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Featured Application: Suppressing Electromechanical Oscillation of Power Systems for Energy
Storage Systems.

Abstract: Through the feedback of the rotor speed and/or the grid frequency, an energy storage
system (ESS) can effectively suppress the electromechanical oscillation of a power system. This
paper proposes a novel control strategy and controller parameter design method for ESSs to
achieve the desired performance of oscillation suppression, including smaller frequency and rate
of change of frequency (ROCOF) deviation than their threshold values. Firstly, a dynamic model
of the electromechanical time scale of a synchronous generator dominated power system with
ESS was established. Then, based on the dynamic model and the electric torque analysis method,
the mechanism of an ESS with the feedback signal of the rotor speed to suppress the electromechanical
oscillation was investigated. Finally, the controller parameter design method for the ESS was
developed to achieve the desired performance of oscillation suppression. With the help of the
well-designed ESS, the electromechanical oscillation of a synchronous generator dominated power
system can be effectively suppressed in shorter transient response times, and the grid frequency
deviation and the ROCOF can be limited to below their threshold values. The simulation results also
verify the effectiveness of the proposed control strategy and the controller parameter design method.

Keywords: energy storage system (ESS); electromechanical oscillation; controller design; inertia and
damping; frequency deviation; rate of change of frequency (ROCOF)

1. Introduction

With the continuous expansion of power systems, the structure of the power system is becoming
more and more complex, and technological disturbances are gradually increasing with the growth
of renewable energy. The traditional electromechanical oscillation of the synchronous generator (SG)
dominated power system is becoming more frequent and complicated, which seriously affects the safe
and stable operation of power grid [1–3].

The analysis and control of power oscillations on the electromechanical time scale has always been
a hot issue in power systems, and scholars at home and abroad have undertaken extensive research
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in this field. Traditional oscillation suppression methods include power system stabilizers (PSS) and
flexible AC transmission systems (FACTS), which can effectively suppress the electromechanical
oscillation to a certain extent. In recent years, power systems have taken on higher requirements
for grid operation, and traditional methods cannot meet the system operation requirements in terms
of suppression response speed and the control of low ultralow frequency oscillation [4,5]. With the
development of power electronics, FACTS devices have been widely used in the power grid. The rapid
and effective suppression of grid power oscillation can be achieved with the help of fast-response
FACTS devices and advanced control strategies. The technical methods of FACTS devices to suppress
power oscillation can be roughly divided into active power-based methods and reactive power-based
methods. In [6], the electromechanical oscillation of a power system is suppressed by controlling
the active power of the ESS. The ESS can directly and effectively suppress grid power oscillation,
showing excellent technical performance. However, when the power system is large, the capacity
of ESSs will increase dramatically, so the cost of pure active power-based methods is very high.
To overcome the cost issue, distributed generation, such as wind power and photovoltaic power,
were utilized to suppress the power oscillations in [7–9], however, distributed generation has great
volatility and randomness, and works in the maximum power tracking mode, so it is difficult to
effectively suppress the electromechanical oscillation. Compared with pure active power-based
methods, the pure reactive power-based scheme shows great cost advantages. In [10], a control
strategy based on a genetic algorithm was proposed, which uses the unified power flow controller
to suppress the oscillation. In [11], a flexible transmission system is used to equivalently change the
impedance of a power system, which can improve the system damping characteristics and suppress
power oscillation. By controlling the output reactive power of STATCOM, the oscillation suppression
can be indirectly realized [12,13], which makes full use of the fast response of STATCOM. In [14,15],
the physical mechanism of STATCOM suppression of power grid electromechanical oscillation was
investigated. The effects of different control modes on power oscillation suppression were also studied
in terms of system inertia, damping, and synchronization effects. By optimizing the inertia and
damping parameters of the virtual synchronous generator, the transient response process of the power
system can be effectively controlled [16–18]. However, the existing oscillation suppression devices
adopt control schemes with fixed parameters, which cannot automatically adjust the system inertia
and damping according to the operating status of the specific power system, so better oscillation
suppression performance cannot be achieved.

