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Abstract——In recent years, transmission system operators 
have started requesting converter-interfaced generators (CIGs) 
to participate in grid services such as power oscillation damp‐
ing (POD). As power systems are prone to topology changes be‐
cause of connection and disconnection of generators and lines, 
one of the most important requirements in the design of POD 
controller is to account for these changes. This can be done by 
either adjusting the controller structure during the operation or 
applying a fixed structure designed to address changes in the 
system. The fixed structure is usually preferred by transmission 
system operators since it is easier to determine its impact on 
the system. In this paper, a design procedure is proposed for 
network-reconfiguration-aware POD controller with fixed struc‐
ture for CIG-based power plants that considers network config‐
urations with any one line disconnected. The design procedure 
is based on frequency-response techniques, so it is suitable for 
application in CIG-based power plants, even in cases when a de‐
tailed small-signal model of the system is not available. Designs 
of a POD controller for the damping of critical system modes 
can be obtained by using active power, reactive power, or both 
power components simultaneously. The application to the de‐
sign of a POD controller for a CIG-based power plant connect‐
ed to the IEEE 39-bus system is presented as an example. Simu‐
lations performed in MATLAB and SimPowerSystems are used 
to validate the proposed design procedure. The validation in‐
cludes an analysis of system performance with changes consid‐
ered in the proposed designed procedure. Also, the system per‐
formance under unconsidered changes is examined, covering 
variations in load and inertia values, as well as disconnection of 
synchronous generators.

Index Terms——Converter-interfaced generator, transmission 
system, frequency response, network reconfiguration, power os‐
cillation damping.

I. INTRODUCTION

LOW-FREQUENCY oscillations are inherent phenomena 
in power systems and are mainly caused by interactions 

between synchronous generators (SGs) [1]. To address these 
issues, the control system of SGs might include a power sys‐
tem stabilizer (PSS) loop [2]. The PSS acts upon changes in 
the grid frequency and adjusts the voltage reference of the 
SG. This allows SGs to provide power oscillation damping 
(POD) action. However, the projected large-scale integration 
of converter-interfaced generator (CIG) based power plants 
introduces uncertainty with respect to POD services in future 
power systems. The basic control strategies of CIG for re‐
newable energy plants do not provide POD functionality. 
This change in the operation paradigm deteriorates the stabil‐
ity properties of power systems [3]. Furthermore, as the per‐
centage of CIG-based power plants increases, this issue be‐
comes more relevant [4]. Thus, the current trend is that trans‐
mission system operators now request participation in POD 
services from newly commissioned CIG-based power plants 
[5], [6].

The initial proposal for providing POD services with CIG-
based power plants is inspired by the operation principle of 
the PSS and used only reactive power [7]. However, recent 
proposals show that both active and reactive powers can be 
used for POD purposes [8], [9]. Furthermore, the combined 
action of both power components can further improve the 
damping action [10], although negative interactions between 
two control loops may occur [11]. Hence, wind power plants 
[12], PV power plants [9], and battery systems [13] can all 
contribute to the damping of critical system modes. Howev‐
er, changes in the system can lead to a shift in these modes. 
Such changes can be caused by loss of generation or de‐
mand elements, as well as by network reconfiguration. Thus, 
the design of a POD controller should consider the changes 
caused by changes under the operation conditions of the sys‐
tem.

One method is to design a POD controller that is capable 
of adjusting to network reconfiguration [14]. Several such 
proposals have been made and most of them utilize different 
aspects of the power system operation for adjusting the POD 
controller. For example, in [15], the POD controller parame‐
ters are updated based on the load forecast. Reference [16] 
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proposes a predictive POD controller to address changes in 
the network operation point. The uncertainty of the network 
operation is addressed in [17] by using a self-tuning POD 
controller that includes a neural network for estimating the 
power system behavior. Furthermore, the POD controller can 
adapt to modifications in the operation state of the network 
[18]. Adaptive POD controllers are also suitable for address‐
ing uncertainties arising from the power system model [17] 
and for uncertainties caused by the primary energy genera‐
tion, e. g., wind speed [19]. These proposals show that the 
damping factor of the critical eigenvalues can be improved 
by adjusting the POD controller parameters even under se‐
vere system variations. However, the newly calculated pa‐
rameter values may not be precise due to the discrepancy be‐
tween the models used in the design and the real system.

Another method is to design a POD controller so that it is 
resilient to changes in network configuration. To do so, a de‐
sign based on eigen-structure assignment is proposed in [20] 
where the POD controller helps with damping critical modes 
under different operation conditions. In [21], the impact of 
changes under the system operation conditions is analyzed. 
A POD controller is designed to guarantee a certain damping 
ratio for all critical modes under a set of different operation 
conditions. The results show that a POD controller with a 
group of first- and second-order filters meets this objective. 
However, the design procedure relies on the power system 
model for the closed-loop stability verification.

