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Abstract: This paper presents an integrated methodology applied to photovoltaic (PV) plants for
improving the dynamic performance of electric power systems. The proposed methodology is based
on primary frequency control, which adds an ancillary signal to the voltage reference of the DC-link
for the voltage source converter (VSC) in order to reduce power oscillations. This ancillary signal
is computed by relating the energy stored in the VSC of the DC-link and the energy stored in the
synchronous machine’s shaft. In addition, the methodology considers the operating limits of the VSC,
which prioritizes active power over reactive power. Furthermore, the VSC control is assessed with
interconnection and damping assignment passivity-based control (IDA-PBC), as well as compared to
conventional PI control. IDA-PBC is employed to design a Lyapunov asymptotically stable controller
using the Hamiltonian structural properties of the open-loop model of the VSC. A 12-bus test system
that considers PV plants is employed to compare the proposed IDA-PBC control with a classical
proportional-integral control approach. The impact of the proposed methodology is analyzed in four
scenarios with different PV penetration levels (10%, 30%, 50%, and 80%) and four large disturbances
in the test power system. In addition, a decrease in the inertia of the synchronous machines from
100 to 25% is analyzed. The time-domain simulation results show that the frequency oscillations
are reduced by 16.8%, 38.43%, 37.53%, and 76.94% in comparison with the case where the proposed
methodology was not implemented. The simulations were conducted using the SimPowerSystems
toolbox of the MATLAB/Simulink software.

Keywords: power oscillation; primary frequency control; photovoltaic plants; inertia reduction

1. Introduction

Power systems have evolved from conventional power grids based on traditional
generation technologies that included hydraulic and thermal (coal- and natural gas-burning
power plants, etc.) generation to systems with high degrees of penetration of distributed
energy resources (DERs) [1]. The main types of DERs are wind power and solar photovoltaic
(PV) generation. This transformation in the structure of power grids is mainly due to
the growing global concern with regard to the hazardous effects of global warming, as
evidenced by the agreement on climate change signed in Paris in 2015 [2]. The purpose
of the agreement is to reduce the greenhouse effects caused by the many millions of
tons of contaminant gases emitted into the atmosphere mainly by electrical and transport
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systems [3]. The integration of DERs into electrical systems can help reduce greenhouse
gas emissions because fossil fuels can be replaced by renewable generation [4].

The main disadvantage of DER systems is the high variability of the primary energy
resource (solar radiation or wind speed), in addition to modifying the analysis of the power
system from their power flow patterns and their stable and dynamic state [3].

A PV plant is inherently inertia-less and can generate prolonged power oscillations
during large disturbances. These oscillations have low frequencies and are characteristic
of an interconnected power system. Oscillations increase when the inertia of the power
system is reduced, as is the case for an energy system with high penetration of renewable
energy resources [5]. In addition, these oscillations can cause the power system to black
out completely, which is highly undesirable [6]. Some studies have also shown that large
disturbances can generate oscillations in the load angle when PV penetration is higher
than 20% [6]. In other cases, it has been determined that PV penetration induces negative
damping [7].

The current literature contains few studies focused on investigating the effects of PV
plants on the stability of power systems. This study addresses the enhancement of power
oscillation damping (POD) in a power system without constraining the dynamics of the
voltage source converter (VSC) to behave as a virtual synchronous generator. This is based
on primary frequency and voltage control, and, therefore, it involves using PV plants as
dynamic compensators under fault events. In addition, this study attempts to utilize the
Hamiltonian open-loop structure of the VSC and its natural energy model. Thereupon, it
aims to design an asymptotically stable controller based on Lyapunov’s theory [8]. One of
the drivers that best utilizes the dynamic structure of VSCs is the passivity-based control
(PBC) approach.

Several studies have investigated the transient stability of power systems with high
levels of penetration of renewable resources. In [9], the authors investigated the effect of
high penetration of wind power on the dynamics of a power system and its contribution to
frequency regulation. Ref. [10] conducted research on methods to compensate for the low
inertia of DERs in an isolated power system based on an energy storage system. In [11],
the authors analyzed the stability of the power system in Canada for different penetration
levels of DERs. Ref. [12] studied the frequency stability problems in Europe, and [13]
modeled wind power as a STATCOM to supply reactive power during grid faults without
affecting stability. Although these approaches meet the standards of power systems, they
do not focus on achieving harmonious interactions with the network.

