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A B S T R A C T

It is becoming more and more important to consider the frequency security of power system during active power dispatch, especially when large-scale wind power is
integrated. This paper describes a robust look-ahead dispatch method accounting for improved primary frequency response, in which a proportional-differential
controller is introduced into the conventional primary frequency control as feedback function. And an order reduction method for frequency-domain transfer function
is proposed. Based on this, the time-domain frequency response characteristic is derived and incorporated into the robust look-ahead dispatch model. The simulation
results on IEEE RTS system proved the effectiveness of the proposed method on improving the frequency response characteristics and increasing the penetration level
of renewable resources.

1. Introduction

Wind energy is one of the most promising renewable energy sources
in the future, which is inexhaustible, clean and pollution-free. And the
global wind power generation industry has achieved extraordinary
development in the past two decades. In China, the new installed wind
turbine capacity was 19,660MW at the end of 2017, which accounts for
37.45% of the world's new installed capacity and ranks first in the
world [1].

Although there are many advantages for wind energy, it is also
highly intermittent and stochastic. Large-scale wind power integration
brings great challenges to the active power dispatch and frequency
control of power system. When an unexpected wind power fluctuation
happens, the active power balance of the power system will be broken
and the frequency will deviate from its nominal value correspondingly,
which makes the power system unstable. What’s more, most of the wind
turbines are asynchronous generators, who cannot provide inertial re-
sponse and primary frequency control services to the system like tra-
ditional synchronous generators, and thus making the system frequency
control more difficult.

Look-ahead dispatch method, a receding horizontal based dynamic
dispatch method, has been proved to be an effective method to improve
the utilization of renewable energy resources and has been much stu-
died in previous literature [2–8]. Based on the predictive output from
the wind power, the look-ahead dispatch algorithm for dispatching the
available generation resources is presented in [2]. The simulation re-
sults show that the look-ahead dispatch could lower the generation

costs by directly dispatching the generator output from the renewable
resources in order to compensate temporal load variations over pre-
defined time horizon. [3] presents a method for the early detection and
optimal corrective measures of power system insecurity in an enhanced
look-ahead dispatch framework. [4] presents a case study of applying
look-ahead dispatch in the nodal market operations of Electric Relia-
bility Council of Texas system. A new look-ahead multi-timeframe
generator control and dispatch method was developed in [5] in the PJM
real time system to determine the optimal dispatch solutions for each
generator. In [6], two models are presented to incorporate short-term
stored energy resources into multiple-interval real time look-ahead se-
curity constrained economic dispatch (SCED). Study on a three-bus
system indicates that using multiple-interval SCED can reduce the
market clearing cost. In [7], a linear programming approach is applied
to the look-ahead dispatch of grid-tied microgrids with energy storage,
demand response resources and non-dispatchable solar or wind re-
sources. The price responsive demand study is specifically designed in
[8] to evaluate the impact of price responsive demand program on
many aspects of PJM look-ahead system operations and market
clearing, including resource dispatch, security constraint management,
and energy pricing, particularly in shortage pricing context.

Although the uncertainty from intermittent resources has been
considered in look-ahead dispatch, the power system may still suffer
capacity inadequacy when wind power output deviates from the pre-
dicted value. Hence, the robust optimization is introduced into the
conventional look-ahead dispatch method, in which the uncertainty of
wind power output is considered as an interval, and the optimal
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solution is immunized against all realizations of the uncertain data
within in the interval [9–13]. A robust interval look-ahead power dis-
patch model is proposed in [10], which gives interval solutions for wind
farms and optimal economic solutions for conventional units to miti-
gate the uncertainty inherent to wind power. An adjustable uncertainty
set is proposed in [11] to reduce the conservativeness of robust look-
ahead dispatch. Test results show that the method is effective in re-
ducing the conservativeness and ensuring system security with con-
trollable risk. A flexible look-ahead dispatch model is developed in [12]
to balance the operational costs and the conditional value-at-risk of
wind power based on robust optimization. An adaptive robust optimi-
zation model with dynamic uncertainty sets for the economic dispatch
of power systems with high level of wind penetration is presented in
[13].