Therefore, this paper fully combines the cost advantage of reactive power-based methods and the
technical advantage of active power-based methods, so that the ESS can work mainly in the reactive
power suppression mode, and its active power output is mainly used to compensate the power loss
and to ensure DC side voltage stability. At the same time, a certain amount of active power support
is also provided to the grid during the violent oscillation period to ensure the fault ride-through
capability of the power system, and the ESS cost is reduced as much as possible under the premise of
achieving the expected suppression effect. In addition, by real-time optimization of the ESS controller’s
parameters, online regulation of the equivalent inertia and damping of the power system is realized,
and the dynamic performance of oscillation suppression is improved, ensuring that the grid oscillation
is restrained at the fastest speed under the premise of satisfying the constraints of smaller frequency
and rate of change of frequency (ROCOF) deviation below their threshold values.

This paper is organized as follows. The mechanism of using the ESS to suppress electromechanical
oscillation is first introduced in Section 2. In Section 3, the electromechanical oscillation process of SG
dominated power systems is analyzed in detail and the basic principle of electromechanical oscillation
control is also investigated. In Section 4, the modified control strategy is proposed to improve the
dynamic performance of oscillation suppression and the controller parameter design method of
the modified ESS control strategy is also proposed. In Section 5, a large number of comparative
experiments are carried out and the experimental results verify the effectiveness of the proposed
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control strategy and its controller parameter design method for ESSs. Finally, the main conclusions of
this paper are summarized in Section 6.

2. Mechanism of Using the ESS to Suppress Electromechanical Oscillation

2.1. Equivalent Model of an SG Dominated Power System with ESS

As shown in Figure 1, the regional power grid is described by an equivalent synchronous generator
(SG) and connected to the utility grid with an approximately infinite capacity. In order to achieve better
performance of oscillation suppression, the ESS is connected to the power system at the center of the
transmission line [19,20]. In Figure 1, udc is the DC side voltage of ESS. E, V, and U are, respectively,
the voltages of the equivalent SG, the connection point, and the utility grid; ZT, Zl, and Z are the
equivalent impedances of the transmission lines; Pm and Pe respectively represent the input mechanical
power and the output electromagnetic power of the equivalent SG.
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Figure 1. Equivalent model of synchronous generator (SG)-dominated power system with an energy
storage system (ESS).

When the power system operates steadily, the input and output power of the equivalent SG are
balanced, and the power grid frequency can be stably maintained. When the power grid is disturbed
and the rotor power is unbalanced, electromechanical oscillation occurs in the power system. Since
the inertia of the SG is large, the electromechanical oscillation period after the system disturbance is
also longer. When electromechanical oscillation occurs in the power system, the rotor speed and/or
the power angle of the SG can be fed back to the ESS. An ESS with a PID (or PD) controller can
equivalently change the inertia effect, damping capacity, and synchronization of the power system,
thereby modifying the electromechanical oscillation [14].

According to the conclusion of the research in [19], when the ESS suppresses the electromechanical
oscillation of the power grid, there are two main types of feedback signals, the power angle of the
SG (or the transmission line power) and the rotor speed of the SG (or the grid frequency). In view of
the fact that the power angle of the SG is hard to measure, and the ESS with a PD controller cannot
affect the system inertia when the power angle is fed back, the ESS with the feedback signal of rotor
speed is adopted in this paper, as shown in Figure 2. U*dc is the rated value of the DC side voltage of
the ESS,ω0 is the rated rotor frequency, and the PLL of the grid phase detection module adopts the
synchronous reference frame-based open-loop phase locking scheme (SRF-OLPL) [21,22].

2.2. Mechanism Analysis of ESS-Based Oscillation Suppression

In order to analyze the mechanism of ESS suppression of electromechanical oscillation, the system
equivalent model shown in Figure 1 is firstly simplified on the electromechanical time scale, as shown
in Figure 3. It should be noted that in order to fully combine the cost advantage of reactive power-based
methods and the technical advantage of active power-based schemes, this paper allows the ESS to
work in the reactive power-based suppression mode. Its active power is mainly used to compensate
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the power loss of the ESS itself to ensure the DC side voltage stability. Since the active power
required to maintain the DC side voltage stability is small and negligible, the control strategy shown in
Figure 2 can minimize the ESS cost while achieving the desired suppression performance. Therefore,
the electromechanical model of the ESS shown in Figure 3 can be viewed as a reactive current source.
In addition, the voltage vector diagram of the simplified system model on the electromechanical time
scale is shown in Figure 4. X and Xl represent the equivalent reactance, and Iq is the reactive current
injected by the ESS to the grid.Appl. Sci. 2019, 9, x FOR PEER REVIEW 4 of 16 
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Figure 2. Control diagram of an ESS with the feedback signal of the rotor speed. (a) Conventional
control with fixed controller parameters; (b) Proposed control with variable controller parameters.
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When analyzing the stability of an SG-based power system, the linearized model of the swing
equation of SG is usually used, namely:{ d∆δ

