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ABSTRACT With the increasing integration of renewable generation, many power grids have gradually
formed AC–DC hybrid systems. Abnormal operations, such as DC blocking faults and generation trips,
have led to several incidents of large frequency deviations. However, current simulation methods result in
large errors when estimating the frequency regulation capacity of the system. This paper proposes a generic
system frequency-response (SFR) model that can be used to estimate the dynamic frequency behavior of
modern large-scale power systems. The limitations of the classical SFR model is first analyzed. Second,
a generic SFRmodel with a more reasonable structure is presented, and the parameter-determination strategy
is proposed using both the dynamic and steady-state data. Then, the generic SFR model is built and verified
by a simulation case. Finally, a generic SFR model with satisfactory accuracy is established for the power
grid in East China based on the measured disturbance data. The results show that the proposed model is
promising for broad potential applications.

INDEX TERMS AC–DC hybrid system, DC blocking, frequency regulation, system frequency
response (SFR), generic SFR model, parameter estimation.

I. INTRODUCTION
As some of the most important parameters of power sys-
tems, frequency and its dynamic characteristics are crucial
for power system stability and control [1]. In the past, large
frequency deviations in large-scale power grids have occurred
rarely. Therefore, studies on the security and stability of the
power system mainly focused on rotor angle stability and
voltage stability, whereas frequency stability has received
little attention. With the continuous development of ultra-
high-voltage (UHV) AC and DC transmission technology,
many power grids have gradually formed a large-scale long-
distance UHV AC–DC hybrid system [2]–[4]. Abnormal
operations, such asDCblocking faults and trips of generation,
have led to several incidents of large frequency deviations
in the world, including China and the UK [5], [6]. However,
existing methods lack sufficient precision for frequency pre-
diction, which poses a great threat to the safety and stable
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operation of power systems. Therefore, it is of great sig-
nificance to conduct in-depth studies on frequency response
modeling and prediction for modern large-scale power
systems.

Currently, there are four methods for power system
frequency-response (SFR) modeling and prediction: full
model time-domain simulation, linearized models, artifi-
cial intelligence, and single-machine equivalent models. The
full model time-domain simulation method is currently the
most widely used for dynamic frequency calculation [7].
However, it takes all elements’ dynamic characteristics
into account, resulting in the largest computation work-
load. Moreover, owing to the large number of parame-
ters involved, accurately setting all the parameters is a
difficult task. The linearized model analysis method cal-
culates dynamic frequency based on a partially linearized
model [8]–[10]. Although it reduces the computation burden
to a certain extent, it still encounters the same problems
as the full model time domain simulation method when
dealing with large scale power grid. The accuracy of the
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artificial intelligence method relies on a large amount of
measured data, currently making the method difficult to be
promoted and applied in real power grids [11]–[13]. The
single-machine equivalent model method has the least com-
putation cost among the methods, and is suitable for online
analysis [14]–[18]. The equivalent models mainly include
the average system-frequency model (ASF) [14], [15], and
SFR model [16], [18]. As the equivalent model with simple
structure is capable of obtaining the analytical solution of the
frequency response, it is applied to a wide variety of studies
related to power system dynamics, such as demand response
for frequency control [17], [19]–[21], and frequency-stability
analysis [22]–[26].

In the SFR model, the prime mover-governor models of
the generators are represented by a simplified reheat steam
turbine-governor model. Thus, the classical SFRmodel is not
suitable for modern power systems in which various types of
governors and generators exist, such as hydraulic turbines and
renewable power generators. Several studies on extended or
improved SFRmodels have been recently performed. In [27],
an improved average SFR model is proposed to evaluate the
contribution of the inertial and droop responses from a wind
farm to short-term frequency regulation. The role of electric
vehicles contributing to the primary frequency response is
investigated in [28] by using the simplified Great Britain
power-system model, which is an improved SFR model.
In [29], a convenient method is provided to unify the model
for Type-3 wind turbines with a typical SFR model of syn-
chronous generators to construct frequency-dynamics analy-
sis for large-scale power systems. In [30], an extended SFR
model with high-penetration wind power considering oper-
ating regions and wind-speed disturbance is proposed and
verified through comparisons of the detailedmodel. However,
most studies improve the SFR model for a particular pur-
pose, such as integration of wind power or electric vehicles.
In [18], an analytical method is proposed for aggregating
the multi-machine SFR model into a single-machine model.
However, the multi-machine SFR model and aggregated SFR
model only include synchronous generators. Moreover, most
of the improved SFR models are only verified by detailed
model simulations. In other words, there is a lack of studies
on universal SFR models with stronger adaptability and their
validation in combination with the recorded disturbance data
in a real large-scale power grid.