Meanwhile, other authors have focused on DER controllers for improving the stability
of power systems. For example, in [14], the authors focused on under-frequency events
caused by wind power trips. They determined that the frequency excursion depth is af-
fected by the inertial response of online generation. In [15], a methodology for improving
the frequency stability of power systems with a high level of DER penetration was analyzed.
In [16], the authors proposed a step-down modulation control method in order to allow
large-scale solar PV plants to damp electromechanical oscillations. This method is based
on active power modulation and does not require curtailment as in other approaches.
In [17], a linear neural network is used to propose an adaptive control in order to reduce
power oscillations in wind-integrated power systems. This control injects a supplementary
control signal in the rotor-side converter of the wind turbine based on a doubly-fed induc-
tion generator. In [18], a wide-area damping control is performed to stabilize inter-area
oscillations by using phasor measurement unit (PMU) data. Ref. [19] employs particle
swarm optimization (PSO) to tune the power system stabilizer (PSS) parameters in order to
enhance the transient stability of the power system. However, [18,19] do not consider the
penetration of renewable resources in power systems. Hence, it is not possible to analyze
the effect of its proposal in this scenario.

Several studies have used different types of devices to improve power oscillations in
power systems. Among the most common devices are FACTS [20,21], static VAR compen-
sators (SVCs) [22], and STATCOMs [23]. A clustering technique combined with catastrophe
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theory and multi-objective particle swarm optimization was presented in [20] with the
purpose of optimally placing controlled series capacitors (TCSCs). The goal of this allo-
cation goal was to enhance the transient stability of a power system. Aiming to improve
transient stability, [21] analyzed the implementation of a unified power flow controller,
a static synchronous series compensator, and an SVC. In [22], an SVC was employed to
stabilize the power system under transient stability events, and, [23] described combined
genetic and PSO algorithms to optimize STATCOM-POD in a wind-PV-thermal-bundled
power system.

Other studies, while focusing on modeling the VSC as a virtual synchronous generator,
analyzed electrical distribution systems with high-level DER penetration, such as micro-
grids or smart grids [24–26]. The effects and impacts of DERs on a transmission power
system were analyzed in [27,28]. In these studies, PV systems are modeled as virtual syn-
chronous generators. An adaptive virtual synchronous machine for power systems based
on LQR was proposed in [29]. In [30], the authors determined the most vulnerable parts
of a power system while considering a high penetration of converters. DER systems were
modeled as virtual synchronous generators in these studies. Nevertheless, this concept
does not consider the intrinsic low inertia of these devices and is not likely to produce the
desired effect on power grids.

It is important to highlight that many of the previous studies do not consider the
penetration of photovoltaic energy, and those that do include it worked with levels of PV
penetration of less than 50%. Furthermore, these investigations do not analyze the decrease
in the inertia of synchronous machines and its effect on the stability of power systems.

This study proposes a methodology for improving the POD in a power system with
high levels of PV penetration. This methodology consists of injecting inertia into the power
system through the PV plants, which is why the concepts of primary frequency and voltage
control are implemented. These controls do not force the VSC in PV plants to behave as a
virtual synchronous generator. The proposed methodology works together with primary
frequency control, where an auxiliary signal is added to the reference voltage of the DC-link
of the VSC to damp power oscillations. This methodology was developed by equating the
energy stored in the capacitor and stored in the synchronous machines’ shaft. In addition,
the methodology takes into account the operating limits of the VSC, so the active power is
considered before the reactive power. It also includes a dead-band in the primary frequency
control to filter the noise in the frequency signal in order to reduce the number of operations
of the VSC [31].

The proposed methodology is assessed and compared to two controllers. The first
is a conventional PI controller, which is the most common controller used in VSC. The
second is an interconnection and damping assignment passivity-based control (IDA-PBC).
IDA-PBC is suitable for managing PV plants because the VSC remains passive in the
open loop and presents a port-Hamiltonian structure. IDA-PBC employs these properties
to design a closed-loop controller and thereby preserves the passivity properties and
guarantees a stable operation in the sense of Lyapunov. The controller gains are tuned using
a metaheuristic technique called interactive teaching-learning optimizer, as performed
by [32]. The impact of the proposed methodology is analyzed in four scenarios with
penetration levels of 10%, 30%, 50%, and 80%. In addition, a decrease in the inertia of the
synchronous machines from 100 to 25% is analyzed.

This paper is organized as follows: Section 2 explains the proposed methodology;
Section 3 presents the dynamical model of the PV plant; Section 4 presents the proposed
control and the design of the controller; Section 5 describes the test system and the proposed
scenarios; the following Section 6 analyzes the main results; and Section 7 presents the
conclusions of the study, outlines future research, and provides a reference list.

