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Abstract—The recent trend of encouragement to renewable
integration has resulted in an inverter-dominated hybrid grid.
The time-scale of such integrated grid activities and its response
time varies in a wide range. In such a scenario, the first challenge
is to have a model that can capture both the dynamics of fast
as well as slow components, and the second is stability analysis
without compromising its time-varying impact. To address these
issues, the paper includes the Port-Controlled Hamiltonian (PCH)
Inverter formulation related to a interdisciplinary model for
voltage stability analysis of inverter-dominated distribution grids.
The interactions between slow network, load dynamics, inter-
mediate converter-control dynamics, and fast electromagnetic
states can be captured in the model. The PCH formulation pro-
vides an energy-based representation of the inverter dynamics,
enabling systematic analysis of transient voltage response and
post-disturbance recovery in inverter-integrated power systems.
MATLARB is used to validate the proposed methodology in weak-
grid and load-varying scenarios. A new PCH-based controller has
been designed to tune the inverter PWM signal so that voltage
stability can be supported to maintain the grid voltage profile.

Index Terms—oaf frame, Grid-Connected Inverter, Intercon-
nection and Damping Assignment Passivity-Based Control (IDA-
PBC), MATLAB/Simulink, Multimachine system, Port-controlled
Hamiltonian (PCH), Voltage Source Inverter (VSI), Voltage
stability

I. INTRODUCTION

The power system is experiencing paradigm shift from an
inertial-based architecture to a non-inertial converter-governed
network. This transition is driven by the rapid penetration
of inverter-interfaced renewable energy sources and electron-
ically governed loads, which are replacing traditional rotating
machines across the power system network. This results in
remodeling of dynamic behavior, characterized by reduced
inertia, limited inherent damping, and a growing dependence
on power-electronics control to maintain system stability and
operational reliability [1].

Inverter-based resources (IBRs) entirely rely on control
algorithms to emulate voltage support and frequency reg-
ulation. This poses challenges related to voltage stability,
oscillatory behavior, and post-disturbance voltage recovery in
inverter-dominated grids. In particular, rotor angle stability and
damping of interarea oscillations have become increasingly
important in low-inertia systems [2], [3]. Furthermore, tran-
sient stability assessment and critical clearing time analysis
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remain important for evaluating system resilience under severe
disturbances [4].

Energy-based approaches such as Port-Controlled Hamil-
tonian (PCH) modeling [5], [6] and passivity-based control
(IDA-PBC) [7] have received significant attention in power
electronics due to their ability to represent system dynamics in
terms of stored energy, interconnection structure, and dissipa-
tion. By preserving system passivity, Hamiltonian formulations
provide strong stability properties and clear physical insight
into system behavior. Moreover, this framework offers a uni-
fied energy-based representation of the inverter, controller, net-
work, and load dynamics, enabling systematic analysis of the
interactions between inverter inner control loops, outer voltage
or power regulation, network dynamics, and load behavior,
which are often difficult to capture using conventional control
approaches. Previous studies have demonstrated that passivity-
based control strategies can improve the dynamic performance
and robustness of grid-connected converters under non-ideal
grid conditions [8].

Motivated by these challenges, the research evaluates a
Hamiltonian-controlled inverter as a dynamic voltage support
device in a multimachine system. The voltage source inverter
is modeled using the Port-Controlled Hamiltonian (PCH)
framework and controlled using the IDA-PBC methodology,
enabling systematic energy shaping and damping injection.
To assess the system-level impact of such an inverter, a
representative IEEE 9-bus system topology is considered
with an equivalent PV plant interfaced through the proposed
Hamiltonian-controlled voltage support scheme inverter. The
inverter is formulated in the dq reference frame and connected
to the grid through an LCL filter.

The application of Hamiltonian-controlled inverter mod-
eling in a multimachine system environment has not been
widely reported in existing studies. While PCH modeling and
IDA-PBC control have been previously applied to converter
systems, their integration and comparative evaluation in a
multimachine IEEE 9-bus environment for dynamic voltage
support and transient stability analysis remains limited in
existing literature.

