Q2
= 4

K1

R
π2(f 2 − f 2st ) (10)

where f is system frequency, fst is the critical frequency.
The valve opening of the feedwater pump changes the

value of variable R, so the R is a variable parameter. It makes
the valve of the feedwater pump have different operating con-
ditions and different feedwater flow at the rated frequency.

In reference [29], it means that the tolerance frequency of
the auxiliaries is about 46.5∼47.5Hz for the rated system
frequency 50Hz. In other words, the allowable frequency
deviation is about 5%∼7% of the rated value. Therefore,
it assumes that the critical frequency of the feedwater pump is
95% of the rated frequency. According to the actual operation
data, the feedwater flow and the critical frequency fst are
known quantities in equation (10). When the output of the
generator is the maximum value, the output of feedwater
pumps also is. Therefore, the maximum ratio value of K1/R
is calculated. The characteristic curve of the feedwater pump
is shown in Fig.7.

FIGURE 7. Power-frequency characteristic of the feedwater pump.

E. EXAMPLE OF THE EXTENDED FREQUENCY
RESPONSE MODEL
The extended single machine frequency response model
reflects the frequency dynamic behaviors in the long-term
period. With load increasing disturbance of 0.185 p.u.,
the impact of the boiler and auxiliaries output on dynamic
frequency behavior is demonstrated byMATLAB simulation.
Tab.1 gives out the parameter values of the extended model.
The comparison of the frequency response of the extended
and conventional single machine models is shown in Fig.8.

TABLE 1. Typical parameter values of the extended single machine
frequency response model.

The conventional single machine model assumes that the
boiler steam pressure as a constant, and the output power
is only related to the valve opening of the steam turbine.
In the frequency response process, the maximum frequency
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FIGURE 8. Frequency response curves comparison of the extended and
conventional single machine model.

deviation is 0.95Hz. In the extended model, the boiler steam
pressure is no longer maintaining a constant with the valve
opening change. The output power of the steam turbine and
the maximum frequency deviation are affected by the boiler
steam pressure and the valve opening. The maximum fre-
quency deviation of the extended model is 1.6Hz. In Fig.8,
the difference between the maximum frequency deviations
of the two models is 0.65Hz. Large frequency deviations
make the output of the auxiliaries decrease. In this case,
the boiler steam pressure and system frequency continue to
decline in the long-term period. In the dynamic response
process, the frequency of the extended model decrease to
47.75Hz at t = 300s. If the frequency stability control mea-
sures, such as UFLS, are not considered in the dynamic
process, the system frequency is unstable.

FIGURE 9. Conventional static power-frequency characteristic of the
generating unit.

III. STATIC POWER-FREQUENCY CHARACTERISTICS
A. STATIC POWER-FREQUENCY CHARACTERISTIC WITHIN
THE SMALL FREQUENCY VARIATION RANGE
The conventional static power-frequency characteristics of
the thermal power unit in Fig.9 are usually illustrated as the
straight line approximately with small frequency deviation
variation. In Fig.9, PG is the static power-frequency charac-
teristic curve of generating unit. This curve defines the ability
of the system to compensate for power imbalance at the
cost of frequency deviation. When the generator operates at
point A, the frequency is f0, and the output power is P0. If the

load characteristic curve moves to PL2, the speed-governor
uses the frequency deviation signal to regulate the valve open-
ing with the constant boiler steam pressure. The increasing
output power of the generator is inversely proportional to
frequency change. Finally, the frequency decreases to f1, and
the output power of the generator increases to P1. The new
equilibrium point is point B. The frequency deviation is 1f ,
and the change of the output power of the generator is 1P.

FIGURE 10. Static power-frequency characteristic of the thermal power
unit considering auxiliaries frequency characteristic.

B. STATIC POWER-FREQUENCY CHARACTERISTIC WITHIN
THE EXTENSIVE FREQUENCY VARIATION RANGE
The single machine system with the extended model is used
to analyze the static power-frequency characteristic of the
thermal power unit within the extensive frequency varia-
tion range in MATLAB Simulink environment. The aux-
iliaries are equipped with traditional induction motors in
the extended model. In Fig.10, the point H firstly chosen
as the initial steady-state operation point of the extended
frequency response model at (fN , P0). Then, increasing a
fixed small load disturbance of 0.002 p.u. is set to obtain
the steady-state operation. According to the generator output
power and frequency deviation in steady-state after distur-
bance, the generator regulation coefficient is calculated. And
then, using the regulation coefficient of the generator and
fixed frequency deviation df = 0.01Hz calculate generator
output power. The results are recorded and are used as the
initial steady-state operating point for the next simulation.
Using MATLAB program control simulation and record the
result. If the frequency characteristic of the auxiliaries is not
considered, the output of the generator is going to reach the
maximum value when the frequency decreases to a particular
value. The static power-frequency characteristic curve of the
thermal power unit is obtained within the extensive frequency
variation range by repeating the steps above. When the valve
opening reaches the maximum value, the output power of the
generating unit reaches the maximum value [30]. This operat-
ing condition is the full-load operation. The output power of
the generator maintains the maximum value with frequency
dropping. The static power-frequency characteristic curve
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of the generating unit without considering the auxiliaries is
shown as the solid line in Fig.10.