To address the gaps in the present literature, this work
proposes a generic SFR model, which is verified using dis-
turbance data recorded in the power grid of East China.
The model structure is redesigned based on the classical
SFR model, and the parameter determination strategy is also
presented.

The remaining parts of this paper are organized as follows.
Section II reviews the classical SFR model and presents
the structure of the generic SFR model. Section III pro-
poses the parameter determination of the generic SFR model.
Section IV verifies the model via a detailed system simula-
tion. Section V verifies the model using the disturbance data

FIGURE 1. Classical SFR model.

recorded in the power grid of East China. Finally, conclusions
are made in Section VI.

II. GENERIC SFR MODEL STRUCTURE
A. CLASSICAL SFR MODEL STRUCTURE
The SFR model averages the machine dynamics in a multiple
machines system into an equivalent single machine [16],
the average system frequency is defined as the weighted
summation of the machine speeds [14], i.e.,

f =
N∑
k=1

ρk fk , ρk = Hk/
N∑
k=1

Hk (1)

where f is the average system frequency in per-unit, fk is the
frequency or speed of the machine k in per-unit, Hk is the
inertia constant of the machine k in seconds. The result is a
representation of only the average system dynamics, while
ignoring the inter-machine oscillations. As the fluctuation of
SFR is usually small, the nonlinearity is not considered in
the SFR model [16]–[18]. If the fluctuation of SFR is large,
nonlinearity such as the position and rate limits of valves or
gates should be considered.

By neglecting the nonlinear blocks and small time con-
stants, a classical SFR model is proposed by P. M. Anderson
and M. Mirheydar in [16] to derive an analytical expression
of the average frequency dynamics of the power system,
in which the generators are dominated by a reheat steam
turbine.

The block diagram of the classical SFR model in [16] is
shown in Fig. 1. 1f is frequency deviation, and 1Pd is the
power disturbance, which is positive for a sudden increase
in generation or a sudden decrease in load, and negative for
a sudden increase in load or sudden decrease in generation,
i.e.,

1Pd (t)=1Pdε(t), 1Pd=


> 0, if generation increase

or load decrease
< 0, if load increase or

generation decrease
(2)

1Pm is the mechanical power deviation; 1Pa is the accel-
erating power;2H is the equivalent inertia constant of the
generator in seconds;D is the equivalent damping factor; R is
the droop setting of the governor;Km is the mechanical power
gain factor, such that Km/R is the actual droop coefficient;
TR is the reheat time constant in seconds; and FH is the
fraction of total power generated by the high-pressure turbine.
It can be observed from Fig.1 that the feedback loop includes
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FIGURE 2. Interim SFR model.

two parts: the aggregate prime mover model and the governor
model. The aggregate prime-mover model is described by a
simplified reheat steam-turbine model, whereas the aggregate
governor model is represented by the static droop coeffi-
cient. Therefore, the classic SFR model is only applicable
to thermal power-generation systems with fast frequency
modulation.

B. GENERIC SFR MODEL STRUCTURE
There are several problems when applying the classical SFR
model to modern power systems. 1) As it only considers the
reheat steam turbine, it is not suitable for power systems inte-
grated with hydro generation or renewable generation. 2) The
speed-governing system model is too simplified and may not
represent its dynamic characteristic. 3) There is no explicit
consideration of the effect of load–frequency dependence.
4) In the steam turbine-governor model, Km and R, as well
as FH and TR, cannot be uniquely determined.

Regarding the first and second problems, if extended with
the dynamic models of the hydro generation and renewable
generation, the SFR model will be too complicated to be
used. Therefore, a uniform transfer function is proposed to
describe the equivalent dynamics of the aggregate prime
mover-governor [15], as shown in (3).

Gm (s) =
1Pm
1f
=

J∑
j=0

bjsJ−j

I∑
i=0

aisI−i
, aI = 1 (3)

where ai and bj are the coefficients of the transfer function.
Regarding the third problem, a frequency dependent term

of the load is added to SFR model [15], as shown in (4).

1PL = KL1f (4)

where 1PL is the load power deviation; KL is the frequency
coefficient of the load. Thus, the model structure shown in
Fig. 2 is obtained.

From Fig. 2, it can be determined that

[1Pd − KL1f − Gm(s)1f ]
1

2Hs+ D
= 1f (5)

Hence, the whole transfer function of the system is

1f
1Pd

=
1

2Hs+ (D+ KL)+ Gm(s)
(6)

FIGURE 3. Generic SFR model.