dt = ω0∆ω

TJ
d∆ω

dt = ∆Pm − ∆Pe
, (1)

To investigate the physical mechanism of dynamic stability of a power system, the electric torque
analysis method adopts the equivalent inertia coefficient TJ, the synchronization coefficient TS, and
the damping coefficient TD to characterize the inertia, synchronization, and damping effects of the
SG-based system, respectively [15]. Assume the input mechanical power of the equivalent SG is
constant, that is ∆Pm = 0, (1) can be rewritten as the following standard equation:{ d∆δ

dt = ω0∆ω

TJ
d∆ω

dt = −TS∆δ− TD∆ω
, (2)

According to the above models on the electromechanical time scale, the output electromagnetic
power of the equivalent SG in Figure 1 can be expressed as:

Pe =
EV
X

sin α =
EV
X

E sin δ

(1 + k)V + kXIq
, (3)

Simplifying (3) and linearizing it at the steady-state point of the power system, the intermediate
variable V can be eliminated, and we will have:

∆Pe = Kg∆δ− Kq∆Iq, (4)

where, Kg is the synchronization coefficient of the power system itself, which characterizes the
synchronization ability of the power system. Kq is the control coefficient of the ESS, which characterizes
the ability of the ESS to control the dynamic characteristics of the power system, and the expressions
of Kg and Kq are respectively (the subscript “0” denotes the steady-state point value)

Kg = X
(

Pe0

V0

)2
(

kX2 Iq0

E2V0 sin δ0
· −k

1 + k

)
+

cos δ0

sin δ0
Pe0, (5)

Kq =
X
E2

(
Pe0

V0

)2 kX
sin δ0

(
V0 −

k
1 + k

)
, (6)

When the ESS utilizes the feedback signal of the rotor speed of the SG and adopts the PID
controller, its output current Iq is:

Iq =

(
Kp +

Ki

s
+ sKd

)
∆ω, (7)

where, Kp, Ki, and Kd are the corresponding parameters of the PID controller of the ESS.
Linearizing (7) and taking (2) into account, we will have:

∆Iq = −Kp∆ω− Ki∆δ− sKd∆ω, (8)

Substituting (8) into (4), the output electromagnetic power of the equivalent SG that is affected by
the ESS can be obtained:

∆Pe =
(
Kg + KiKq

)
∆δ +

(
Kp + sKd

)
Kq∆ω, (9)

Substituting (9) into (1) and considering ∆Pm = 0, the swing equation of the equivalent SG that is
affected by the ESS can be converted into:
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(
2H + KqKd

)d∆ω

dt
= −

(
Kg + KqKi

)
∆δ−

(
D + KqKp

)
∆ω, (10)

By comparing (10) with (2), it can be seen that when the rotor speed of the SG is fed back and the
PID controller is adopted, the controller parameters will simultaneously and equivalently change the
inertia coefficient, the synchronization coefficient, and the damping coefficient of the SG-based power
system at the same time, where the P controller mainly affects the damping ability of the system; the I
controller mainly affects the synchronization ability of the system; the D controller mainly affects the
system inertia, and: 

TD = D + KqKp

TS = Kg + KqKi

TJ = 2H + KqKd

, (11)

Equation (11) shows that the ESS in the oscillation suppression mode can equivalently change the
inertia effect, damping capacity and synchronization ability of the power system, thereby affecting the
oscillation amplitude, the oscillation period, and the oscillation time. However, if the ESS adopts a
control scheme with fixed parameters, it cannot automatically adjust the system inertia and damping
ability according to the operating state of the SG-dominated power system, and thus better oscillation
suppression performance cannot be achieved.