The main contributions of this paper are summarized as
follows:

« Integration of the Hamiltonian-controlled inverter into a
multimachine system, enabling comparative evaluation of
inverter-based voltage support.

o Comparative dynamic analysis of voltage, frequency, and
rotor angle responses under grid disturbances for conven-



tional synchronous generator and Hamiltonian-controlled
inverter configurations.

The subsequent sections focus on the strategy used for
inverter modeling. Section IIl presents the development of
the PCH framework for stability enhancement, while Section
IV is dedicated to system description and case study. Section
V presents the results and their interpretation. Section VI
concludes the work along with future scope.

II. MATHEMATICAL MODELING OF
GRID-CONNECTED INVERTER WITH PLL AND
IDA-PBC

The mathematical model of the grid-connected inverter
is developed using the Port-Controlled Hamiltonian (PCH)
framework. The modeling procedure is carried out in a se-
quence of steps so that the energy variables, system dynamics,
and control inputs can be systematically identified.

1) Step 1: InverterFilter Dynamic Equations: The
inverter-side inductor, filter capacitor, and grid-side resistance
dynamics are first expressed using Kirchhoff’s laws in the sta-
tionary o3 reference frame. The following dynamic equations
are adapted from the Port-Controlled Hamiltonian modeling
approach presented in [5]. The resulting differential equations
are given in (1)—(5):
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where Uinyo = p1Vie and viny,g = poVge represent the

inverter modulation voltages.

2) Step 2: Hamiltonian Energy Function: The total stored
electromagnetic energy of the inverter—filter system is repre-
sented through the Hamiltonian function. The Hamiltonian is
defined as

1 . . 1 1
H = §Lf(7’%o¢ +i7p) + §Cf(1%a +vgg) + §Cdcvd2c- (6)

The corresponding state vector of the system is

z=[iLa, ir8, VCa, Vg, Vael®. (7)

3) Step 3: Port-Controlled Hamiltonian Representation:
Using the Hamiltonian defined in (6), the system dynamics
given in (1)—(5) can be expressed in the compact PCH form

& =1[J — R|VH + g(z)u. (8)

Here, J represents the skew-symmetric interconnection ma-
trix and R denotes the dissipation matrix describing system
losses. The matrices are defined as

0 wLy -1 0 0
—wLy 0 0o -1 0
J=1 1 0 0 wCr 0
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0 0 0 0 0
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The input vector and port matrix are expressed as
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The passivity property of the system follows from the
Hamiltonian derivative

H=—(VH)'RVH + (VH)" gu. ©9)

4) Step 4: IDA-PBC Control Law: The Interconnection
and Damping Assignment Passivity-Based Control (IDA-PBC)
method reshapes the system energy and introduces damping to
guarantee closed-loop stability. The controlled dynamics can
be written as

T = (Jd — Rd)VHd. (13)

In the IDA-PBC formulation, .J; defines the desired inter-
connection structure of the closed-loop system, whereas Ry
determines the desired damping injection required to dissipate
system energy and suppress oscillatory behavior.

The corresponding modulation inputs are obtained as
] = o [ rsin e+ Rylw? = ve) + ol )]

H2 Ve
(14)
The modulation inputs obtained from the IDA-PBC controller
represent the normalized inverter voltage references in the

stationary o frame. Accordingly, the inverter output voltages
are expressed as

Vinv,a = ,LL1Vd(; (1)

Vinv,p = N2Vdc (2)

These reference voltages are transformed into three-phase
modulation voltages using the inverse Clarke transformation to
obtain v,p.. The resulting phase voltages are then normalized
with respect to the DC-link voltage in order to generate the
PWM duty ratios required for inverter switching.



5) Step 5: PWM Generation and Power Computation: The
modulation signals are converted to three-phase duty ratios
using

Vabe
dape = 0.5+ —.
’ Ve

5)

The instantaneous active and reactive power exchanged with
the grid are computed as

3
P= i(vaiLa + UBiLﬂ)7 (16)

3 ) .
Q= §(U/ﬂLa — Ualrg). (17)
III. DEVELOPMENT OF PCH FRAMEWORK FOR
ENHANCEMENT OF STABILITY

Based on the dynamic equations and the PCH representation
derived in the previous section, the overall control architecture
of the grid-connected inverter is implemented for system-
level operation in the multimachine network. The interaction
among the various subsystem blocks is illustrated in Fig. 1,
highlighting the overall control and power flow.