It can be observed thatD and KL can be combined into one
parameter, defined as

KD = D+ KL (7)

Therefore, the model shown in Fig. 3 can be obtained,
which is called a generic SFR (G-SFR) model. In this model,
the specific type of the prime mover-governor model is no
longer involved, and thus, it is suitable for the power grids
integrated with thermal, hydro, and renewable generation.

Regarding the fourth problem, the uniqueness of SFR
model parameters will be solved in the Section III.

III. PARAMETER ESTIMATION OF G-SFR MODEL
A. PARAMETER ANALYSIS
According to (3), (6) and (7), the system transfer function
between the frequency response and power disturbance can
be deduced as follow:

1f
1Pd

=
1

(2Hs+ KD)+ Gm (s)

=

I∑
i=0

aisI−i

(2Hs+ KD)
I∑
i=0

aisI−i +
J∑
j=0

bjsJ−j

=

I∑
i=0

aisI−i

2Ha0sI+1+
I∑
i=0

(
2Hai+1+KDai+bi−(I−J )

)
sI−i

(8)

This can be written in the format of a uniform transfer
function as (9).

G (s) =

I∑
i=0

BisI−i

I+1∑
i=0

AisI+1−i
, BI = 1 (9)

where Ai and Bj are the coefficients of the system transfer
function, which will be determined by parameter estimation
based on measured data. It is noted that the number of system
transfer-function parameters, excluding BI , is 2I+2, and the
number of G-SFR parameters, excluding aI , is I + J+3.
If J = I − 1, the number of system transfer function param-
eters will equal the number of G-SFR parameters, which
will lead to the uniqueness of the G-SFR parameters. Here,
J = I − 1 means the order of the numerator is one less than
that of the denominator, which is a very common situation.
Then, the relationship between the system transfer-function
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parameters and G-SFR parameters can be obtained.
Bi = ai (i = 0, · · · , I − 1)
A0 = 2Ha0
A1 = 2Ha1 + KDa0
Ai+1 = 2Hai+1 + KDai + bi−1 (i = 1, · · · , I )

(10)

B. PARAMETER ESTIMATION BASED ON DYNAMIC DATA
1)According to the dynamic process of the power disturbance
and the frequency response, the coefficients Ai and Bj in the
transfer function (9) can be estimated by the least-squares
method incorporated inMATLAB 2016b. The objective func-
tion is as follows:

minE(θ ) =
θ=θ∗

N∑
k=1

[
fc,k (θ )− fa,k

]2 (11)

where the subscript c represents the frequency-response data
calculated using the G-SFR model, whereas the subscript a
represents the actual or measured frequency response. The
parameters θ include Ai and Bj, i.e.,

θ = [A0, · · · ,AI+1,B0, · · · ,BJ ]T (12)

2) Based on (10), the parameters of the G-SFR model can
be determined by

H =
A0
2B0

KD =
A1B0 − A0B1

B20
ai = Bi, (i = 0, · · · , I − 1)

bj =
Aj+2B20 − A0B0Bj+2 − A1B0Bj+1 + A0B1Bj+1

B20
,

(j = 0, · · · , J)

(13)

Therefore, with the estimated transfer-function parame-
ters, the parameters in the G-SFR model can be determined
uniquely.

C. PARAMETER ESTIMATION BASED ON
DYNAMIC AND STEADY-STATE DATA
1) When dynamic response data are used to estimate the
aforementioned coefficients in the transfer function (9),
the error index is defined as the minimization of the dynamic
errors. Therefore, it cannot guarantee zero or low steady-state
error in frequency. As the steady-state values of frequency
and power disturbance can bemeasured, the steady-state error
is set to 0 as a constraint in this study, namely,

lim
t→∞

[
1Pd (t)
1f (t)

]
=
1Pd∞
1f∞

(14)

where, 1Pd∞ is the steady-state power disturbance, 1f∞ is
the steady-state frequency deviation.