3. Analysis and Control of Electromechanical Oscillation

When the power system is disturbed, the torque balance of the rotor of the equivalent SG is
broken, and the electromechanical oscillation will occur, which can be described by the power angle
curve in Figure 5. Assume that the input power of the equivalent SG at the starting time is P0, suddenly
jumps to P1 at a certain time, and reaches a new stable state after an oscillation process. According
to the swing equation of the rotor of the equivalent SG, the power angle curve during the oscillation
process can be divided into four stages, as shown in Figure 5.
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After the system is disturbed and the electromechanical oscillation occurs, the grid frequency
response curve of the equivalent SG is shown in Figure 6. When the damping of the power grid is not
large enough, the first time period (corresponding to a→ a′ in Figure 5) is the accelerating process.
When the equivalent SG runs to point a′, the grid frequency reaches the maximum value. Due to the
inertia effect of the power system, the equivalent SG will run beyond point a′ to point a′′ , leading to the
transient response with oscillation. In the above-mentioned process, if the power system accelerates
too fast, that is, the ROCOF is too large [23], the frequency deviation of the power grid will be too large
(corresponding to the period t1, t3, and t5 in Figure 6), and the oscillation amplitude will significantly
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increase. a′′ in Figure 5 is closer to the critical stable point of the system, that is π/2, at which the
stability margin of the power system decreases or even loses stability.
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The drastic frequency change and violent power oscillation will trigger the action of relay
protection of the power system, which will lead to the tripping-off of generators. Therefore, during
the electromechanical oscillation process, it is necessary to guarantee that the ROCOF, the frequency
deviation, and other key parameters are less than the protection thresholds of the power system, so as
to ensure that the amplitudes of frequency oscillations and power oscillations are less than the limits
the power system can withstand.

Therefore, the control of electromechanical oscillations must ensure that the power system meets
the following frequency deviation constraint and the ROCOF constraint:

|ω(t)−ω0| ≤ K, (12)∣∣∣∣dω(t)
dt

∣∣∣∣ ≤ m, (13)

where, K is the frequency deviation threshold, and m is the ROCOF threshold of the power grid.
To reduce the maximum amplitude of power and frequency oscillations, a feasible solution is to

make the ESS controller adjust its parameters online and in real time according to the operating state
of the power system. Therefore, the ESS can flexibly change the inertia effect and the damping ability
of the SG-based power system and provide the desired inertia and damping support for the power
system to reduce the amplitudes of frequency and power oscillations, optimize the electromechanical
oscillation process, and ensure that the relay protection is not triggered. The real-time operating state
of the power system can be reflected by the real-time electromagnetic power, the frequency deviation,
and ROCOF of the power system.

Under the premise of meeting the above basic requirements, if the ESS still has remaining capacity,
its further operation goal is to compress the oscillation amplitude, reduce the oscillation cycles, shorten
the oscillation time, and increase the stability margin of the system.

4. ESS Controller Parameter Design for Electromechanical Oscillation Suppression

Based on the above analysis, it can be known that when the power system runs stably, the feedback
signal obtained by the ESS is 0, the ESS does not work, and the system inertia and damping parameters
are the inherent coefficients of the equivalent SG-based power system. When the power grid is
disturbed and the electromechanical oscillation occurs, the PID controller will act accordingly, and the
controller parameters will be dynamically modified in real time according to the specific characteristics
of the frequency oscillation. The inertia effect and damping ability of the power system are equivalently
changed, so that the grid frequency is also changed according to the rules given by (12) and (13), so as
to achieve better control performance.
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When the power system is disturbed and begins to oscillate, the ESS will operate immediately.
Based on (2) and (11), it can be known that the dynamic process of the equivalent SG system at this
time satisfies the following equation:

TJ
d∆ω

dt
= −TS∆δ− TD∆ω, (14)

Because the SG system itself has a strong synchronous operation capability, theoretically, the ESS
does not have to provide additional synchronous torque to the power system [19]. That is to say,
the ESS controller parameter Ki can be designed to be 0, which is the main reason why I controller-based
control strategies are seldom used in the existing literature. In the simulation section of this paper,
the parameter of the I controller is set as a value approximating to zero, therefore, the TS in (14) can be
approximated as Kg. The research findings in [19] indicate that Kg is a parameter with a value close to
1. Considering that the change value ∆δ of the power angle is usually small, it is approximated to 0
in most literatures. Based on this, the TS∆δ part in (14) can be ignored for the controller parameters’
design in this paper and (14) can be rewritten as:

TJ
d∆ω

dt
= −TD∆ω, (15)

Considering the ROCOF constraint given by (13), in the limit condition, (15) can be rewritten as
an algebraic equation under limit conditions. To remove the absolute value in (13), it can be divided
into two cases; ROCOF greater than 0 and less than 0.