However, if the frequency characteristic of the auxiliaries
is considered, the performance of boiler feedwater pumps is
affected by large frequency deviations. It reduces the output
power of the generating unit [30]. In Fig.10, the static operat-
ing point moves to the constraint curve gradually. When the
static operation points are on this constraint curve, the aux-
iliary output determines the output power of the generator.
The power-frequency characteristic curve of the feedwater
pumps is the output constraint curve of the generators. The
static power-frequency characteristic curve of the generating
unit produces an inflection point N . The output power of
the generating unit is no longer monotonically increasing
within the extensive frequency variation range. To the left
part of the inflection point N on this curve, the steady-state
operating points of the generating unit are obtained by the
initialization of the frequency deviation, the steam flow, and
the fuel flow. The static power-frequency characteristic curve
of the generator is coincident with that of the auxiliaries. The
static power-frequency characteristic curve of the generating
unit within an extensive frequency variation range is shown
as the dashed line in Fig.10 when considering the frequency
characteristics of the auxiliaries.

According to the constraint of the feedwater flow, the value
of the left part of the inflection point N is 2a ∗ Qm+b.
With equation (10) and the maximum ratio value of K1/R,
the maximum feedwater flow Qm is calculated. In Fig.10, the
effect the frequency deviations on the output of the auxiliaries
is described as 1-2a ∗ Qm+b. Therefore, the 1P1 and 1P2
are calculated quantitatively, respectively, with frequency
deviation 1f1 and 1f2. In Fig.10, if the initial steady-state
operating condition is (50Hz, 0.6 p.u.), the 1f1 = 1.375Hz,
1f2 = 2.025Hz, and the1P1 = 0.2p.u.,1P2 = 0.45p.u. The
larger the frequency deviations are, the more severe effects
on the output power are.

FIGURE 11. The static power-frequency characteristic analysis.

C. STATIC STABILITY ANALYSIS OF EQUILIBRIUM POINTS
The static power-frequency characteristic curve of the gen-
erating unit has the curled-back characteristic, so it pro-
duces two equilibrium points with a given load characteristic
shown as Fig.11. In Fig.11, PG is the static power-frequency

characteristic curve of the generating unit. For the load
frequency characteristic PL1, the equilibrium points are
A1 and B1. For PL2, the equilibrium points are A2 and B2.
No matter which load characteristic is, both of the equi-
librium points can satisfy the balance between generation
and load. However, the stability characteristics of these two
static equilibrium points are different after being subjected to
disturbance.

For point A1, the frequency is f1, and the load is P1. If a
disturbance makes the load characteristic PL1 move to PL2,
the generating unit reduces unbalanced power with the cost of
frequency deviation. The output power of the generating unit
increases and the power balance is reestablished at point A2.
Therefore, the system can restore to an equilibrium state for
any small disturbance within the vicinity of the point A1. The
equilibrium point A1 is called the frequency stable equilib-
rium point (SEP). For point B1, the frequency is fb, and the
load is Pb. If frequency decreases a little, the output power of
the generating unit decrease, and then the frequency contin-
ues to drop. The system moves away from the equilibrium
point due to the load is greater than the generation. The
system is unable to restore to an equilibrium state and even
frequency collapse. Therefore, the equilibrium point B1 is
called frequency unstable equilibrium point (UEP).

FIGURE 12. Frequency stability characteristic analysis. (a) the scenario at
point A1 in Fig.11; (b) the scenario at point B1 in Fig.11.