As steady state indicates s = 0 for the transfer function,
substituting s = 0 into (3) yields

KG =
1Pm∞
1f∞

= Gm (0) = bJ (15)

This means that bJ is the frequency droop coefficient of the
generator. Furthermore, from (13) and (15), we have

KD + KG =
A1B0 − A0B1

B20
+
AJ+2B20 − A1B0 + A0B1

B20
= AI+1 (16)

Then, substituting s = 0 into (8) and (9) yields

1Pd∞
1f∞

=
1

G (0)
= AI+1 = KD + KG (17)

It can be observed that: (1) The system frequency-droop
coefficients KD and KG jointly determine the steady-state
value of the frequency response; (2) The sum of the two coef-
ficients equals to AI+1; (3) AI+1 can be determined directly
by the steady-state data, so thatAI+1 needs not to be estimated
by the dynamic data.
2) According to the dynamic process of power disturbance

and frequency response, the coefficients other than AI+1 in
the transfer function (9) can be obtained using parameter
estimation method, i.e.,

θ = [A0, · · · ,AI ,B0, · · · ,BJ ]T (18)

3) Based on (10), (15), and (17), the parameters in the
G-SFR model can be determined uniquely by

H =
A0
2B0

KD =
A1B0 − A0B1

B20
KG = bJ =

1Pd∞
1f∞

−
A1B0 − A0B1

B20
ai = Bi, (i = 0, · · · , I − 1)

bj =
Aj+2B20 − A0B0Bj+2 − A1B0Bj+1 + A0B1Bj+1

B20
,

(j = 0, · · · , J − 1)

(19)

D. ORDER DETERMITION OF TRANSFER FUNCTION
As an important parameter of the G-SFR model, the order of
transfer function Gm(s), i.e., I in the previous section, should
be determined.

This transfer function represents the equivalent relation-
ship between total mechanical power deviation and system
frequency deviation. It should be pointed out that, although
the summation of the prime mover-governor transfer func-
tions is of very high order. However, the average system
frequency varies slowly. Therefore, a low-order transfer func-
tion may be obtained, in which only the slow modes are
considered and the fast modes are neglected.

As there is no effective theoretical method for order deter-
mination, a trial and error method is used here. Trials were
made in simulation systems such as IEEE 9-bus system,
IEEE 39-bus system and the real power system such as East
China Power Grid and Zhejiang Power Grid. In the following
section, three transfer functions with first, second, and the
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FIGURE 4. Configuration of the simulation system.

third orders are tested, i.e.,
I = 1, Gm(s) =

b0
a0s+ 1

I = 2, Gm(s) =
b0s+ b1

a0s2 + a1s+ 1

I = 3, Gm(s) =
b0s2 + b1s+ b2

a0s3 + a1s2 + a2s+ 1

(20)

To compare the G-SFR models with different orders,
the errors of major indexes in system frequency response are
defined as

ErrorInitial slope =

∣∣∣∣Slopea − SlopecSlopea

∣∣∣∣× 100%

Errorextreme frequency =

∣∣∣∣ frequencyMa − frequencyMcfrequencyMa

∣∣∣∣
×100%

Errorsteady−state frequency =

∣∣∣∣ frequency∞a − frequency∞cfrequency∞a

∣∣∣∣
×100%

(21)

where the subscript a represents the measured or actual value,
the subscript c represents the value calculated with G-SFR
model, the subscript M presents the minimum or maximum
frequency in the dynamic process.

IV. VALIDATION OF THE G-SFR MODEL
BY SIMULATION SYSTEMS
The simulation studies in an IEEE 39-bus system (as shown
in Fig. 4) are reported here. To verify the effectiveness of the
G-SFR model in the case of different generation, the sim-
ulation system includes hydro, thermal, and wind power
units, as listed in Table 1. The simulations are based on
the software PSD-BPA, which is a power system simulation
software developed by the China Electric Power Research
Institute and is widely used by power companies in China.
The model structures of the prime mover and its governor in

TABLE 1. The settings of the generators in IEEE 39-Bus System.

FIGURE 5. Model structures of the prime mover and its governor in a
hydro unit.

FIGURE 6. Model structures of the prime mover and its governor in a
thermal unit.

TABLE 2. Settings of total load increase.

the hydro and thermal units are shown in Fig. 5 and Fig. 6,
respectively. The introduction of these models can be found
in Sections 5.1.2 and 5.1.3 of [31], respectively. Because
the DFIG-based wind power generators operate in maximum
power point tracking mode [32], they will not provide fre-
quency regulation to the power system. Hence, the models of
the wind power generator are not introduced here, but can be
found in Section 6.2 of [31].

The total load of this system is 6192.8 MW when the
system frequency is 50.00 Hz.We set three total load increase
cases of +2.5%, +5.0% and +7.5%, respectively. The load
increase occurred in some randomly selected buses, and the
detailed amount is listed in Table 2.
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FIGURE 7. Comparisons of SFR among the actual data and the G-SFR
models with different order.

TABLE 3. Errors of the G-SFR at different orders under +5.0% load
increase.