2. Proposed Methodology

The proposed methodology for improving POD in a power system with a high level
of PV penetration is based on primary frequency and voltage control. This methodology



Electronics 2022, 11, 1744 4 of 19

addresses the VSC of the PV plants. Here, the reference values are determined using
the aforementioned concepts. Thus, the VSC is not constrained to behaving as a virtual
synchronous generator. Primary frequency control is used to compensate for the POD,
which adds a feedback signal to the v?dc (note that ? denotes the desired reference value)
of the DC-link to enhance system damping. Furthermore, the proposed methodology
provides frequency support to the AC system by using a relation between the DC voltage
and the angular frequency. To provide oscillation damping and frequency support, the PV
systems can adjust the output power by adjusting the DC reference voltage. The swing
equation relates the unbalanced power of an AC grid (which results in frequency deviation)
as follows [33]:

2M
∆ω

dt
= Pm − Pe − Dp(ω−ω∗), (1)

where ω is the angular speed rotor, and ω∗ is its setpoint, while ∆ω is the deviation of
the angular speed rotor. M is the inertia moment, Pm is the mechanical power, Pe is the
electrical power, and Dp is a damping factor.

The mismatch between Pm and Pe caused by a varying load demand or disturbance in
the primary motor may alter the rotor speed. The kinetic energy stored in the rotor could
partially offset the unbalance power.

Similarly, the rate of stored energy in the DC-link of a VSC partially compensates the
unbalance power. This could be explained by the following Equation [34]:

Cvdc
dvdc
dt

= Pdc − PVSC, (2)

where vdc is the DC-link voltage, Pdc is the power generated by the PV cells, PVSC is the
power delivered to the power system by the VSC, and C is the DC-link capacitance.

From Figure 1, a relationship between the angular frequency and the DC voltage can
be obtained by equating the shaft energy of a synchronous machine with the capacitor
energy as follows:

2M
dω

dt
= Cvdc

dvdc
dt

. (3)

Synchronous generator DC-link capacitor

Energy E = 1
2 Mω2 Energy E = 1

2 Cv2
dc

Figure 1. Analogy between the energies of the synchronous generator and the DC-link capacitor.

By integrating both the sides of Equation (3) and linearizing it, the following is ob-
tained:

∆vdc =
2M
Cv?dc

∆ω = Kω∆ω, (4)

where Kω is the primary frequency gain.
A limitation of the proposed methodology corresponding to the primary frequency

gain Kω , which is due to the fact that its value directly depends on the desired virtual inertia
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and the capacitor size of the DC-link. Therefore, it is not possible to assign an arbitrary
primary gain without affecting the size of the DC-link capacitor.

It is important to mention that v?dc is defined as the sum of the nominal voltage of the
DC-link and the error between the frequency signal ω and a reference value (ω?) multiplied
by a positive gain (Kω). In addition, a deadband is considered to filter the noise in the
frequency signal and thereby reduce the number of VSC operations. This increases the
device’s useful life [31]. The proposed methodology is illustrated in Figure 2.

Primary frequency control

Kω ∑∑ω

ω?

Dead-band

vnom
dc

Limiter

v?dcmax

v?dcmin

v?dc

Primary voltage control

Kv∑ q?v

v?

−
+

−

+ −
+

Figure 2. Reference values for the VSC.

Primary voltage control aids in regulating the voltage of the connected PV system.
This consists of controlling the consumed/delivered reactive power q of the VSC. Here, q?

is defined as the reactive power desired plus the error between the voltage signal v at the
connection point of the PV plant and its reference value (q?) multiplied by a positive gain
(Kv) (see Figure 2).

Concurrently, the proposed methodology also considers the limitations of the active
and reactive power transference of the VSC. This limitation is typically bounded by an
over-current limiter. Figure 3 portrays the case where active power is prioritized over
reactive power. This priority is selected because the objective of this study is to reduce the
POD. This strategy limits i?d to the maximum current capacity ±imax, and it limits i?q so that
it does not exceed the maximum current rating, which is expressed as follows [31]:

idlim
≤ imax,

−
√

i2max − i2dlim
≤ iqlim ≤

√
i2max − i2dlim

,
(5)

where idq are the currents flowing to the VSC, and imax is the maximum current that can be
supported by the VSC.

id

iq

imax

√
i?d

2 + i?q
2

idlim

iqlim

Figure 3. Priority given to idlim
according to the current limiting strategy.

It should be mentioned that the proposed methodology is local and does not require
any action in other parts of the system. In addition, there is no need to coordinate its
operation with that of the other VSCs or existing power system stabilizers (PSSs). This
operation mode is permanent and depends on the selected deadband. A deadband of
0.0005 pu is assumed, which is 30 mHz for the Colombian power system.
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3. Photovoltaic Power Plants

Large PV plants are composed of hundreds of PV arrays connected to the power
system via power inverters and step-up transformers. PV arrays convert solar energy into
an electron flow by using the PV effect. This DC electricity is then converted to electric
power by means of power electronics. PV plants are connected to power systems through
VSCs. VSCs employ self-commutated switching, which can be gate turn-off thyristors
(GTOs) or insulated gate bipolar transistors (IGBTs) [35]. These switches can be turned on
or off in a controlled manner. In addition, the VSCs operate at a high switching frequency
by utilizing the pulse-width modulation (PWM) technique.