4.1. ROCOF > 0

When ROCOF is greater than 0, corresponding to Interval I and Interval IV in Figure 7, (15) can
be rewritten as

0 ≤ TJ
d∆ω

dt
= −TD∆ω ≤ TJm, (16)

From the perspective of reducing the ESS capacity, the fundamental function of the ESS is to
further strengthen or weaken the existing dynamic characteristics of the power system, instead
of dominating the dynamics of the SG-dominated system. For instance, when the grid frequency
accelerates, the ESS merely enhances or slightly weakens the acceleration, rather than trying to change
the system from acceleration to deceleration. The former requires significantly less ESS capacity than
the latter. Therefore, in this stage (ROCOF greater than 0), the ESS should conform to the existing
acceleration trend of the power system, and provide some additional inertia effects to weaken the
existing acceleration trend and ensure that the acceleration does not exceed the ROCOF threshold.

Therefore, in this period, the P controller parameter Kp should satisfy:

TJ
d∆ω

dt
= −TD∆ω = −

(
D + KqKp

)
∆ω ≥ 0, (17)

In this period, the D controller parameter Kd should satisfy:

(
2H + KqKd

)
m = TJm ≥ TJ

d∆ω

dt
= −TD∆ω, (18)

The above constraints all involve ∆ω, and its value is related to the interval that the power system
is located in. Therefore, the controller parameter design issue is discussed separately according to two
cases: ∆ω < 0 and ∆ω > 0. Furthermore, considering that the constraint in (17) is only related to the
P controller parameter Kp, Kp is designed first, and then the D controller parameter Kd is designed
according to the constraint in (18).

Case A: ∆ω < 0 and ROCOF > 0 when the dynamic process is located in Interval I (Figure 7).
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In this period, when ROCOF is greater than 0, the grid frequency rises rapidly and gradually
deviates from the steady-state pointω0. In order to shorten the oscillation process, prevent the grid
frequency being far fromω0, and ensure that the grid frequency deviation is less than its threshold,
it is necessary to increase the inertia effect in this period. The primary goal of the ESS is to suppress
the ROCOF.

According to (17), when ∆ω < 0, the P controller parameter Kp should satisfy:

Kp ≥ −
D
Kq

, (19)

The above equation shows that the ESS can provide both positive damping torque and a certain
amount of negative damping torque that should satisfy the constraint in (19). Obviously, the ESS also
can provide zero damping effect. Therefore, in terms of saving ESS capacity, in this period, the ESS does
not need to provide damping torque, and the equivalent damping coefficient of the power system can
be designed as the inherent damping coefficient of the equivalent SG. Correspondingly, the controller
parameter Kp is 0. Therefore, the constraint in (18) can be simplified as:

Kd ≥ −
1

Kq

(
2H +

D
m

∆ω

)
, (20)

In order to satisfy the frequency deviation constraint in (12), there is:
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∆ω ≥ −K, (21)

Considering (20), we have

− 1
Kq

(
2H +

D
m

∆ω

)
≤ 1

Kq

(
D
m

K− 2H
)

, (22)

Considering the constraints in (22), it can be known that in this period, the constraint of the D
controller parameter Kd given by (20) should satisfy:

Kd ≥
1

Kq

(
D
m

K− 2H
)

, (23)

Therefore, in order to satisfy the frequency deviation constraint given by (12) and the ROCOF
constraint in (13), in this period, the total inertia of the power system should satisfy:

TJ = 2H + KqKd ≥
D
m

K > 0, (24)

To reduce the ESS capacity, the selected value of Kd can be the lower limit value in (24).
Obviously, a certain amount of safety margin should be reserved. Therefore, for Interval I of Figure 7,
the corresponding control parameters Kp and Kd can be set as follows:{

Kp = 0
Kd = DK

mKq

, (25)

Case B: ∆ω > 0 and ROCOF is greater than 0 when the dynamic process is located in Interval IV,
as shown in Figure 7.