In general, the POD controller characteristics depend on 
the optimization method used to select controller parameters. 
For instance, researchers have proposed the use of bat opti‐
mization [22], cuckoo search algorithm [23], and particle 
swarm optimization [24]. Although different, these options 
achieve similar performance indices [25]. Another option to 
damp oscillations is to use a fuzzy controller. For example, 
[26] proposes a fuzzy Takagi-Sugeno model that has less 
fuzzy rules compared with a standard fuzzy controller. How‐
ever, this method requires knowledge of advanced tools to 
deal with fuzzy systems. In [27], a POD controller with a 
fixed second-order structure is presented that shows resil‐
ience against the changes in the system. To improve the sys‐
tem resilience, the POD controller can be designed using a 
deep reinforcement learning method [28] or by solving an 
optimization problem. In [29], the objective function consid‐
ers the transient stability aspects as well. The same problem 
has also been addressed by considering both regional pole 
placement and H2 performance metrics [18]. These propos‐
als show that the POD controller can contribute to the damp‐
ing of critical modes under variations in the system, such as 
changes in the system operation point. Although the studied 
variations have an influence on dynamic properties, they do 
not include aspects such as a disconnection of system ele‐
ments that can have important impacts on both the operation 
point and the system dynamics.

In this paper, a design procedure is proposed for the net‐
work-reconfiguration-aware POD controller (hereafter called 
the proposed POD controller) with fixed structure for CIG-
based power plant that considers network configurations 
with any electrical line disconnected. There are two initial as‐

sumptions. First, it is assumed that the small-signal model of 
the power system is not available. Therefore, system frequen‐
cy response is used to obtain relevant information. Second, 
the power system under study has poorly-damped low-fre‐
quency oscillations. Then, the objective is to design the pro‐
posed POD controller for a new CIG-based power plant to 
be connected to such a system. A small-signal model is used 
in this paper only to analyze and validate the performance of 
the proposed POD controller. Compared with previous meth‐
ods for POD by CIG, the contributions presented in this pa‐
per can be summarized as:

1) The proposed POD controller for a CIG-based power 
plant utilizes both active and reactive powers for oscillation 
damping.

2) The design method proposed in this paper relies only 
on measured system frequency responses. Also, only infor‐
mation from local measurements is required for the proposed 
POD controller.

3) The impact of changes in the network topology on the 
system dynamics is studied. The results are used to design 
the proposed POD controller with a fixed structure that im‐
proves system frequency stability in the range of low-fre‐
quency oscillations for different network topologies.

4) An optimization problem is defined to calculate the 
number of lead-lag filters in the proposed POD controller 
and their time-constant values, with the objective to achieve 
desired phase of frequency response for the proposed POD 
controller.

5) The controller gain value is determined in an iterative 
procedure, addressing the impact of the proposed POD con‐
troller within and outside the frequency range of interest.

The IEEE 39-bus system is used to verify the perfor‐
mance of the proposed method to design the proposed POD 
controller. The test includes an analysis of the system perfor‐
mance for network reconfiguration. Furthermore, the perfor‐
mance is examined for changes that are not considered in 
the design procedure for the proposed POD controller, i. e., 
changes in the system inertia, loading level, and disconnec‐
tion of generator. This method is well suited to design the 
proposed POD controllers when the control designer has a 
simulation model, but not a small-signal model, since it is 
based on frequency-response techniques.

II. SYSTEM OVERVIEW AND METHODOLOGY

A. System Description

Figure 1 shows the diagram of IEEE 39-bus system, CIG-
based power plant, and control diagram of one converter. It 
can be divided into three main parts. In Fig. 1(a), an IEEE 
39-bus system is formed by ten generators G1-G10. Each gen‐
erator includes an SG with a governor, an exciter, and a PSS
[30]. In this paper, two modifications are made. Firstly, the 
PSS of several generators are adjusted to reduce the damp‐
ing of certain modes while keeping the system stable. Sec‐
ondly, an additional point of connection (POC) is introduced 
at bus 29, as shown in Fig. 1(a), and used to connect a CIG-
based power plant.
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In Fig. 1(b), the electrical diagram of two additional CIGs 
are shown to represent the CIG-based power plant, which 
consists of two converters used to connect the primary ener‐
gy sources to the network. These converters are connected to 
the POC via step-up transformers. The output current iout and 
voltage vPOC are measured and used in the control algorithm.

Figure 1(c) shows an overview of the control diagram for 
one converter. First, the grid frequency ωg is estimated from 
the measured voltage. Then, the proposed POD controller 
acts upon changes in the estimated frequency and produces 
active and reactive power references, i.e., pd and qd. The to‐
tal active and reactive power references, i. e., ps and qs, are 
calculated by adding the controller references pr and the ref‐
erences set by the system operator qr. The power references 
are then converted to the references of the current controller 
i* by considering vPOC. This calculation is done in a synchro‐
nous reference frame generated by a phase-locked loop 
(PLL) [31]. The angle estimated by the PLL is θPLL. Finally, 
the current controller defines the converter output voltage 
reference us.

B. POD Controller Structure

Figure 2 shows the block diagram of the proposed POD 
controller and power plant model. The power plant models 
in the active and reactive loops, i.e., PP(s) and PQ(s), repre‐

sent the system dynamics from the active and reactive power 
references to the estimated network frequency. The proposed 
POD controller includes several elements, and its structure is 
inherited from the PSS controller structure [2]. The compen‐
sators CP(s) and CQ(s) consist of a series of lead-lag filters. 