To guarantee the power system stability, the post-fault frequency
evolution should be accounted for in the robust look-ahead dispatch
model. However, despite many studies on look-ahead dispatch method
and model for large-scale wind power integrated power system, only
few of them account for the frequency stability issues [14–18]. In [14],
a co-optimized market clearing algorithm is presented that incorporates
two new frequency-based security constraints: the rate of change of
frequency constraint, and the minimum frequency constraint. In [15], a
modified system frequency response model is derived and used to find
analytical representation of system minimum frequency in thermal-
dominant multi-machine systems. The contribution of the demand side
and variable-speed wind turbines to the primary frequency control is
analysed in [16]. In [17], a unit commitment model that simulta-
neously accounts for both primary and tertiary reserve constraints is
formulated. [18] proposes a stochastic unit commitment formulation
accounting for post-fault dynamic frequency requirement, which could
ensure the dynamic evolution of post-fault frequency to be within limits
associated with the RoCoF, nadir frequency and quasi-steady-state
frequency.

It can be observed that the previous studies are mainly focused on
the method to incorporate frequency-based security constraints into
look-ahead dispatch model. However, for those power systems with
large-scale wind power integration, when the frequency security con-
straints are considered in real-time operation, the wind power output
will be abandoned severely, making the dispatch result very con-
servative, which is quite not economical and not the expectation of
operators. Hence, the method that could effectively improve the fre-
quency response characteristics in economic dispatch is needed.

This paper proposes a robust look-ahead dispatch method ac-
counting for improved primary frequency response, in which a pro-
portional-differential controller (PD) as feedback function is designed
and introduced into the conventional primary frequency control. The
new primary frequency response characteristic is derived and an order
reduction method for frequency-domain transfer function is proposed.
Based on this, the time-domain frequency response characteristic is
derived and incorporated into the robust look-ahead dispatch model.

Compared to conventional method, it can be seen from the simu-
lation results that the system primary frequency response character-
istics could be greatly improved, and hence a higher penetration level
of renewable resources could be integrated with the proposed method.

The rest of this paper is organized as follows: Section II describes the
proposed primary frequency characteristic with proportional-differ-
ential controller and the order reduction method for it. The time-do-
main frequency response characteristic is also derived. Section III pre-
sents the detailed expression of the robust look-ahead dispatch model,
in which primary frequency response constraints are formulated.
Section IV gives the numerical test on IEEE RTS system. Section V
concludes the paper.

2. Primary frequency response with proportional-differential
controller design

The conventional primary frequency response of power system can
be depicted by Fig. 1 and (1).
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where, H represents system inertia constant, D is the load damping rate,
△PL is the power imbalance disturbance, R is the governor droop rate,
TRH is the reheater time constant, FHP is the power fraction of HP tur-
bine to the total turbine power, TG is the servo motor time constant; TCH
is the time constant of the steam chamber and main inlet.

As is known, when there is a generator trip or sudden wind power
output fluctuation, the active power balance of the power system will
be broken and the frequency will rise or fall correspondingly. When the
frequency goes beyond the security range, the power system will be-
come unstable. To avoid this, more inertia or less wind power output is
required, resulting in large amount of wind power abandoned some-
times, which reduces the economics of the power system greatly.

If the primary frequency response characteristics can be improved,
which means that the amplitude of the frequency fluctuation under
contingency could be decreased, e.g. from −0.5 Hz to −0.2 Hz, then
more serious disturbances can be withstood by the power system, and
more wind power output can be absorbed, which will make the power
system more economic.

In this paper, a proportional-differential controller is added as
feedback loop to the conventional primary frequency control, and the
new primary frequency control procedure is shown in Fig. 2.

The transfer function expression of Fig. 2 is shown in (2).
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where, RP and RD are respectively the proportional and differential
coefficient of the feedback loop.