The single machine system with the extended model MAT-
LAB simulation shows that the stability characteristics with
disturbance of these two equilibrium points in Fig.12. The
model parameters are shown in Tab.1. Fig.12(a) simulates the
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stability characteristic of SEP. The initial frequency deviation
is 0 p.u. and the mechanical power, steam flow, and fuel flow
are 0.6 p.u. Boiler steam pressure is rated value. Accord-
ing to the initial setting, the initial steady-state operating
point is (50Hz, 0.6 p.u.), and disturbance is 0.1 p.u. After
the disturbance, system frequency restores stable. Fig.12(b)
simulates the stability characteristic of UEP. In steady-state
operating conditions, the mechanical power is determined by
Pm = PL + D1f∗. The initial frequency deviation is set
as -0.03 p.u. The initial mechanical energy value, the steam
flow value, and the fuel flow value are 0.7596 p.u. The
initial load is 0.7896 p.u. According to the initial setting and
simulation, the initial steady-state operating point is (48.5Hz,
0.7596 p.u.) on the left part of the generator power-frequency
characteristic. The effects of frequency deviations (1.5Hz) on
the output power are 0.2404 p.u. The disturbance is 1e-4 p.u.
In system actual operation, the steady-state operating point is
not able to be on the UEP, but it exists in theory analysis. After
the disturbance, system frequency is unstable. The dynamic
simulation results are consistent with the analysis above.

The nonlinear state equations of the extended frequency
response model are linearized to discuss the stability charac-
teristics near the equilibrium points. Then the eigenvalues of
the coefficient matrix of the state equations are calculated to
identify system stability. If all the eigenvalues of the coef-
ficient matrix have negative real parts, the original nonlin-
ear system is stable near the equilibrium point. Otherwise,
the original nonlinear system is unstable.

When the system operates at SEP, the actual auxiliary
output is smaller than the maximum output. The basic param-
eters of the extended frequency response model are given in
Tab.1. The system eigenvalues are shown in Fig.13. From the
Fig.13, all eigenvalues have negative real parts, so the original
nonlinear system is stable near the equilibrium point.

FIGURE 13. The eigenvalues of the system when initial operation
condition at SEP.

When the system operates at UEP, the output of the auxil-
iaries is the maximum value. Therefore, the maximum value
of the fuel output is Bm, which changes the state equations
of the boiler combustion module. The basic parameters of

FIGURE 14. The eigenvalues of the system when initial operation
condition at UEP.

the extended frequency response model are given in Tab.1.
The system eigenvalues of the extended model are shown
in Fig.14. Because there is an eigenvalue with a positive real
part, the nonlinear system is unstable at UEP. The eigenvalue
with the positive real part is marked in Fig.14.

IV. QUANTITATIVE FREQUENCY STABILITY ASSESSMENT
A. DIFFERENCE BETWEEN FREQUENCY SECURITY AND
FREQUENCY STABILITY ASSESSMENT
Frequency security refers to the ability of a power system to
transit to a new operating conditionwithout violating physical
constraints. The requirements for transient frequency devia-
tion security assessment are described by a two-element table
[fth, tth]. In the table, fth is the given frequency threshold. tth is
the duration of abnormal frequency less than fth. It is the basis
for frequency security assessment in the transient process.
If the duration of frequency deviating from fth exceeds tth,
the system transient frequency deviation is insecure.

Power system frequency stability refers to the ability of
a power system to maintain steady frequency following a
severe system upset, resulting in a significant imbalance
between generation and load [8]. However, most existing fre-
quency stability assessment researches consider the accept-
ability of steady-state frequency deviation. It mainly depends
on frequency response trajectory, and then frequency stability
is judged by whether or not the system frequency restores
to an acceptable range. Frequency stability assessment is
confused with the frequency security assessment. The main
difference between frequency stability and frequency security
assessment is that frequency security analyzes the relation-
ship between frequency response trajectory and the given
requirement. Frequency stability is the characteristic of the
interaction between the frequency and power change of the
system itself.

The power system is a constrained dynamic system, as their
state trajectories are restricted to a particular subset in state-
space denoted as the feasible operating region [8]. If a dis-
turbance makes operation trajectory exit the desired region,
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it leads to system structure change or unstable operation. The
desired region is the restricted disturbance region.

B. QUANTITATIVE STATIC FREQUENCY STABILITY INDEX
For assessing the degree of static frequency stability, it is
necessary to calculate the frequency value of SEP and
UEP. According to the state equations of the steam turbine,
the boiler, the coal mill, water-wall, and the auxiliarymodules
in steady-state, the expression of the left side of genera-
tor static power-frequency characteristic is shown as equa-
tion (11). The load frequency characteristic curve is shown
as equation (12).

Pm =
k4k6
k5

(2aQ+ b) (11)

PL = P0 +1P+ D1f∗ (12)

where P0 is the initial load, 1P is load disturbances. 1f∗ is
the nominal value of frequency deviation.

Then the expression of UEP frequency is derived as equa-
tion (13) from equation (11) and (12).