Figure 4 illustrates the PV system employed in this study. It only shows the typical
configuration of a VSC because it assumes a constant DC-link current. This assumption
is valid because the solar radiation is considered to be constant for transient stability
studies [27]. Therefore, none of the dynamics that existed before the DC-link are considered.

idc

vdc
L R

Vg
abcVSC

Figure 4. Typical interconnection of a PV plant through a VSC.

The average value model has been used for VSC dynamics in transient stability studies,
as it omits the fast switching of converters [36]. This model is employed in this study.

Dynamic Model of a VSC

The dynamic model of the VSC in the dq reference frame is given by [37]:

Li̇d = −RTid −ωLiq + vdcmd − vd,

Li̇q = −RTiq + ωLid + vdcmq − vq,

Cv̇dc = is − idmd − iqmq,

(6)

where idq are the currents flowing to the transformer, and L and RT are their inductance
and resistive effects, respectively. The mdq ∈ [−1, 1] are the modulation indices of the VSC,
the vdq are the AC voltages in the main grid, and vdc is the voltage of the DC-link. C is the
DC-link capacitance of the VSC, and is represents the current delivered to the PV system,
which is always positive (is > 0 for all PV plants). ω denotes the electrical grid’s angular
frequency, which is obtained as in a conventional phase-locked loop (PLL) system.

4. IDA-PBC Method

Interconnection and damping passivity-based control (IDA-PBC) theory is a robust
and mathematically well-supported control theory for non-linear systems with Hamiltonian
structures [38]. In general, IDA-PBC uses the open-loop Hamiltonian structure of a system
to propose a closed-loop structure that preserves the passivity properties in order to design
a controller that guarantees operational stability in the sense of Lyapunov [1].

4.1. Open-Loop Structure

A conventional structure of a port-Hamiltonian (pH) system for power electronic
converters can be defined as expressed below:
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Definition 1. A port-Hamiltonian system for any power electronic converter under the averaging
model can be expressed as [37]:

Dẋ = [J (u)−R]x + ϕ, (7)

where D ∈ Rn×n is known as the inertia matrix, which is due to its similarities with models of
mechanical systems. It is positive definite, so that D = D>. J (u) ∈ Rn×n corresponds to a
skew-symmetric control matrix, which implies that J (u) = −J >(u). R ∈ Rn×n is a positive
semi-definite matrix that contains all the dissipative effects of the system. ϕ ∈ Rn corresponds to a
vector that contains all the external inputs. x ∈ Rn represents all the state variables, and u ∈ Rm

are the control inputs of the system. Note that, for under-actuated dynamical systems, m ≤ n.
It is important to highlight that pH systems have the following characteristics [39]:

• They are composed of two matrices that contain information on the interconnection between
state variables and the energy dissipation properties of the system.

• They have an open-loop passive structure that can be utilized in a closed-loop design via
passivity-based control theory.

• They are generally non-linear mathematical formulations that represent dynamical systems
which can be derived from the Euler-Lagrange equations.

The following mathematical relations can be established by comparing the dynamic
system (7) with the dynamic model of the VSC [40]:

D =

 L 0 0
0 L 0
0 0 C

, J (u) =

 0 −ωL md
ωL 0 mq
−md −mq 0

,

R =

 RT 0 0
0 RT 0
0 0 0

, x =

 id
iq

vdc

, ϕ =

 −vd
−vq

is

.

(8)

4.2. Desired Closed-Loop Structure

The open-loop dynamic system given in Equation (7) with the parameters presented in
Equation (8) can be compared to the desired closed-loop dynamic system in order to design
a controller using the passivation theory [41]. The desired closed-loop dynamics correspond
to a stable bilinear dynamic system with modified interconnection and damping matrices.
The general definition of a desired dynamic system for power electronic converters can be
expressed as follows [41]:

Definition 2. The desired closed-loop dynamic system for a VSC is formulated as

D ˙̃x = [J ?(u)−R?]x̃, (9)

where J ?(u) and R? represent the desired interconnection and damping matrices that display
characteristics identical to those of the open-loop dynamic system, i.e., they are skew-symmetric
and positive semi-definite, respectively. In addition, x̃ = x− x?, where x? represents the desired
operating point [41].

An important aspect in the modeling of a VSC under Park’s reference frame is that x?

does not depend on time. This implies that ˙̃x = ẋ.