AsTCH usually takes the value of 0.2–0.3 s andTRH takes the value of
6–12 s, TCH can be ignored compared to TRH [19]. And the transfer
function (2) can be reduced to be (3), whose characteristic polynomial
equation is cubic.
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Fig. 1. Conventional primary frequency response of power system.
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Fig. 2. Proposed primary frequency control with PD feedback.
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To make the control system stable, the pole point of the transfer
function should be at the left half of the coordinate plane. From Routh-
Hurwitz stability criterion, (4)–(7) should be satisfied.
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From (4)–(6), it can be deducted that:
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When RP and RD becomes smaller, the pole point will be farther
away from the virtual axis of the coordinate plane, and the control
system is stabler. However, the control effect will be poorer, which
means that the frequency fluctuation will be larger, and vice versa.
Hence, to make the frequency fluctuation small, a larger RP and RD
should be chosen; meantime, as R usually takes the value of 10-3, both

−R R(1 )P and −T R R( )G D will be very small. Based on this, (7) can be
simplified to be (8) by omitting the small −R R(1 )P and −T R R( )G D

terms.
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When TRH takes the typical value of 6–12 s, FHP takes 0.1–0.6, D
takes 1% and H takes 3–6 s, it can be deducted from (8) that
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Based on (9), (3) can be simplified to be (10) by ignoring the smaller
time constant −

−
T R

R1
G D

P
as insignificant compared to TRH .
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When multiple-machine system is considered, (10) can be extended
to be (11).
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As the largest frequency dip is less sensitive to the governor time
constant TRH i, , equal values of T can be assumed for TRH i, from [15].
Meantime, for simplicity, we assume that all of the RP i, take the same
value of RP. Then the transfer function (11) can be rewritten as the
following standard form:
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The time-domain step response can be derived as
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Letting the derivative of ω tΔ ( ) equal 0, the extreme point can be
obtained.
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3. Robust look-ahead dispatch model accounting for improved
primary frequency response

A robust interval wind power dispatch method is proposed in our
previous work [10] to manage operational uncertainties inherent to
wind power, in which the impact of worst-case wind power output to
transmission interface flow and spinning reserve constraints is con-
sidered. In this paper, the proposed primary frequency response is
formulated as a constraint and included into the model to account for
frequency security of the power system.

1) Objective function
The thermal unit operation cost and the wind power curtailment

penalty cost are considered in the objective function.
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where a b c, ,i i i are the cost coefficients of thermal unit i. λj is the penalty
coefficient of wind curtailment, pit is the power output of unit i during
time period t. t0 and T are respectively the initial period and optimi-
zation horizon. [ ̂p̲ jt

w, ̂p j̄t
w ] is the output schedule of wind farm j during

time period t. [ p̲jt
w, p̄jt

w ] is the predicted wind power output interval of
wind farm j during time period t.

2) Constraints
a) The worst-case frequency response limit constraint
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where, fΔ¯ is the frequency security threshold of the power system.
Γ∈ [0,1] is the budget of uncertainty, which represents the trade-off of
security and economics. The bigger Γ is, the more conservative the
result is, and vice versa. pΔ jt

w is the wind power output fluctuation.
The objective of (16) makes sure that the amplitude of the largest

frequency dip under any wind power output scenario is smaller than the
allowed frequency security threshold. The first constraint of (16) re-
presents the limit constraint of wind power variation for single wind
farm j during time period t. The second constraint of (16) represents the
limit constraint of wind power variation for all the wind farms.
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(16) is a nonlinear programming model, which cannot be directly
solved. However, it can be equivalently transformed to be the following
two linear programming models by removing the symbol of absolute
value.
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b) The power output limit constraints for wind farms and thermal
units
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where, p p̲ , ¯i i are the lower and upper power output limit of unit i.
c) The spinning reserve constraints under worst-case scenarios
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where, Dt is the load demand of the power system. Rit
u and Rit

d are the
upward and downward spinning reserve of unit i during time period t,
where
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d) The transmission interface flow constraints under worst-case
scenarios

̂ ̂
⎧

⎨
⎪

⎩⎪

∑ + ∑ ⩽

⩽ ⩽ = ⋯
∈ ∈

( )k p k p TL

s t p p p l L

max ( ) ( ) ¯

. . ̲
¯ , 1,

p i G
li it

j G
lj jt

w
l

jt
w

jt
w

jt
w

jt
w

con wind

(24)