The three-phase grid voltages are first measured (Step 1)
and converted through a Clarke transform (Steps 2-3). These
signals, together with the DC-link voltage, are processed by
the IDA-PBC Hamiltonian controller to generate the required
inverter voltage references (Step 4). The references are then
mapped back to three-phase quantities using the inverse Clarke
transform (Step 5), converted into PWM duty ratios (Step 6),
and compared with a carrier signal to produce switching pulses
for the universal bridge (Step 7). The bridge output is filtered
through the LCL network (Step 8) to ensure smooth current
injection before being delivered to the multimachine power
system (Step 9). Grid currents and voltages are continuously
measured to complete the feedback loop and maintain closed-
loop operation.

Conventional inverter control methods generally suppress
oscillations using externally designed feedback damping loops.
However, in the proposed Hamiltonian framework, damping
is systematically introduced through passivity-based energy

shaping and dissipation assignment.
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Fig. 1. Workflow diagram of a multimachine system with a Hamiltonian-
based inverter.

TABLE I

INVERTER AND LCL FILTER PARAMETERS
Parameter Value
Inverter-side inductance L ¢ 2 mH
Filter resistance Ry 0.1 Q2

Filter capacitance C'y 5x 1073 F
Load resistance Ry, 10 Q

DC-link capacitance Cyg. 2x 1073 F
DC-link voltage Vg, 600 V
Grid frequency f 50 Hz

Angular frequency w 27 x 50 rad/s

IV. SYSTEM DESCRIPTION AND CASE STUDY

Fig. 2 shows the single-line diagram (SLD) of the mod-
ified IEEE 9-bus system, highlighting the placement of the
Hamiltonian-controlled inverter at Bus 3 and the location of
the three-phase LLL fault considered near Bus 7.

LLL

Inverter with
PCH controller
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Fig. 2. Single-line diagram of the modified IEEE 9-bus system with inverter
integration.

In order to evaluate the effectiveness of the proposed
Hamiltonian-based control strategy, three different system con-
figurations are considered for comparison. The grid-following
inverter with PI control represents the conventional inverter
control approach widely used in practical renewable energy
applications, whereas the Hamiltonian-controlled inverter is
considered to investigate the effectiveness of the IDA-PBC
framework in improving dynamic stability and voltage support
performance.

o Case 1: Conventional generator-based system.

o Case 2: Grid-following inverter using PI control.

o Case 3: Hamiltonian-controlled inverter using the IDA-
PBC framework.

This section presents a comparative dynamic assessment of
a multimachine system adapted from the IEEE 9-bus system
under different inverter integration and control scenarios. A
three-phase fault is considered near Bus 7 at ¢t = 2 sec
and cleared at ¢ = 2.1 sec. Voltage magnitude and system
frequency are monitored at Bus 3 to evaluate voltage support
capability and frequency behavior during both healthy and
disturbed operating conditions.

1) Case I (Conventional Generator-Based System): Fig. 3
shows the voltage response at Bus 3 when an LLL-fault
is considered near Bus 7. Under pre-fault conditions, the
voltage is maintained at approximately 1.03 pu. During the
fault interval (2-2.1 sec), the voltage drops sharply to 0.4 pu,
corresponding to a 61.1% voltage dip. After fault clearance,
a post-fault voltage overshoot is observed, with the voltage
rising to approximately 1.08 pu before settling back to its
nominal value of 1.03 pu. This represents a post-fault voltage
spike of approximately 4.85% from the initial value.

The corresponding frequency response is shown in Fig. 4.
During the fault, the frequency increases from 60 Hz to
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Fig. 3. Voltage at Bus 3 during LLL-fault with generator in IEEE 9-bus

system.
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Fig. 4. Frequency response for LLL-fault in IEEE 9-bus system.

approximately 60.15 Hz, followed by a dip to 59.80 Hz
after fault clearance. The frequency subsequently recovers and
settles at the nominal value of 60 Hz.

2) Case 2 (Grid-Following Inverter With PLL Using PI
Control): The PI controller parameters were selected using
conventional tuning practices to ensure stable grid-following
operation under nominal conditions.
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Fig. 5. Voltage at Bus 3 during LLL-fault (grid-following VSI).