4.3. Controller Design

Note that it is now possible to compare the open-loop dynamic system (7) with the
desired closed-loop one given by Equation (9). This yields [41]

J ?(u)x? = Rx−R? x̃− ϕ. (10)
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Observe that the following is selected as the desired interconnection and damping
matrices in order to obtain Equation (10) [1]:

J ?(u) = J (u), R? =

 R1 0 0
0 R2 0
0 0 R3

. (11)

The first two equations of (10) are solved to obtain the control laws md and mq. This
yields

md =
(
v?dc
)−1
(

RLid + ωLi?q + R1
(
i?d − id

)
+ vd

)
,

mq =
(
v?dc
)−1
(

RLiq −ωLi?d + R2

(
i?q − iq

)
+ vq

)
.

(12)

From Equation (12), it can be observed that the control input md can be used to control
the current id, which is associated with the active power that is transferred from the PV
plant to the power system. Meanwhile, mq may be used to control the reactive power
interchange between the VSC and power system [37]. Furthermore, the active power is
directly related to the state of charge of the DC capacitor. This implies that only the power
originating from the PV modules can be transferred to the power system, i.e., by using
the current is. Hence, by solving the last equation of (12), the desired reference for the id
current is obtained as a function of the desired voltage across the DC capacitor [37].

i?d =m−1
d

(
is −mqi?q − R3(v?dc − vdc)

)
, (13)

i?q =
q?

vd
. (14)

4.4. Stability Test of the Controller

The main advantage of incorporating IDA-PBC in design control strategies for power
electronic converters is the feasibility of ensuring stability in the sense of Lyapunov. There-
fore, a candidate Lyapunov function V(x̃) can be defined as follows:

V(x̃) =
1
2

x̃>Dx̃. (15)

Note that V(x̃) > 0 ∀x 6= x? and V(0) = 0. This clearly fulfills the first two conditions
of the Lyapunov stability theorem [42].

The following is obtained by taking the temporal derivative of Equation (15), substi-
tuting Equation (9), and rearranging a few terms:

V̇(x̃) =x̃>D ˙̃x = x̃>[J ?(u)−R?]x̃

=x̃>J ?(u)x̃− x̃>R? x̃ = −x̃>R? x̃ < 0.
(16)

It is important to highlight that Equation (16) allows guaranteeing the global asymp-
totic convergence of any IDA-PBC controllers applied to the VSC. Detailed proof of this is
available in [37]. Finally, Figure 5 depicts the proposed control scheme and the application
of the proposed methodology.
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Figure 5. Proposed controller and methodological schemes.

5. Test System and Simulation Cases
5.1. Test System

Figure 6 depicts the 12-bus test system with different penetration levels of PV plants.
This test system was proposed in [27], and it is used to demonstrate the effectiveness of the
proposed methodology. The test system has four synchronous generators, six two-winding
transformers, six loads, and eight transmission lines. The synchronous generators are
equipped with AVR, PSS, and turbine governors. All the parameters of the test system are
provided in [43]. Each PV plant employs the parameters listed in Table 1. In addition, the
proposed methodology is assessed and compared to two controllers, such as a conventional
PI controller and the IDA-PBC method. All the parameters are presented in Table 1.

10% PV

30% PV

50% PV

80% PV

G1

750 MVA

Bus-9

Bus-1

Load 1

G2

640 MVA

Bus-10
Bus-2

Load 2

G4

474 MVA

Bus-12
Bus-6

Load 6

PV 9

G3

384 MVA

Bus-11

Bus-3

Load 3

PV 7PV 4

Bus-8Bus-7

PV 8

100 MVAr

Bus-5

PV 1PV 2

PV 3

Load 5

40 MVAr

PV 10

PV 11

PV 12

Bus-4

PV 6PV 5

Load 4

200 MVAr

L-1

L-2

L-3

L-8 L-4

L-5

L-6

L-7

Figure 6. 12-bus test system with different penetration levels of PV plants.
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Table 1. Data and parameter values.

Description Parameter Value Description Parameter Value

PV system IDA-PBC
Nominal power Pnom 0.5 Damping gain R1 0.8
Primary frequency control Kω 30 Damping gain R2 0.8
Primary voltage control Kv 2 Damping gain R3 0.5
VSC Outer Control
DC-link capacitance C 0.1 Proportional gain Kp 2
Transformer inductance L 0.15 Integral gain Ki 0.5
Transformer resistance RT 0.015
Maximum DC-link voltage vmax

dc 1.2 Inner control
Minimum DC-link voltage vmin

dc 0.8 Proportional gain Kp 25
Current limits imax 1.1 Integral gain Ki 1.5

All parameters are per unit SBase = 100 MW, VBase = 230 kV.

It is important to mention that the controller gains are tuned using a metaheuristic
technique called interactive teaching-learning optimizer, as performed in [32].