̂ ̂
⎧

⎨
⎪

⎩⎪

∑ + ∑ ⩾

⩽ ⩽
∈ ∈

( )k p k p TL

s t p p p

min ( ) ( ) ̲

. . ̲
¯

p i G
li it

j G
lj jt

w
l

jt
w

jt
w

jt
w

jt
w

con wind

(25)

where, [TL̲l, TL̄l ] represents the transmission interface flow limit. kli is
the generation distribution shift factor of unit i to transmission interface
l [20].

e) The ramping rate constraint is

− ⩽ ⩽ +− −p pd T p p pu TΔ Δ Δ Δi t i it i t i, 1 , 1 (26)

The proposed model is a two-layer nonlinear robust optimization
problem, which can be transformed into the conventional quadratic
programming problem using strong duality theory [10]. And the nu-
merical simulation results are listed as follows.

4. Simulation results

In this section, the robust look-ahead dispatch method accounting
for improved primary frequency response is tested on the IEEE RTS
system [21,22]. And the predicted load demand data is taken from [10].
The predicted wind power output data is shown in Fig. 10.

4.1. The control effects of primary frequency response with and without PD
feedback function

Fig. 3 presents the primary frequency response (PFC) curves with
and without proportional-differential feedback loop, where the pro-
portional coefficient RP =0.6 and the differential coefficient
RD =0.15, TG=0.2 s. And a 23.91MW sudden decrease in the wind
power output, known as wind gust, is considered as a contingency at
time 0 s due to its unpredictability.

It can be seen from Fig. 3 that the largest frequency dip is about
−0.19 Hz, which occurs at about 2.82 s with the conventional primary
frequency control model. This has gone beyond the frequency security
range, which is about 0.15 Hz in China and the system will become
unstable.

However, when the proportional-differential feedback is considered,
the largest frequency dip becomes −0.095 Hz at about 1.20 s, which is
still within the frequency security range. Therefore, the PFC with PD
feedback could effectively reduce the largest frequency dip and mean-
time shortening the fluctuation time, which is very beneficial for the
transient stability of the power system.

4.2. Comparison of the effects of differential feedback and proportional
feedback

The primary frequency response curves with different proportional
feedback coefficients (where differential coefficient RD =0.15) and
differential feedback coefficients (where proportional coefficient
RP =0.6) are respectively shown in Figs. 4 and 5.

From the results, it is observed that the proportional coefficient RP is
the dominant factor for the amplitude of the largest frequency dip and
the response speed. While the differential feedback coefficient RD
mainly plays the role of oscillation suppression. When RP becomes
larger, the largest frequency dip becomes smaller, and the primary
frequency response is faster. When RD become larger, the amplitude of
frequency oscillation becomes smaller.

The amplitude and occurring time of the largest frequency dip under
different RD and RP combinations are respectively shown in Figs. 6 and
7, and the conclusion is consistent with the analysis in preceding
paragraph.

Fig. 3. Primary frequency control effect of the conventional PFC and PFC with
PD feedback.
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4.3. Comparison of simplified time-domain and frequency-domain primary
frequency response

Fig. 8 presents the comparison of primary frequency response curve
between simplified time-domain expression (13) and frequency-domain
expression (3), where RP =0.6 and RD =0.15.

From Fig. 8, it’s observed that the largest frequency dip is respec-
tively −0.095 Hz and −0.089 Hz with expression (3) and (13). The
error is only 0.006 Hz, which is about 6% of the largest frequency dip
and is acceptable for onsite use.

The largest frequency dip error curve between simplified time-do-
main expression (13) and frequency-domain expression (3) under dif-
ferent Rp and RD combinations is shown in Fig. 9.

It can be seen from Fig. 9 that when RD is bigger and Rp is smaller,
the largest frequency dip error is smaller, and vice versa. When Rp
approaches 0 and RD approaches TG, the error also approaches 0.

4.4. The results of robust look-ahead dispatch accounting for improved
primary frequency response

Fig. 10 compares the optimal results of wind power output of robust
look-ahead dispatch model with conventional and proposed primary
frequency response consideration, where Γ=0.4and fΔ¯ =0.2 Hz.