(C3 − 9D2)f 2 − 6C1Df − (C2
1 + C2C3) = 0 (13)

where C1 = (P0+1P− 1)− b,C2 = f 2st , C3 = 16 · π2
· a2 ·

K1/R.
The UEP frequency is associated with some factors, such

as the initial load, the power-frequency characteristics of the
auxiliaries, load disturbance, the damping coefficient, and
the relationship between feed water and fuel. The solutions
are obtained by using the solution formula of a quadratic
function (13). One of the solutions is dropped due to its
irrationality.

The expression of the right side of the static power-
frequency characteristic of the generating unit is regarded as
a linear equation approximately as follows.

Pm = P0 + KG1f∗ (14)

where KG is the frequency regulation coefficient.
By a single machine system, the initial steady-state opera-

tion condition is (50Hz, 0.6 p.u.) The whole load frequency
characteristic is PL = P0 + D1ω. According to the method
in section III, the static frequency characteristic curves of
the generating unit and different loads are obtained and
shown in Fig.15. The system operating at load characteris-
tic 1 can withstand the larger disturbance. The load charac-
teristic 1 has a better stability degree compared with other
load characteristics.

A quantitative index for frequency static stability assess-
ment is proposed to evaluate the difference of frequency
stability between different load characteristics, which is
equation (15).

η =
fSEP − fUEP

fN
(15)

where η is the assessment index (0 ≤ η ≤ 0.05). fSEP and
fUEP present the frequency value of SEP and UEP, respec-
tively. The minimum value of fUEP is 95% of the rated fre-
quency value, and fN is the rated frequency value.

FIGURE 15. Static power-frequency characteristic curves of generator and
loads.

V. CASE STUDY
A. STABLE SCENARIOS
According to the analysis above, if the system operates at the
SEP, the system frequency is stable but maybe insecure [31].
A provincial power grid in China is used to simulate the
frequency dynamic process and to analyze frequency char-
acteristics with PSS/E. The total installed capacity of the
system is 69 008MW. The total load is 58 876MW. The
initial disturbance is generator tripping and the active power
loss 7 000MW. When the frequency increases to 49.23Hz in
the first recovery procedure, some renewable energy gener-
ating units are cut off to simulate the distributed renewable
energy secondary exiting operation. The active power loss
is 2 480MW. In the dynamic response processes, there are
two scenarios. Scenario 1 considers the UFLS control mea-
sure, but scenario 2 does not. The frequency response curves
of different scenarios are shown in Fig.16. In scenario 1,
the system frequency is restored to a stable but insecure range.
In scenario 2, system frequency is restored to a stable and
secure range. In this example, scenario 2 with UFLS control
has better stability characteristics compared with scenario 1.

FIGURE 16. The frequency response of the system after disturbance.

Using the proposed quantitative index for static frequency
stability assessment in section IV compares the degree of
static frequency stability with different load characteristics by
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TABLE 2. Static frequency stability quantitative assessment.

using a single machine model in MATLAB. The quantitative
index reflects the system static frequency stability differences
among different load characteristics. The greater this index
is, the better the static stability characteristics system has.
The stability degrees of the load characteristics 1, 2, and 3 in
Fig.15 are compared. Tab.2 shows the quantitative assessment
index and the maximum disturbance that the system can
withstand. The maximum disturbance (1Pmax) is obtained
by continuously increasing load disturbance until system fre-
quency unstable.

With the load characteristic curve changing from load 1 to
load 3, the quantitative assessment index of frequency stabil-
ity decreases. Then the static frequency stability of different
initial P0 under the rated frequency is also analyzed. The
results are shown in Tab.3. If the smaller the initial load is,
the system can withstand more severe disturbance, and the
larger the index and the better stability is.

TABLE 3. Frequency stability assessment with different initial P0.

If the given disturbance is smaller than1Pmax, the system
is stable. Hence, large-disturbance stability always refers to
a specified disturbance scenario. A stable equilibrium set
has a finite disturbance region of attraction. The larger the
disturbance region, the better the stability the system has.

B. UNSTABLE SCENARIOS
The extended single machine model is used to analyze the
frequency dynamic behaviors in a singlemachine systemwith
MATLAB to illustrate the unstable scenarios. The initial load
is 0.6 p.u. When the load increases, the imbalance is initially
covered by the generator rotor kinetic energy and makes the
rotor speed decrease. The speed-governor changes the valve
opening to release stored energy in the boiler. Then the main
steam flow and the mechanical power of the steam turbine are
increased.