In this period, when the ROCOF is greater than 0, the grid frequency rises rapidly and gradually
approaches the steady-state pointω0. In order to accelerate the recovery process and allow the grid
frequency to climb from the frequency nadir toω0 as quickly as possible, there is no need to provide
additional inertia effects in this period.

According to (17), when ∆ω > 0, the P controller parameter Kp should satisfy:

Kp ≤ −
D
Kq

, (26)

Therefore, in this period, the ESS can provide a certain amount of negative damping torque to
the power system, so that the response curve of the grid frequency presents a divergent state in this
period, prompting the transient frequency to return to the steady-state pointω0 as soon as possible,
that is to rush from T3 to T4 at the fastest possible speed.

From another point of view, on one hand, excessive negative damping will lead to excessive output
current and high capacity of the ESS; on the other hand, it will bring about drastic ROCOF, which will
increase the inertia support provided by the ESS, and further intensify the capacity requirements for
the ESS. In terms of cost and stability, the ESS should not provide excessive negative damping torque,
and it only needs to meet the constraints in (12) and (13). Therefore, the P controller parameter Kp can
be set according to the upper limit of (26), namely:

Kp = − D
Kq

, (27)

Therefore, the equivalent damping coefficient of the power system can be close to 0, and the
grid frequency can climb from the frequency nadir toω0 at the fastest speed as long as the ROCOF is
guaranteed not to exceed the threshold in the transient process, which is easy to achieve.
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Substituting (27) into the constraint in (18) yields:

Kd ≥ −
2H
Kq

, (28)

Therefore, the parameter Kd of the D controller satisfies (28), ensuring that the ROCOF does not
exceed the threshold in the transient process. Similarly, to reduce the ESS capacity, in this period,
the ESS does not provide inertia support, that is, the D controller parameter Kd is 0.

Therefore, in Interval IV of Figure 7, the corresponding parameters Kp and Kd can be set as
follows: {

Kp = − D
Kq

Kd = 0
, (29)

4.2. ROCOF < 0

When ROCOF is less than 0, corresponding to Intervals II and III in Figure 7, (15) can be
rewritten as:

− TJm ≤ TJ
d∆ω

dt
= −TD∆ω ≤ 0, (30)

Therefore, in this stage, the P controller parameter Kp should satisfy:

TJ
d∆ω

dt
= −TD∆ω = −

(
D + KqKp

)
∆ω ≤ 0, (31)

Similarly, in this stage, the D controller parameter Kd should satisfy:

−
(
2H + KqKd

)
m = −TJm ≤ TJ

d∆ω

dt
= −TD∆ω, (32)

Similarly, the controller parameter design is also discussed according to two different cases, that
are ∆ω < 0 and ∆ω > 0.

Case A: ∆ω < 0 and ROCOF is less than 0 when the dynamic process is located in Interval II
(Figure 7).

During this interval, ROCOF is less than 0, the grid frequency drops rapidly and gradually
approaches the steady-state pointω0. In order to accelerate the recovery process and make the grid
frequency drop from the frequency peak to the steady state point as quickly as possible, there is no
need to provide additional inertia effects in this interval.

According to (31), when ∆ω < 0, the P controller parameter Kp should still satisfy the constraint
in (26). Therefore, the P controller parameter Kp in this interval can be designed according to (27) as
in the case of Interval IV. Similarly, the D controller parameter Kd is designed to be 0, and the ESS
does not provide inertia support so as to reduce the ESS capacity. Meanwhile, this design can also
meet the constraints in (32), which can ensure that ROCOF does not exceed the threshold during the
transient process.

Case B: ∆ω > 0 and ROCOF is less than 0 when the dynamic process is located in Interval III.
In this interval, ROCOF is less than 0 and the grid frequency drops rapidly and gradually deviates

from the steady-state point. To shorten the oscillation process and to prevent the frequency deviation
from exceeding the threshold, it is necessary to increase the inertia in this interval and the primary
goal of the ESS is to suppress the ROCOF. Therefore, the design principle in this interval is the same as
in Interval I, and the corresponding parameters Kp and Kd can still be set according to (25).