Furthermore, band-pass filters, proportional gains, and satura‐
tion blocks are also included in the proposed POD control‐
ler. The symbol D refers to the signals of the linearised mod‐
el. First, the band-pass filter B (s) is acting upon deviations 
in the estimated ωg. It removes components of ωg outside 
the frequency range of interest. Then, the lead-lag filter com‐

pensates the open-loop phase of the plant in order to maxi‐
mize the damping action of the proposed POD controller. pc 
and qc are the outputs of these controllers. The gains KP and 
KQ define the proportional action. Finally, the limiting ac‐
tions of saturation blocks in the active and reactive powers, 
i.e., pl and ql, ensure that the capabilities of the power plant 
are not exceeded. This procedure produces pd and qd for 
POD from the studied POD control structure.

C. Design Procedure of Proposed POD Controller

Figure 3 shows a flow diagram of the design procedure 
for the proposed POD controller, which is intended to be 
general and applicable to different networks, for cases where 
PODs with fixed parameters are preferred. In this paper, it is 
demonstrated using the IEEE 39-bus system as a case exam‐
ple. This design procedure is divided into three routines as 
follows.
1)　Network Analysis

The network analysis is used to understand how the pow‐
er plants PP(s) and PQ(s) change when the network is recon‐

figured. This routine is shown in Fig. 3(a). First, the set of 
modifications considered during the design procedure is de‐
fined. In this paper, modifications include the disconnection 
of each line in the original network topology, one by one. Al‐
so, it includes the nominal network configuration. This set 
of modifications can be extended to include cases such as 
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Fig. 2.　Block diagram of proposed POD controller and power plant model.
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loss of generation units or loads in the network. Further‐
more, the set of modifications can include changes under the 
network loading conditions or operation point. Such changes 
can emphasize nonlinear properties in the system. Thus, 
these changes can be used to study the system dynamic prop‐

erties which might not be observed with changes in the net‐
work configuration. These cases will be used to test the per‐
formance of the proposed POD controller for changes which 
are not addressed during the design stage.

The next step in the power plant analysis is to obtain the 
frequency response of PP(s) and PQ(s) for each configura‐

tion. These transfer functions can be obtained from a de‐
tailed small-signal model. However, if small-signal models 
are not available, PP(s) and PQ(s) can be obtained by using 

system identification techniques [14]. Once these models are 
obtained, the peaks in the frequency response, i.e., resonance 
frequencies, are extracted. The phases at resonant frequen‐
cies, i. e., phases to be compensated by the proposed POD 
controller, are also calculated and stored. This procedure is 
repeated for each case in the given set of modifications.

Network equivalences are considered to reduce the re‐
quired system information, which is beneficial for large sys‐
tems and depends on additional details about the state and to‐
pology of the power system. Thus, further analysis based on 
network equivalences is considered outside the scope of this 
paper.
2)　Controller Compensator Design

This routine includes the steps for designing the controller 
compensator, and is shown in Fig. 3(b). The compensators 
in the active and reactive power loops are designed separate‐
ly, following the principle of superposition in control sys‐
tems [14]. First, the information obtained in the previous rou‐
tine is sorted and analyzed. In this step, the modifications 
that cause a significant change in the system dynamics, e.g., 
loss of lines connected to the power plant, are neglected. 
The remaining set of information is used to define the de‐
sired phase of frequency response for the proposed POD con‐
troller. In addition, two constraints are added to shape the 
magnitude of the frequency response. These constraints spec‐
ify the maximum controller gain for the frequencies outside 

the frequency range of interest. This is of importance when 
the system frequency response is obtained by using the sys‐
tem identification method. In that case, the information 
about the system is determined by the characteristics of the 
perturbation signal, which is selected to obtain information 
within the frequency range of interest. Therefore, there is 
scarce information about the system dynamics outside the 
frequency range selected for the identification.

Finally, the controller compensator design is defined as an 
optimization problem in which the error between the speci‐
fied and obtained phases is minimized. The constraints for 
the optimization problem are the aforementioned require‐
ments for the magnitude. By solving the optimization prob‐
lem, the proposed POD controller is inherently designed to 
contribute to the damping of low-frequency oscillations for a 
range of modifications.
3)　Design Verification

The final routine for the design is shown in Fig. 3(c). 
First, the system frequency stability is examined for the nom‐
inal network configuration, i.e., all lines connected, with the 
proposed POD controller included. Then, the controller gains 
(KP and KQ) are incremented and the system response is ob‐
tained. If the system encounters instability or any other prac‐
tical reason for limiting the controller gain, e.g., noise ampli‐
fication, the iterative procedure is stopped. Finally, the sys‐
tem frequency stability is verified for all network configura‐
tions from the initial set of configurations. This procedure is 
conducted using the obtained system information before the 
proposed POD controller is implemented in CIG control al‐
gorithm. At this point, the final value of the proportional 
gain is determined. Then, during the system operation, the 
controller parameters remain fixed, even for changes in the 

fÎ[0.1, 2]Hz; f   [0.1, 2]Hz; Controller specification;System information; ConstraintÎ
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network topology.