5.2. Simulation Cases

The following simulation cases are considered in order to demonstrate the effectiveness
of the proposed methodology:

• First case: generator 4 is assumed to be disconnected abruptly.
• Second case: a short circuit on bus 8 for a period of 140 ms is considered.
• Third case: a permanent short circuit three-phase to the ground in the middle of line

L-2 is considered. It is also supposed that the protection system operates at 140 ms.
• Fourth case: a load (equivalent to load 5) is considered to be connected abruptly at

bus 5.

Four scenarios with different penetration levels are also considered in order to analyze
the impact of the PV plants in the power system. The PV plant penetration level is gradually
increased across the considered scenarios to illustrate the evolution of the power systems.
The penetration level and the number of PV plants and their locations are presented in
Figure 6.

• Scenario 1: three PV plants with a 10% penetration level are considered. These
represent the current power systems that incorporate renewable energy.

• Scenario 2: five PV plants with a penetration level of 30% are assumed in this scenario.
These represent an eventual power system with renewable energy inclusion in the
short term.

• Scenario 3: nine PV plants with a 50% penetration level are considered. This denotes
a feasible situation with a penetration that exceeds the current limits of renewable
inclusion.

• Scenario 4: twelve PV plants with an 80% penetration level are considered.

Note that the active power produced by the PV plants in all the scenarios is assumed
to be equal. The operating conditions of the synchronous generators for the four scenarios
are listed in Table 2.
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Table 2. Operating conditions of the synchronous generators.

Generator

G1 G2 G3 G4

P V P V P V P V

Scenario 1 3.42 1.00 4.00 1.01 2.70 1.01 3.30 1.01
Scenario 2 2.53 1.00 3.27 1.01 1.97 1.01 2.57 1.01
Scenario 3 1.82 1.00 2.55 1.01 1.25 1.01 1.85 1.01
Scenario 4 0.7 1.00 0.8 1.01 0.8 1.01 0.65 1.01

All the parameters are per unit. SBase = 100 MW, VBase = 230 kV.

For all cases, it is assumed that the perturbation occurs at 1.0 s. Furthermore, it is con-
sidered that the proposed methodology is implemented with the IDA-PBC as presented in
Section 4, whereas the conventional converter controller (PI) does not include the proposed
methodology.

6. Results

The four cases and the 12-bus test system with different penetration levels of PV plants
(see Figure 6) were implemented in MATLAB/Simulink (MATLAB2019b) and run on a
desk computer (with an INTEL(R) Core(TM) i7-7700 CPU @ 3.60 GHz, 8 GB RAM, and
64-bit Windows 10 Professional).

6.1. First Case

This case shows the capability of the proposed methodology to compensate for the
POD when generator 4 becomes disconnected. This generator produces 22.75, 17.75, 12.75,
and 4.48% of the total active power in the test system for scenarios 1, 2, 3, and 4, respectively.
In each scenario, the active power produced is distributed equally among the other three
generators after generator 4 is disconnected.

The dynamic responses of the rotor speed deviations of synchronous generator 3,
the terminal voltage of generator 1, and the active power of PV plant 1 are illustrated in
Figure 7.

Note that ∆ω3 helps determine the extent to which the frequency of the test system is
affected (see Figure 7a). Scenario 1 exhibits the largest decrease in ∆ω3. This occurs because
the disconnection of generator 4 when the PV penetration is 10% produces a greater power
imbalance. This is because 22.75% of the total generation disappears abruptly, unlike the
other three scenarios, where the contribution of generator 4 is lower.

Figure 7a also shows that the proposed methodology enables the mitigation of POD,
thereby enhancing the power system’s stability without constraining the VSC to emulate
the dynamics of a synchronous generator.

Figure 7b shows that the voltage profiles stabilize faster when primary voltage control
is employed. This confirms that the VSC of a PV plant can be used to improve its voltage
profile under large disturbances.This occurs on the generator 1 bus and on all the other
buses in the power system.

The active power produced by PV plant 1 shows greater changes when primary
frequency control is implemented (see Figure 7c). These shifts are necessary to compensate
for the POD in the power system, so that less time is required for the frequency oscillations
to decrease (Figure 7a). In scenario 1, it is also evident that the active power produced
shows a greater shift in comparison with scenarios 2, 3, and 4. This is because scenario
1 has fewer PV plants that may produce a power imbalance in the power system. In the
design of PV plants, it is necessary to examine whether the VSCs can safely support these
overloads and thereby ascertain whether the PV plants can produce the required active
power.
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Figure 7. Response of the test system to the abrupt disconnection of generator 4: (a) rotor speed
deviation of generator 3, (b) terminal voltage of generator 1, and (c) active power of PV plant 1.