In summary, the ESS controller parameters Kp and Kd can be set according to the following rules:

Kp =

0 ∆ω× ROCOF > 0

− D
Kq

∆ω× ROCOF < 0
, (33)
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Kd =

0 ∆ω× ROCOF < 0
DK
mKq

∆ω× ROCOF > 0
, (34)

The physical meaning of the above design rules is that when the grid frequency deviates from
the steady-state point, the inertia support provided by the ESS will be greater when the value of the
ROCOF constraint is smaller or the maximum frequency deviation is larger. When the grid frequency
moves to the steady-state point, the ESS should promote this positive process, and provide a certain
amount of negative damping torque to weaken the damping effect of the power system. It should
try to create an undamped free-motion environment for the grid frequency dynamic to accelerate the
frequency recovery process.

5. Simulation Verification

The Matlab/Simulink platform is used in this paper to verify the effectiveness of the proposed
control strategy. The simulation model is shown in Figure 1, and the main parameters of the power
system are shown in Table 1.

Table 1. System parameters.

Parameters Values Parameters Values

Utility voltage U 10.5 kV/50 Hz ESS DC-side voltage Vdc 800 V
Line impedance Z 0.02 + j0.5 Ω ESS location k 1

Frequency deviation threshold K 0.5 Hz ROCOF threshold m 0.1 Hz/ms

5.1. Effects of ESS Controller Parameters on System Dynamics

Figure 8 shows the simulation results of the grid frequency and the electromagnetic power of
the equivalent SG when the parameters of the D and P controllers in the ESS change, respectively.
The simulation results show that the P controller mainly affects the damping ability of the power
system. The larger the P controller parameter, the stronger the damping ability of the power system,
the faster the oscillation attenuation, the shorter the time required for the power grid to return to
its stable state, and the more conducive it is to the stability of the power system. The D controller
mainly affects the system inertia. The larger the D controller parameter, the stronger the system inertia,
the smaller the maximum oscillation amplitude, and the longer the oscillation period. Increasing
power grid stability is the general change trend, which is more conducive to power grid stability. It
should be noted that when the D controller parameter is increased to a certain extent, the oscillation
time will be longer, and it is possible to trigger the power system separation device. Furthermore,
an excessive D controller parameter leads to the system poles close to the right half plane of the
eigenvalue complex plane, which is not conducive to the small signal stability of the power system.
The simulation results in Figure 8a,c confirm this feature. When the D controller parameter increases
to a certain value, the electromagnetic power will oscillate at a subsynchronous frequency.

The change of ESS controller parameters can indirectly change the inertia effect and damping
ability of the power system, so that the electromechanical oscillation can be effectively suppressed.
However, since the controller parameters remain constant throughout the whole oscillation process,
the inertia and damping provided by the ESS cannot be flexibly adjusted according to the operation
status of the power system, the performance of oscillation suppression is always limited, and the
dynamic performance of the power system cannot be further improved. As shown in Figures 8a
and 8c, with the increase of Kd, the system inertia increases and the oscillation amplitude decreases
significantly, while the time for the system to return to its steady-state point becomes much longer.
In the process of the system moving towards the steady-state point, this process is expected to occur
at the fastest possible speed, however, due to the fixed inertia parameter, the recovery process to the
steady-state point cannot be effectively accelerated. As shown in Figure 8b,d, as the Kp increases,
the damping ability of the power system increases, the oscillation peak decreases, and the attenuation
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speed increases, while the oscillation period is hardly affected. Therefore, fixed inertia and damping
cannot achieve the desired oscillation suppression. It is necessary to flexibly adjust the inertia and
damping effects according to the specific stage of the oscillation process.
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5.2. Independent Action of Damping Control and Inertia Control

To optimize the process of oscillation suppression, firstly, the inertia and damping are no longer
fixed during the whole oscillation process. In this section, the D and P controller parameters are
separately designed according to the proposed controller parameter design method, so that the inertia
or the damping can be flexibly adjusted online according to the specific stage of the grid frequency
response. Figure 9 shows the simulation results of the grid frequency and the electromagnetic power
when the D and P controller parameters act independently.
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Compared with the case of fixed controller parameters, the parameter online optimization can
improve the performance of oscillation suppression, but it still cannot achieve a fast and stable response.
As shown in Figure 9a,c, when the inertia is adjusted, the recovery time of the system is shortened,
but the maximum oscillation amplitude is slightly increased. In Figure 9b,d, when the damping effect
is adjustable, the recovery rate of the grid frequency changes at different stages. However, the overall
recovery speed of the system slows down, and the suppression performance has not been significantly
improved. Therefore, it is necessary to combine the inertia control with the damping control, and
simultaneously adjust the inertia and damping effects according to the specific stage of the oscillation
to further accelerate the recovery process of the power system.