III. POWER PLANT ANALYSIS 

During the system operation, the network topology chang‐
es every time when a line in the system is disconnected. 
Such changes have an important impact on the dynamic 
properties of the network. In [32], it has been shown that the 
change in the impedance of the lines affects the frequency 
of low-frequency modes. In terms of frequency response, 
those changes have a two-fold effect [14]. First, the changes 
in the frequency of critical modes are observed as changes 
in the oscillation frequency. This means that the peak in the 
magnitude of the frequency response occurs at different fre‐
quencies. The second effect is the change in the phase of the 
frequency response.

From Fig. 2, the frequency responses of PP(s) and PQ(s) 
can be defined as PP( jωoi ) and PQ( jωoi ).

PP( )jωoi =APie
jϕPi (1)

PQ( )jωoi =AQie
jϕQi    ωoiÎΩiÎ I (2)

where ωoi is the frequency of oscillations; APi, ϕPi, and ϕQi 
are the magnitude and phases of the frequency response at 
ωoi, respectively; I is the set of the number of oscillation fre‐
quencies; i is an element in the set I; and Ω is the set repre‐
senting oscillation frequencies of interest. Then, the phases 
of the power plants at (1) and (2) are organized in corre‐
sponding sets as:

ΦPn = ｛ ｝ϕP1ϕP2...ϕPi (3)

ΦQn = ｛ ｝ϕQ1ϕQ2...ϕQi (4)

where ΦPn and ΦQn are the sets calculated for each network 
configuration N = 1 2 ... N, N is the number of cases con‐
sidered, and n refers to an element in a given set of network 
configurations N. Therefore, the set Ωn should also bear the 
subscript n. Next, the information from all modifications is 
organized and grouped as:

Ω = ｛ ｝Ω1Ω2...Ωn (5)

ΦP = ｛ ｝ΦP1ΦP2...ΦPn (6)

ΦQ = ｛ ｝ΦQ1ΦQ2...ΦQn     "nÎN (7)

where ΦP and ΦQ are the sets that contain phases for all the 
possible network configurations. To design the proposed 
POD controllers, the values in  ΦP and ΦQ will also include 
the phase shift introduced by additional filters added in the 
loop.

If a power system model is not available, the information 
required for power plant analysis can be obtained by using 
system identification techniques [33]. In such a case, the sys‐
tem is perturbed by modifying the active and reactive power 
references and the system frequency response is measured. 
In this paper, the system frequency response is obtained us‐
ing the Control System Design Toolbox of MATLAB [34] 
for simplicity.

IV.  DESIGN METHOD OF PROPOSED POD CONTROLLER

A. Controller Element Definition

B (s) is applied to attenuate the signal content outside the 
range of low-frequency oscillations [0.12]Hz, which con‐
sists of high-pass and low-pass filters connected in series.

B (s) = s
s + 1 Th

1
s Tl + 1 (8)

where Th and Tl are the time constants of the high-pass and 
low-pass filters, respectively. The values of ωh and ωl are se‐
lected by considering the frequency range of low-frequency 
oscillations. Consequently, these cut-off frequencies need to 
be selected so that B (s) attenuates the signal frequency con‐
tent outside the range of low-frequency oscillations. At the 
same time, B (s) will introduce an additional phase shift into 
the system. This phase shift is calculated at each frequency 
in Ω and added to the corresponding elements in ΦP and 
ΦQ. Therefore, it will be compensated by CP(s) and CQ(s).

Compensators CP(s) and CQ(s) consist of a set of lead-

lag filters connected in series. CP(s) and CQ(s) have the 

same structure and their parameters are defined following 
the same procedure. Thus, in the rest of the document, the 
developments are presented only for CP(s) (for simplicity). 
CP(s) is defined as:

CP(s) = 1 + sT1

1 + sT2

1 + sT3

1 + sT4

× ...×
1 + sTc - 1

1 + sTc
(9)

where T1T2...Tc are the compensator time constants, while 
the subscript c represents the number of time constants.

The order of the compensator (9) should be selected, and 
it depends on two requirements. First, the requirements for 
the phase of CP( jω) are defined to compensate for a set of 
phases obtained in the power plant analysis. This set of phas‐
es includes a number of points with large phase differences 
across a narrow frequency range. Therefore, a low-order 
transfer function may lead to a large deviation between the 
required phase and the phase introduced by CP( jω), where 
ω represents the imaginary part of the complex variable s in 
the Laplace domain. At the same time, the results achieved 
with very high-order transfer functions would not necessarily 
result in significantly improved design performance. Further‐
more, higher-order transfer functions are typically difficult to 
implement in real time [35]. Thus, the order of CP(s) repre‐
sents a compromise between these two considerations. Also, 
the final number of lead-lag filters is case specific, since the 
set of frequencies and required phases are different for each 
case.

The order of the compensator and compensator time con‐
stants are selected based on the design procedure for the pro‐
posed POD controller. An example of this procedure is pre‐
sented in Section V.

B. Design Objective

The method used to design the proposed POD controllers 
is based on the phase compensation of the open-loop power 
plant at the frequency of interest [36]. The open-loop trans‐
fer function G (s) is defined as a transfer function from 
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point J to point M, in Fig. 2. Analytically, the compensation 
objective can be written as:

ϕG = 0 (10)

G ( jωo ) =AGejϕG (11)

where ϕG and AG are phase and magnitude of the frequency 
response of G ( )s  at frequency ωo, respectively. The design 
method provides a system damping that is close to the opti‐
mal value [37]. Also, as the design is based on open-loop 
characteristics, the calculation of the compensator parameters 
can be easily automatized.