6.2. Second Case

This case involves analyzing the effect of a large-scale disturbance in the power system,
which is evidenced by a short circuit event on bus 8. Figure 8 presents the rotor speed
deviation of generator 3, the voltage profile at the terminals of generator 1, the active
power provided by PV plant 1, and the active power of generator 2. Figure 8a shows the
direct relationship between the PV penetration level and the frequency deviation: higher
frequency oscillations are evidenced when the active power generation is minimal. The
frequency deviations are minimal when the active power of the PV system is maximal. This
behavior is to be expected because the capability to reduce frequency deviation is associated
with the current capabilities of the PV system, as well as with the primary control depicted
in Figure 2.

Note that the application of the proposed methodology with the IDA-PBC approach
reduces the frequency deviations from those of the PI approach in the four PV penetration
scenarios. The frequency oscillations for scenarios 1, 2, 3, and 4 decrease in comparison
with the maximum value obtained without using the proposed methodology, i.e., by
16.8%, 38.43%, 37.53%, and 76.94%, respectively. This demonstrates that the proposed
methodology’s effect on the damping of the frequency oscillations benefits the synchronous
machines and reduces the stress on the shaft.
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Figure 8. Response of the test system to a short circuit on bus 8 for 140 ms: (a) rotor speed deviation
of generator 3, (b) terminal voltage of generator 1, (c) active power of PV plant 1, and (d) active power
of generator 2.

Figure 8b shows the dynamic performance of the voltage profile at the terminals of
generator 1. Here, the oscillations in the voltage profile are higher for the PI approach
in all the cases than for the proposed IDA-PBC control methodology. Nevertheless, the
system recovers its normal behavior for both control strategies 4 s after the fault has been
clarified. This behavior shows that the PI and IDA-PBC approaches allow maintaining the
power system’s stability during dramatic short-circuit events by considering a wide range
of variations regarding PV power penetration.

Figure 8c depicts the active power output of PV plant 1. Note that, unlike the behavior
depicted in Figure 8a,b, the IDA-PBC approach shows higher oscillations in the active
power output than PI. This is to be expected, given that the proposed primary voltage and
frequency control operates as a function of the active power provided by the PV plant.
This implies that higher active power variations are required to reduce frequency (voltage)
oscillations in the least possible time.

Figure 8d shows that the active power oscillations of generator 2 are lower when
the proposed methodology is employed. In addition, for all the penetration levels, the
proposed methodology has a faster response and stabilizes the system in less time.



Electronics 2022, 11, 1744 14 of 19

6.3. Third Case

This case simulates the proposed methodology’s contribution to improving the power
system’s stability when a topology shift occurs together with the tripping of the transmis-
sion line L-2. Figure 9 shows the dynamic performance of the rotor speed deviation, as well
as the voltage profile in generator 3, the power output in PV plant 1, and the active power
of generator 2.
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Figure 9. Response of the test system to a short circuit in the middle of line L-2: (a) rotor speed of
generator 3, (b) terminal voltage of generator 1, (c) active power of PV plant 1, and (d) active power
of generator 2.

Note that the PI control exhibits higher oscillations in the frequency and voltage signals
(see Figure 9a,b) than the proposed IDA-PBC methodology. In addition, the active power
outputs of PV plant 1 and generator 2 have a similar interpretation to that of the previous
case (see Figure 9c,d). Finally, note that this case illustrates the advantage of controlling
PV plants in power grids via the primary control approach, i.e., the transient conditions
after large-scale disturbances, including topological grid variations, can be significantly
improved in comparison with conventional approaches.
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6.4. Fourth case

This case investigates the capability of the proposed methodology to alleviate POD
when a load is connected abruptly at bus 5. Figure 10 illustrates the rotor speed deviation
of generator 3, the voltage profile at the terminals of generator 1, and the active power
delivered by PV plant 1. As previously indicated, the dynamic response is better when the
proposed methodology is used. In addition, the proposed approach stabilizes the system
faster, even in light of an abrupt connection.
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Figure 10. Response of the test system to the abrupt connection of a load at bus 5: (a) rotor speed of
generator 3, (b) terminal voltage of Generator 1, and (c) active power of PV plant 1.

It is important to note that the primary frequency control serves as additional inertia
for the power system; it contributes decisively to dampening the variation rate in the
frequency and, thereby, its maximum deviation. This can be verified by comparing ∆ω
when the primary frequency control is implemented and when it is not in all the scenarios
(see Figures 7a–10a). In addition, the decrease in the frequency deviation becomes evident
in light of an increased penetration of PV systems.

It can be observed that the active power of the PV system increases dramatically
when the large disturbance disappears (e.g., a short circuit) for approximately 1.4 s (see
Figures 7c–10c). This occurs because the RMS voltage in all the system nodes increases
dramatically after the large disturbance event, thus increasing the instantaneous active
power in the entire power system.