5.3. Coordinated Action of Damping Control and Inertia Control

Figure 10 shows the simulation results of coordinated action of damping control and inertia control.
The simulation results show that, compared with independent damping control or inertia control,
the oscillation suppression achieves better performance when the D and P controller parameters
are simultaneously adjusted online according to the specific stage of the grid frequency response.
The coordinated action of damping control and inertia control can simultaneously reduce the oscillation
amplitude and the oscillation time significantly. The simulation results verify the effectiveness of the
proposed controller parameter design method for ESSs.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 14 of 16 

  
(c) (d) 

Figure 9. Independent action of damping control and inertia control. (a) frequency with D controller; 
(b) frequency with P controller; (c) SG power with D controller; (d) SG power with P controller. 

Compared with the case of fixed controller parameters, the parameter online optimization can 
improve the performance of oscillation suppression, but it still cannot achieve a fast and stable 
response. As shown in Figure 9a,c, when the inertia is adjusted, the recovery time of the system is 
shortened, but the maximum oscillation amplitude is slightly increased. In Figure 9b,d, when the 
damping effect is adjustable, the recovery rate of the grid frequency changes at different stages. 
However, the overall recovery speed of the system slows down, and the suppression performance 
has not been significantly improved. Therefore, it is necessary to combine the inertia control with the 
damping control, and simultaneously adjust the inertia and damping effects according to the specific 
stage of the oscillation to further accelerate the recovery process of the power system. 

5.3. Coordinated Action of Damping Control and Inertia Control 

Figure 10 shows the simulation results of coordinated action of damping control and inertia 
control. The simulation results show that, compared with independent damping control or inertia 
control, the oscillation suppression achieves better performance when the D and P controller 
parameters are simultaneously adjusted online according to the specific stage of the grid frequency 
response. The coordinated action of damping control and inertia control can simultaneously reduce 
the oscillation amplitude and the oscillation time significantly. The simulation results verify the 
effectiveness of the proposed controller parameter design method for ESSs. 

  
(a) (b) 

Figure 10. Coordinated action of damping control and inertia control. (a) Grid frequency; (b) 
electromagnetic power of the equivalent SG. 

6. Conclusions 

By feeding back the rotor speed and/or the grid frequency, the ESS can equivalently change the 
inertia and damping of the power system, thereby suppressing electromechanical oscillation. When 
conventional control with fixed controller parameters is used throughout the whole oscillation 
process, the inertia and damping provided by the ESS are also fixed, and cannot be flexibly adjusted 
according to the operation status of the power system, so the performance of oscillation suppression 
is limited. The proposed control system with variable controller parameters can help the ESS to 

Figure 10. Coordinated action of damping control and inertia control. (a) Grid frequency;
(b) electromagnetic power of the equivalent SG.

6. Conclusions

By feeding back the rotor speed and/or the grid frequency, the ESS can equivalently change
the inertia and damping of the power system, thereby suppressing electromechanical oscillation.
When conventional control with fixed controller parameters is used throughout the whole oscillation
process, the inertia and damping provided by the ESS are also fixed, and cannot be flexibly adjusted
according to the operation status of the power system, so the performance of oscillation suppression is
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limited. The proposed control system with variable controller parameters can help the ESS to achieve
the desired performance of oscillation suppression, while keeping smaller frequency deviation and
ROCOF below their thresholds. Through online adjustment of the ESS controller parameters, which is
achieved by the proposed controller parameter design method, the system’s equivalent inertia and
damping can be adjusted flexibly and simultaneously, which can improve the dynamic performance of
electromechanical oscillation suppression and the stability margin of the power system. The simulation
results verify the effectiveness of the proposed control strategy and ESS parameter design method for
electromechanical oscillation suppression within power systems.
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