Two open-loop transfer functions can be calculated from 
Fig. 2. These transfer functions represent the active and reac‐
tive power dynamics, i. e., GP( )s  and GQ( )s , which are de‐

fined from point J to points K and M in Fig. 2, respectively. 
In [37], it has been shown that the criteria from (10) can be 
met by setting phases to zero for the two open-loop func‐
tions separately:

ϕGP = ϕGQ = 0 (12)

where ϕGP and ϕGQ are the phases of GP( jωo ) and GQ( jωo ), 
respectively.

To meet the objectives presented in (12), each of CP(s) 
and CQ(s) should compensate the phase of its corresponding 

open-loop system at the oscillation frequencies [37]. Consid‐
ering multiple oscillation frequencies and changes caused by 
network reconfiguration, this criteria can be defined as (only 
the active power loop is shown):

ϕ in
GP = ϕ

in
CP - ϕ

in
P = 0    "iÎ I "nÎN (13)

where ϕ in
CP is the phase of CP( jω); and ϕ in

P ÎΦP is the ele‐
ment.

The criteria from (13) means that the controller CP(s) 
needs to compensate the phase of the corresponding system 
for all oscillation frequencies and all network configurations. 
Such requirements are too strict, mainly for two reasons. 
First, the requirements for the phase of CP( jω) would in‐
clude many points in a very narrow frequency range (0.1 Hz 
to 2 Hz). Second, the power plant models for different net‐
work configurations might have the same frequency of oscil‐
lation with different phases. Therefore, trying to fully com‐
pensate for the phase in all the cases is not a reasonable so‐
lution. Instead, an alternative function to design the compen‐
sator is proposed in the following part.

The design objective in this paper is focused on the dis‐
connection of any one line at a time. Nonetheless, it can be 
extended for its application to a wider range of modifica‐
tions. For example, if the requirement is to address the dis‐
connection of any two lines in the system, the design objec‐
tive would still be valid. Also, the disconnection of trans‐
former units and other network elements could be included. 
However, the extension of the proposed method to cover 
those cases needs to consider two factors. The first factor 
would be the number of points in Ω, ΦP, and ΦQ, and there‐
fore the number of requirements for the phase in (13). This 
could result in longer computational time to solve the optimi‐
zation problem. The second factor would be the possible 
changes in the system operation point and the possible parti‐

tioning of the system, namely, the disconnection of any two 
lines at the time, and the disconnection of transformer units 
represent severe changes in the system operation. Therefore, 
the system performance should be analyzed for those cases 
and additional steps to design the proposed POD controller 
that might be needed. With certain adaptations, the general 
methodology presented in this paper could be extended to 
cover the above mentioned situations. Thus, such an exten‐
sion of the work would be relevant and of interest for fur‐
ther research.

C. Definition of Optimization Problem

A cost function is defined based on the criteria in (13).

min
x
∑

iÎ InÎN
||ϕin

CP - ϕ
in
P

m

(14)

x = ｛ ｝T1T2...Tc (15)

where x is the set of parameters of the controller transfer 
function; and m is the parameter that defines the error cost, 
and its value depends on the complexity of the optimization 
problem. Namely, the change among elements ϕ in

P ÎΦP can 
be different depending on the results of the power plant anal‐
ysis. This change has a direct impact on the complexity of 
the problem in (14). Therefore, m is case specific. An in‐
crease in the value of m leads to higher penalty for large de‐
viations. The value of m depends on two criteria. The first 
criteria is the allowed average error for the controller design. 
This error determines the performance of the designed con‐
troller in damping multiple modes in various network config‐
urations. The second criteria is the maximum allowed error 
for any case. Thus, the value of m is a compromise between 
these two criteria. To achieve ϕ in

CP at the oscillation frequen‐
cies, the cost function in (14) must be minimized. To 
achieve this, the optimization algorithm modifies the parame‐
ters of the controller transfer function.

D. Constraint

The solution of (14) defines the controller parameters 
based on the required phases in the frequency range of low-
frequency oscillations. Nonetheless, once the controller is in‐
troduced into the system, it affects the rest of the frequen‐
cies outside this range. If not addressed, the controller may 
lead to unwanted interactions with other control layers.

To address this issue, constraints are added to the optimi‐
zation problem. These constraints ensure that the controller 
impact outside the range of low-frequency oscillations is 
lower than or within this range, and are defined as:

c: ||CP( )jωout £ 1    "ωoutÎΩout (16)

where Ωout is a set of frequencies; and ωout is the element 
of Ωout.

ωoutÏ [0.12]2π  rad/s    "ωoutÎΩout (17)

The constraints in (16) limit the magnitude of CP( jω). It 
is relevant to mention that the controller gain, i.e., the gain 
in the range of interest, will be tuned in the last step of the 
design procedure (with KP).