When the load disturbance is larger than 1Pmax, large
active power deficits lead to a significant frequency devia-
tion. Large frequency deviations decrease the output of the
auxiliaries and then further affect the output of the boiler.
Generator and boiler regulation ability are unable to sustain
for a long time when boiler steam pressure decreases with the
valve opening increasing. If the output of boiler auxiliaries

reduces significantly, the deterioration in the performance of
boiler output does not be restrained. The boiler steam pressure
continues to decline, which makes the regulation ability of
the boiler weak, and generator output power continues to
decline.When the valve opening reaches themaximum value,
boiler steam pressure further decreases. Finally, the active
power deficit is further increased, which leads to contin-
uously decreasing in frequency and, eventually, frequency
collapse. In the single machine system with the extended
model, the disturbance is load increasing by 0.185 p.u. Fig.17
shows the dynamic response process of boiler steam pressure
when the system frequency is unstable.

FIGURE 17. Dynamics of boiler main steam pressure.

In the IEEE 39-bus system, the total installed capacity
of the system generators is 6800MW, and the total load is
6140.8MW. The dynamic models all use the typical model
and typical parameter values. The system disturbance is
1080MW, which is generator tripping at bus 30 and 38. The
disturbance amount is 15.88% of the installed capacity of the
whole system. The frequency response curves with PSS/E
simulation are shown in Fig.18 with different scenarios and
different model extensions.

FIGURE 18. Frequency response with large disturbance.

The example shows that the recovery process of the system
frequency is longer due to dynamic boiler response.When the
auxiliaries are further considered, large frequency deviations
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affect the output of auxiliaries. Then, it affects boiler steam
pressure, steam flow, and the output mechanical power of the
steam turbine. Eventually, the system frequency continues to
decrease and until frequency instability or collapse.

From the analysis above, it reveals that the main reasons
for frequency continuously dropping are the active power
balance is unable to be maintained and the weakening of
boiler regulation ability. When large frequency deviations are
experienced, the output of the auxiliaries decreases severely.
It affects the boiler operation condition and results in contin-
uously reducing the boiler steam pressure. The boiler steam
pressure that is affected by auxiliary output is unable to
restore to the standard value. This situation accelerates the
frequency deterioration process, which results in unplanned
generator tripping and cascading faults.

C. SCENARIOS WITH VARIABLE-FREQUENCY MOTOR
In the fossil-power plant, the output of the auxiliaries
equipped with the variable-frequency motors is insensitive to
frequency change. The single machine system is used to ana-
lyze the effects of the output of the auxiliaries equipped with
the variable-frequency motor on frequency dynamic behav-
iors with MATLAB. The parameters are shown in Tab.1.
The disturbance is load increasing by 0.2 p.u. In scenario 1,
the auxiliaries are equippedwith traditional inductionmotors.
In scenario 2, there are 30% of the auxiliaries equipped
with variable-frequency motors. The frequency responses
of the two situations are shown in Fig.19. The auxiliaries
equipped with the variable-frequency motor can maintain a
stable output with a large frequency deviation. The output
of the auxiliaries makes boiler steam pressure restore to the
standard value. The mechanical power continues to increase
to restore the balance between generation and load.

FIGURE 19. Frequency response considering auxiliaries equipped with a
variable-frequency motor.

VI. CONCLUSIONS
An extended frequency response model for long-term fre-
quency stability assessment is constructed, considering
the frequency characteristics of the auxiliaries. The static
power-frequency characteristic of the thermal power unit is
no longer monotonically increasing with system frequency

dropping when considering the frequency characteristic of
the auxiliaries in the extended model. There is an inflection
point on the static power-frequency characteristic curve of
the thermal power unit. The output power of the generator
decreases rapidly with frequency declination to the left part of
the inflection point on this curve. The static power-frequency
characteristic curves of the thermal power unit and the load
have two equilibrium points. These two equilibrium points
have different stability characteristics, and one of the points
with a significant frequency deviation is the frequency UEP.
Based on UEP, the proposed frequency stability quantitative
index can describe and compare the degree and the differ-
ence of static frequency stability quantitatively. The perfor-
mance of the auxiliaries equippedwith the variable-frequency
motors restrain the frequency deterioration process effec-
tively and improve the frequency stability characteristics.

In this paper, only the systems with dominant thermal
power generating units are studied with frequency reduc-
tion cases. Moreover, this paper mainly discusses static fre-
quency stability assessment. Therefore, system frequency
characteristics analysis with other types of generators, over
frequency cases, and the dynamic frequency stability quanti-
tative assessment need be further discussed in the following
study.
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