During the LLL-fault, the voltage response shown in Fig. 5,
considering the operating scenario the pre-fault voltage is
observed to be 0.92 pu that drops to nearly 0.12 pu, corre-
sponding to an 86.9% voltage dip. Following fault clearance,
an additional voltage change is observed, with the voltage
momentarily reaching approximately —1.03 pu, which is an
11.9% change before recovering to its pre-fault value. The
frequency response during the fault is shown in Fig. 6; the
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Fig. 6. Frequency response during LLL fault (grid-following VSI).

frequency spikes to approximately 60.39 Hz during the fault
and then returns to the same oscillatory behavior observed un-
der healthy conditions, ranging between 59.8 Hz and 60.1 Hz.

3) Case 3 (Hamiltonian-Controlled Inverter Using the IDA-
PBC Framework): For the Hamiltonian-controlled inverter,
the voltage response is shown in Fig. 7; the initial voltage
is 0.93 pu and has a smooth and stable three-phase voltage
supply. The corresponding frequency response in Fig. 8 re-
mains tightly regulated at 60 Hz, indicating improved steady-
state behavior compared to the grid-following inverter with PI
controller.
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Fig. 7. Voltage at Bus 3 under healthy conditions (Hamiltonian-controlled
VSI).
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Fig. 8. Frequency response under healthy conditions (Hamiltonian-controlled

VSI).

During the LLL-fault, the voltage at Bus 3 shown in
Fig. 9 drops to approximately 0.125 pu, corresponding to an
86.5% voltage dip. After fault clearance, the voltage recovers
smoothly with a limited overshoot to approximately 0.956 pu
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Fig. 9. Voltage at Bus 3 during LLL-fault (Hamiltonian-controlled VSI).

— Frequency (Hz)

60.15

60.10

60.05

60.00 =

59.95

Frequency (Hz)

59.90

59.85

59.80

0.0 05 10 15 20 25 30 35 4.0
Time (sec)

Fig. 10. Frequency response during LLL-fault (Hamiltonian-controlled VSI).

before settling back to its pre-fault value. This corresponds to
a post-fault voltage spike of only 2.81%.

The frequency response during the fault, shown in Fig. 10,
exhibits a limited deviation, with a maximum increase to
approximately 60.17 Hz and a minimum of 59.8 Hz. Following
fault clearance, the frequency rapidly returns to the nominal
value of 60 Hz without sustained oscillations. Although volt-
age dynamics are strongly influenced by the inverter controller,
the overall system frequency is mainly regulated by the
collective dynamics of the interconnected grid, resulting in
comparatively smaller frequency deviations.

TABLE 11
COMPARISON OF DYNAMIC RESPONSES UNDER LLL FAULT

System Configura- | Voltage Post-Fault Frequency Devi-
tion Dip Overshoot ation
Conventional Gen-|61.1% 4.85% +0.15 Hz / -0.20
erator System Hz
Grid-Following In-|86.9% 11.9% +0.39 Hz / -0.20
verter (PLL + PI Hz

Control)

Hamiltonian- 86.5% 2.81% +0.17 Hz / -0.20
Controlled Inverter Hz

(IDA-PBC)

V. CONCLUSIONS

Effective dynamic voltage support is demonstrated through
the integration of a Hamiltonian-controlled inverter in a multi-
machine power system. A comparative system-level study was
conducted on the adapted IEEE 9-bus network to evaluate
voltage and frequency behavior under a three-phase LLL
fault near Bus 7. The performance of three configurations

was analyzed: a conventional generator-based system, a grid-
following inverter with PLL-based cascaded PI control, and a
Hamiltonian-controlled inverter based on the IDA-PBC frame-
work.

The results show that the Hamiltonian-controlled inverter
provides improved transient voltage support compared to the
other configurations. It achieves faster post-fault voltage recov-
ery and significantly reduced voltage overshoot, with nearly
429% lower overshoot than the generator-based case. Frequency
deviations are also better damped with rapid convergence
to the nominal value. Additional simulations with faults at
different network locations exhibit similar trends, indicating
consistent performance. These findings highlight the potential
of Hamiltonian-based control for enhancing dynamic voltage
support in inverter-integrated power systems.
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