Another set of constraints is linked with the set of un‐
known x in the optimization problem (14). Namely, the un‐
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knowns in this problem are controller parameters. Thus, con‐
straints for those parameters are necessary to guarantee that 
the obtained CP(s) is stable. The constraints Tk are defined 
as:

Tk > 0    "kÎ { }246... (18)

E. Controller Gain

The controller gains KP and KQ are determined based on 
the system frequency response and, if available, on transient 
simulations. This procedure consists of two parts. In the first 
part, the system is analyzed for the case when all the lines 
are connected. Gain values are changed incrementally and 
the closed-loop frequency response of the system is ob‐
served. The information from this analysis describes the im‐
pact of the gains on the margins both inside and outside the 
range of low-frequency oscillations. Such change results in 
the improved damping of low-frequency modes. After finish‐
ing this procedure, the different gain values are tested in sim‐
ulation, and the one with the best performance is selected. A 
trade-off between amplification at frequencies outside the fre‐
quency band of interest and damping of the low-frequency 
modes should be selected.

The objective for the selection of the controller gains can 
be defined by using G (s) and the error transfer function 
E (s) [36]. First, G (s) is the transfer function between 
points J and K in Fig. 2. Based on this, E (s) is defined as 
E (s) = 1 ( )1 +G ( )s . Then, the frequency response of E (s) 
at ωoi is defined as:

| E ( jωoi ) | =
|

|

|

|
||
|

| 1

1 +G ( )jωoi

|

|

|

|
||
|

|
(19)

where G ( jωoi ) =Ai
Gejϕi

G. The open-loop phase ϕ i
G is reduced 

by designing the lead-lag filters in the proposed POD con‐

troller. Then, |1 +G ( jωoi ) | will be increased (and E ( jωoi ) 
will be decreased) if the controller gain is increased.

Nonetheless, after a certain point, the damping of one or 
more modes would decrease. Furthermore, as the gain in‐
creases, the impact of the proposed POD controller outside 
the frequency range of interest is changing. The change can 
be observed as a decrease in stability margins below and 
above the POD frequency range, depending on the system 
characteristics. Therefore, the gain value selection considers 
different aspects of the controller impact on system stability 
inside and outside the range of low-frequency oscillations.

The second part of the procedure includes the verification 
of the system stability with the gain value selected in the 
first step. Here, the system frequency stability in the range 
of low-frequency oscillations is verified for all the network 
configurations from the initial set of configurations using the 
selected gain value. For this purpose, the set of power plants 
for different network configurations can be used. The rele‐
vant information is obtained in Section III and no additional 
identification procedure is required. If the system is unstable 
for any of the given network configurations, the first step of 
the procedure for the gain value selection needs to be repeat‐

ed and a different gain value should be selected.

F. Controller Limit

During transients, the converter is delivering active and re‐
active power for oscillation damping. Depending on the am‐
plitude of the frequency deviation, ps and qs can exceed the 
converter capacity. Therefore, it is necessary to define pl and 
ql at the output of the proposed POD controller. These limits 
are changing over time based on the network operation point 
and available energy from the primary energy source. This 
means that in the case of a large disturbance, the power de‐
livered by CIG would be limited. Then, the impact of the 
proposed POD controller on the low-frequency oscillation 
would be constrained. However, this limitation would appear 
only during certain periods of the transients, i.e., peaks of de‐
livered power. Therefore, for simplicity, these limits are kept 
constant in this paper. More details can be found in [37].

V. RESULT

In this section, numerical results are presented. First, the 
power plant analysis is conducted and the requirements to 
design the proposed POD controller are defined. Then, the 
results from different stages of the proposed design method 
are analyzed. Finally, an analysis of the system eigenvalues 
is conducted. This type of analysis provides insights into the 
performance of the proposed POD controller across a di‐
verse set of test scenarios. The small-signal model used for 
analysis is not utilized in the design procedure, since the 
starting assumption is that such a model is not available.

A. Power Plant Description and Analysis

The methods used to model the system and generate the 
network configurations are described in Supplementary Mate‐
rial A.

Figures 4 and 5 show the phases of PP( )jω  and PQ( )jω  

for different network configurations, i.e., ϕPP and ϕPQ, respec‐
tively. In both cases, three clusters of points are formed, cor‐
responding to three different ranges of oscillation frequen‐
cies. Changes in each cluster describe how network reconfig‐
uration affects the interactions between different generators 
in the system. 

It can be observed that the angle and frequency variations 
differ between the clusters. ϕPP and ϕPQ vary around 90° , 
while the frequency of oscillations varies in the range of 0.1 
Hz. The information used in power plant analysis is obtained 
from the system frequency response, which is obtained with‐
out reducing the order of the model.
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-360
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Fig. 4.　Phase of PP( jω) for different network configurations.
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B. Compensator Design

The compensators are designed according to the proposed 
method by using the information obtained from the power 
plant analysis. The optimization problem (14) with con‐
straints from (16) is solved using fmincon function from 
MATLAB [34]. The optimization problem is solved on a 
desktop PC with Intel i5-8500 CPU and 8 GB RAM. The 
computational time required to design CP(s) and CQ(s) is 

4.5 min and 3.4 min, respectively. The optimization problem 
(14) is solved when m = 3. The compensator design accuracy 
is verified using the error E in

P  between the specified and the 
obtained phase of CP( jω) for all the elements in Ω. 