6.5. Analysis of the Decrease in Inertia

This subsection examines the capability of the proposed methodology to enhance
stability when the synchronous machine’s inertia is reduced from 100 to 25%. This analysis
is carried out under the conditions of the second case because it displays the largest angular
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frequency oscillation. Figure 11 illustrates the maximum average frequency deviation of
the synchronous machines when a reduction in their inertia is considered.
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Figure 11. Maximum average of ∆ω when the inertia of the synchronous machines is reduced:
(a) 10%, (b) 30%, (c) 50%, and (d) 80% penetration.

Figure 11 shows that the maximum average of ∆ω is less when the proposed method-
ology is implemented. In addition, this maximum average of ∆ω is reduced as the inertia
of the synchronous machines decreases. Finally, it can also be observed that the maximum
average of ∆ω decreases as the penetration level of PV systems increases. This is because
there are more PV systems that contribute inertia to the power system.

6.6. Complementary Analysis

Table 3 presents the integral of the time-weighted absolute error (ζ) for the rotor speed
deviations and the generator terminal voltages. These are determined as follows:

ζω =
1
4

4

∑
k=1

∫ tsim

0
t′|∆ωk|dt′,

ζv =
1
4

4

∑
k=1

∫ tsim

0
t′
∣∣∆VGk

∣∣dt′.

(17)
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Table 3. Integral of the time-weighted absolute error for rotor speed deviations and generator
terminal voltages.

First Case Second Case Third Case Fourth Case

ζω ζv ζω ζv ζω ζv ζω ζv

Scenario 1 PI 46.31 61.92 8.89 27.61 1.65 17.26 4.17 4.76
PBC 42.68 56.04 7.09 15.55 0.92 14.63 3.36 4.36

Scenario 2 PI 27.31 36.27 6.72 19.21 0.75 11.01 3.65 4.53
PBC 24.86 35.98 4.55 14.29 0.58 10.64 2.86 4.27

Scenario 3 PI 20.62 32.48 5.24 16.25 0.53 12.91 3.96 4.58
PBC 12.01 31.59 3.78 15.89 0.42 10.06 1.92 3.68

Scenario 4 PI 8.97 15.05 5.39 23.33 0.78 9.69 3.26 4.23
PBC 2.57 2.76 2.27 13.37 0.38 8.12 2.47 3.57

The results presented in Table 3 qualitatively demonstrate the enhanced performance
of the proposed methodology. Virtual inertia is added to the power system by employing
frequency control. In addition, ζω decreases when the penetration level of the PV plants
increases.

Figure 12 illustrates the computed voltage reference in the DC-link for PV plant 1,
as shown in Figure 2, and their dynamical responses of IDA-PBC for scenario 4 (80% PV
plants). It can be seen that the IDA-PBC approach can follow the reference generated by
the proposed methodology with a good performance.
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Figure 12. Response of the DC-link voltage for the cases.

7. Conclusions

In this study, a methodology based on primary voltage and frequency control was
presented to improve the POD in a power system with high penetration levels of PV
generation. The proposed methodology exhibited the advantage of enhancing the dynamic
response of the power system without forcing the VSC to behave as a virtual synchronous
generator. This is an advantage because no new dynamics are introduced in calculating
the VSC reference values, which is required for a virtual synchronous generator. This
methodology was developed by relating the energy stored in the VSC of the DC-link
and the energy stored in the synchronous machine’s shaft. In addition, the methodology
considered the operating limits of the VSC, which, in turn, limits the injection of reactive
power if these boundaries are exceeded.

Time-domain simulations were performed considering four penetration levels (10%,
30%, 50%, and 80%) of PV generation and four large disturbances in the test power system.
The frequency oscillations were reduced to four penetration levels when the proposed
methodology was implemented in the PV plants. The values of these reductions were 16.8%,
38.43%, 37.53%, and 76.94% in comparison with the case where the proposed methodology
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was not implemented. These reductions in the frequency oscillations of the power system
allowed reducing the stress on the synchronous machines and their shafts. In addition, it
was observed that the oscillation of the DC-link voltages decreased. Hence, their stress
and the effects on the capacitors were also reduced. The proposed methodology was also
assessed with regard to a reduction in inertia in synchronous machines from 100 to 25%,
where the frequency deviations were reduced when the proposed primary control was
employed. Finally, it can be highlighted that the power system stability improved when
the proposed methodology was equipped in the PV plants. Therefore, this methodology
could play an essential role in the operation of power systems, controlling their voltage
and frequency as well as improving the damping of the power and frequency oscillations
when a large disturbance occurs.
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