It can be seen from Fig. 10 that:

(1) When the wind power prediction error is small at the beginning
time period 1–3, the wind power can be fully absorbed by the
power system, and no wind power is curtailed. However, with the
increase of wind power prediction error, the absorbed wind power
becomes smaller and smaller, and more and more wind power is
curtailed.

(2) More wind power can be absorbed during time period 4–7, 8–10
and 11–12 with the proposed primary frequency response model

Fig. 4. Primary frequency control effect with different proportional coeffi-
cients.

Fig. 5. Primary frequency control effect with different differential coefficients.

Fig. 6. Amplitude of the largest frequency dip under different RD and RP

combinations.

Fig. 7. Occurring time of the largest frequency dip under different RD and RP

combinations.

Fig. 8. Comparison of primary frequency control effect between (13) and (3).

Fig. 9. Comparison of the largest frequency dips error under different Rp and
RD combinations.

J. Chen and Y. Zhang Electrical Power and Energy Systems 116 (2020) 105523

5



compared with the conventional primary frequency response
model.

Supposing that there is a sudden decrease of wind power output at
time interval 6, the worst-case primary frequency response curve of the
power system is shown in Fig. 11.

It can be seen that the largest system frequency dip is 0.2 Hz when
the primary frequency response is considered in the robust look-ahead
dispatch model. However, if the primary frequency response is not
considered, the largest system frequency dip will reach 0.37 Hz, which
has exceeded the security range and is endangering the power system
security.

The upper bound of allowed wind power output interval and the
system operation cost with different Γ are respectively shown in Fig. 12
and Table 1, where fΔ¯ =0.2 Hz.

It can be seen that when Γ becomes larger, the system operational
cost also becomes larger, while the wind power output interval upper
bound becomes smaller. This is consistent with the analysis in section
III.

The upper bound of allowed wind power output interval and the
system operation cost with different fΔ¯ are respectively shown in
Fig. 13 and Table 2, where Γ=0.4.

It can be seen that when fΔ¯ becomes larger, the system operational
cost becomes smaller, while the wind power output interval upper
bound becomes larger, which is contrary to the trend of Γ.

5. Conclusion

It is becoming more and more important to consider the frequency
security of power system during active power dispatch, especially when
large-scale wind power is integrated.

The existing economic dispatch models with primary frequency
response consideration is too conservative, especially for those power
systems with large-scale wind power integration, which means that the
wind power output will be abandoned severely. This is quite not the
expectation of operators and sometimes is even not acceptable.

In this paper, a novel robust look-ahead dispatch method ac-
counting for improved primary frequency response is proposed. The
proposed scheme uses the following techniques to overcome short-
comings of the existing algorithms:

(1) A proportional-differential controller is designed and introduced
into the conventional primary frequency control loop as a feedback
function, and the parameters of which are derived in detail. The
controller could effectively improve the primary frequency re-
sponse characteristics of the power system.

(2) An order reduction method for frequency-domain transfer function
is proposed to reduce it from cubic to quadratic. Based on this, the
improved time-domain frequency response characteristic is derived.

(3) From the improved time-domain frequency response characteristic,
the worst-case frequency response limit constraint is constructed

Fig. 10. Comparison of wind power output results of robust look-ahead dis-
patch method with conventional and proposed primary frequency response
consideration.

Fig. 11. Comparison of worst-case primary frequency response curve with and
without primary frequency response consideration.

Fig. 12. Wind power output interval upper bound with different Γ.

Table 1
The system operational cost with different Γ.

Γ 0.4 0.6 0.8

cost (105$) 4.1236 4.2275 4.3354

Fig. 13. Wind power output interval upper bound with different fΔ¯

Table 2
The system operational cost with different fΔ¯

fΔ¯ 0.1 0.2 0.8

cost (105$) 4.3354 4.1236 4.0218

J. Chen and Y. Zhang Electrical Power and Energy Systems 116 (2020) 105523

6



and incorporated into the robust look-ahead dispatch model, which
makes sure that the largest frequency dip under any wind power
output scenario is within the security range.

Finally, the simulation is done on IEEE RTS system, and the result
proves that the method could effectively improve the frequency re-
sponse characteristics and a higher penetration level for renewable
resources could be integrated compared to the conventional method.
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