E in
P = ||ϕin

CP - ϕ
in
P     "iÎ I "nÎN (20)

E in
P  corresponds to the individual elements of the sum that 

is used to define the cost function (14). Thus, by minimizing 
the cost function, E in

P  is reduced. The error metric intro‐
duced at this stage is used for comparing different designs 
of the proposed POD controller. Therefore, other types of er‐
rors, e.g., least squares error, might be used.

Figures SB1 and SB2 of Supplementary Material B in‐
clude the errors for both CP(s) and CQ(s).

In Table I, the mean and maximum errors for CP(s) and 
CQ(s), i.e., EP and EQ, are listed with different compensator 

orders. The compensator order is modified to examine the er‐
ror and select the best-performing design for each power 
loop, independently.

For CP(s), it can be observed that the error is significant‐
ly reduced if a series of two lead-lag filters are used com‐
pared with using only one such filter. Further increase in the 
number of lead-lag filters leads to a reduced error, although 
the difference is not significant. Then, for CP(s) of order 
five, the maximum error increases significantly, while the 
compensator of order six gives the same results as those of 

order three and order four. In contrast, the error in CQ(s) 
does not change significantly when the order increases. By 
increasing the order from one to three, the error is not modi‐
fied. Then, for order four to order six, the error is changed, 
although the improvement is not significant. These results 
show that the relation between the compensator order and 
the error is not linear. Therefore, the order of the compensa‐
tor transfer function should be selected carefully upon deter‐
mining the relation between the error and the compensator 
order. Based on the analysis, the orders for CP(s) and CQ(s) 
are set to be three and four, respectively. The compensator 
parameters can be found in Supplementary Material B.

Figure 6 shows the frequency response of CP(s) B (s) and 
magnitude of B ( jω) for all elements in Ωout. Figure 7 shows 
the frequency response of CQ(s) B (s) and magnitude of 

B ( jω) for all elements in Ωout. These figures show the com‐
bined frequency response of the band-pass filter and compen‐
sators in each loop, allowing to assess the total impact of 
the proposed POD controller on the system. It can be ob‐
served that the band-pass filter mainly determines the shape 
of the magnitude of the proposed POD controller, due to the 
magnitude constraints of CP( jω) and CQ( jω). Within the fre‐

quency range of interest, the magnitude of the proposed 
POD controller deviates from the band-pass filter. This is ex‐
pected because in this frequency range the requirements for 
the phase of CP( jω) and CQ( jω) are specified and set.

C. Controller Gain

Figure 8 shows the system frequency response for modi‐
fied gain values of KP and KQ. Here, the system is in nomi‐
nal configuration, with all its lines connected. It can be ob‐
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TABLE I
MEAN AND MAXIMUM EP AND EQ WITH DIFFERENT COMPENSATOR ORDERS

Order

1

2

3

4

5

6

EP (°)

Mean

164

15

14

14

15

14

Maximum

179

27

27

27

39

27

EQ (°)

Mean

17

17

17

16

16

16

Maximum

41

41

41
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38

38
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Fig. 6.　Frequency response of CP(s) B (s) and magnitude of B ( jω) for all 

elements in Ωout.
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served that the increase of the proportional gain has a two‐
fold effect on the system dynamic property. First, for three 
low-frequency peaks, the system magnitude decreases as the 
gain value increases. At the same time, the change in the op‐
posite direction is observed for peaks outside the frequency 
range of interest, shown as gray areas in Fig. 8. Thus, the 
system stability margins for frequencies outside the range of 
low-frequency oscillation, are reduced with an increase of 
the controller gains. These results show the importance of an‐
alyzing stability margins for frequencies within and outside 
the frequency range of interest. Based on this analysis, the 
proportional gains are set to be KP =KQ = 1.3. These values, 
together with the rest of the relevant system parameters, are 
summarized in Table SBI of Supplementary Material B. Fig‐
ure SB3 of Supplementary Material B shows the comparison 
of the system transient responses after a disturbance is ap‐
plied.

Figure 9 shows the most relevant system eigenvalues for 
different network configurations without POD controller, 
with a standard POD controller and the proposed POD con‐
troller. Darker marks are used to represent the system eigen‐
values for the nominal network configuration. The eigenval‐
ue analysis covers the eigenvalues in the range of low-fre‐
quency oscillations, i.e., from 0.1 Hz to 2 Hz. However, for 
improving readability, Fig. 9 shows the eigenvalues in a 
more narrow frequency range and with real parts above -3 
rad/s. Also, all critical eigenvalues are included in the plot‐
ted range.

Several conclusions can be drawn by comparing the re‐
sults. First, the introduction of either a standard or the pro‐
posed POD controller improves the damping of the system 
eigenvalues in the majority of the cases. However, it can be 
observed that in certain cases, the standard POD controller 
makes the system unstable, since it is designed by consider‐
ing only the nominal network configuration. Therefore, the 
impact on the system is unknown when the network topolo‐
gy changes. Second, the proposed POD controller does not 
cause system instability for any of the network configura‐
tions. This result highlights the importance of addressing the 
network reconfiguration during the design stage of the pro‐
posed POD controllers.