TABLE 4. Estimated parameters of the third-order G-SFR model.

The system frequency response under Case II of+5% total
load increase was used to estimate the coefficients in G-SFR.
In this case, the frequency dropped to its minimum value
of 49.761 Hz and finally reached 49.909 Hz. The results of
the G-SFR with different orders are compared, Fig. 7 shows
the SFR of G-SFR model with different orders, and the errors
of major indexes are listed in Table 3.

Bases on the errors listed in Table 3, it could be seen
that the second-order Gm(s) has the best results. In addition,
according to the simulation results of frequency response
with different scale systems and different disturbances, it is
also found that the second-order Gm(s) is suitable to obtain
satisfactory results of the system frequency response.

According to the parameter estimation method in
Section III.C, the parameter A3 is first determined according
to the steady-state data, and the other parameters are then
estimated by the least-square method in MATLAB 2016b
based on the dynamic data. The parameter-estimation results
of the third-order G-SFR model are shown in Table 4.

To validate the adaptability of the G-SFRmodel, the model
obtained above is used to simulate the frequency response
under different load increases as Case I and Case III listed
in Table 2. The results are shown in Fig. 8 and the errors of
the G-SFR models are listed in Table 5.

The following can be observed from Table 3, Table 5,
Fig. 7, and Fig. 8: 1) The output of G-SFR model are very
close to the actual frequency responses; 2) The minimum
frequency obtained by the G-SFR model is accurate; 3) The
G-SFR model obtained in one case are adaptable to other
cases; 4) Using the second-order Gm(s) in G-SFR is suitable
to obtain satisfactory results.

FIGURE 8. Comparisons of SFR among the actual data and the G-SFR
model under different disturbances.

TABLE 5. Errors of the obtained G-SFR under different total load increase
percentage.

V. VALIDATION OF THE G-SFR
MODEL BY REAL SYSTEMS
Practical studies in the East China Power Grid are reported
here. The power grid is a typical receiving-end power grid in
China, which provides electricity for Shanghai city, Jiangsu
province, Zhejiang province, Fujian province, and Anhui
province. The East China Power Grid is the largest regional
grid in China in terms of total electric load. The actual
frequency-fluctuation data used in this section was recorded
at 03:05:14 October 20, 2015. In 2015, there were a total
of 241.8 GW thermal units, 20.18 GWhydro units, 14.01 GW
nuclear units, 9.08 GW wind power units, and 3.77 GW
photovoltaic units in the region of the East China Power
Grid, and there were 7 DC lines that transmitted 31.76 GW
electricity in total to the East China Power Grid. A single-
pole blocking fault occurred in the Binjin DC Line, which
resulted in a power shortage of approximately 3700 MW.
Because the accident occurred at midnight, the total load
was only approximately 160 GW before the accident. The
system frequency decreased from 50.01 to 49.77 Hz, and then
recovered to 49.87 Hz in this accident.

Based on this recorded data, we compare the outputs of
G-SFR models with different orders as shown in Fig. 9, and
the errors are listed in Table 6. It can be seen that although
the East China Power Grid is quite a large power system, its
frequency response can be represented by a low-order transfer
function. The outputs of the G-SFR models with different
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FIGURE 9. Comparisons of SFR among the measured data and the G-SFR
models.

TABLE 6. Errors of the G-SFR model with different orders under field
measured data in East China power grid.

TABLE 7. Parameters of the G-SFR model for East China power grid.

orders are close to themeasured one, whereas the G-SFRwith
second-order Gm(s) is the best.
The parameters of the G-SFR with the second-order Gm(s)

were estimated and presented in Table 7 using the method
presented in Section III.C. It can be seen from Fig. 9, Table 6,
and Table 7 that: 1) The frequency response using the G-SFR
model fits the measured data quite well. 2) The important
parameters, including H , KD, and KG are all reasonable. For
example, the East China Power Grid reported that parameter
KD ranged from 2.35 to 2.81 [5], and the estimated KD was
2.561, which is within the range.

VI. CONCLUSION
A generic SFR model structure has been developed that
is suitable for power systems including thermal, hydro,
and renewable generation. The parameter-estimation strat-
egy is then proposed, in which every parameter can be
uniquely determined based on dynamic and steady-state data.
The transfer function for equivalent prime mover-governor
is suggested to be second-order. The effectiveness of the
G-SFRmodel was verified by simulation cases. Furthermore,
a G-SFR model of the power grid in East China was built
based on the measured disturbance data, for which an ideal
fitting effect was obtained.
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