D. Performance Under Unconsidered Changes

The proposed method for the design of the proposed POD 
controller addresses the changes in the network topology, 
caused by the disconnection of any single line at a time. 
However, during the operation, the system conditions may 
change in different ways. For example, the system loading 
level is constantly changing. Also, the total inertia in the sys‐
tem can vary depending on the level of conventional genera‐
tion and CIG-based power plants in operation. Furthermore, 
the disconnection of generation units in the system may oc‐
cur, causing significant changes in the system dynamics. Fig‐
ure 10 shows the system eigenvalues for those changes ap‐
plied to the system with the proposed POD controller. The 
analysis of these results is presented as follows.
1)　Changes of Inertia

In Fig. 10(a), the most relevant system eigenvalues are 
presented when the inertia of all generators is reduced to 
90% and 80% of its nominal value. In each test case, the 
lines in the power system are disconnected, one at a time. 
The results show that, when the inertia is reduced, the natu‐
ral frequency of the eigenvalues is reduced significantly, 
while the damping ratio is marginally changed. Moreover, 
the groups of eigenvalues from different network topologies 
follow the same pattern. Also, as the inertia is reduced, the 
groups of eigenvalues are moving further apart, which  
means that the disconnection of lines has more impact on 
the system with reduced inertia. These results uniformly 
show that the reduction of the inertia has an important im‐
pact on the system frequency stability in the range of low-
frequency oscillations. However, even with 20% less inertia 
in the system, the system remains stable for all network con‐
figurations, which shows the robustness of the proposed 
POD controller even against those changes that are not origi‐
nally considered.
2)　Changes of Loading Level

In Fig. 10(b), the relevant eigenvalues for three levels of 
load consumption are presented when one line is disconnect‐
ed at a time. In all the cases, the proposed POD controller is 
connected. It can be observed that the load reduction does 
not affect all the system modes in the same way. In most 
cases, the load reduction increases the natural frequency and 
reduces the damping factor of the system modes. However, 
for certain modes, the same load reduction reduces the natu‐
ral frequencies. Therefore, it can be concluded that the load 
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level affects the low-frequency modes in different ways. 
Nonetheless, the system remains stable for all the network 
topologies, even under 30% load reduction, highlighting that 
the proposed design method produces controllers that are ro‐
bust even against cases that are not considered in the design 
procedure.

3)　Disconnection of Generators
Figure 10(c) shows the eigenvalues when the proposed 

POD controller is applied in nominal case with one genera‐
tor disconnected. In the nominal case, the system is stable 
and the damping factor is always above 0.05. In the rest of 
the cases, one generator from G2-G10 is disconnected at a 
time. G1 has not been disconnected as it is represented as an 
equivalent representation of a large system [30]. It can be ob‐
served that the eigenvalues become less damped when one 
generator is disconnected. The results show that the system 
remains stable in most of the cases, except when G9 is dis‐
connected. It should be noted that the disconnection of gen‐
erators is not included in the optimization problem, there‐
fore, this result could be expected. Nonetheless, the discon‐
nection of generators is a relevant problem and the proposed 
method could be extended to include those cases in the de‐
sign of the proposed POD controllers.

Supplementary Material C includes a discussion on sever‐
al aspects related to the design methodology for the pro‐
posed POD controllers. The content is briefly described 
here. First, the coordinated design of multiple POD control‐
lers in different CIG-based generator is presented. Then, the 
effect of system partitioning is described and alternative 
methods to deal with large variations in the power plant is 
summarized. Finally, the impact of weak grids in the control‐
ler performance is addressed.

VI. CONCLUSION

The contributions presented in this paper are as follows.
1) A method for designing the proposed POD controller 

for CIG-based power plants is introduced. The design proce‐
dure considers the changes in the system caused by network 
reconfiguration.

2) It has been explained that how all the necessary infor‐
mation for the proposed method is obtained from the system 
frequency response. An optimization-based design procedure 
for the proposed POD controller has been introduced.

3) The formulation of the optimization problem including 
all the system constraints has been proposed and its objec‐
tive is defined.

All the steps of the design procedure and its validation 
have been explained in detail. The proposed method is tested 
using the IEEE 39-bus system [34] by disconnecting one 
transmission line per test case. The proposed method is use‐
ful for applications in which a small-signal model of the 
power system is not available but there is a simulation mod‐
el. However, the small-signal model of the IEEE 39-bus sys‐
tem [38] is used to analyze the impact of the proposed POD 
controller on the system, i.e., for eigenvalue analysis.

Once the proposed POD controller is introduced, the 
changes in the network topology have limited impact on the 
margins of the critical eigenvalues. It has been shown that 
the resilience of the controller against network reconfigura‐
tion increases with the number of lead-lag filter stages, al‐
though the controller performance barely increases after a 
certain number of stages. Also, the results have demonstrat‐
ed that the system eigenvalues remain well-damped for all 
the possible cases, highlighting the principal advantage of 
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the design of the proposed POD controller.
Future work can focus on studying the performance of the 

proposed design method applied to different networks be‐
cause the relation between the oscillation frequency and the 
compensation angles depends on the network topology. Fur‐
thermore, the application of the proposed design method for 
CIG operation in the grid-forming mode can be studied. The 
comparison of the performance of CIG operation in grid-
forming and grid-following modes with the designed POD 
controller could be conducted.
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