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Abstract - Islanded AC microgrids with parallel inverters require coordinated voltage formation and load sharing. This study
presents a Van der Pol-based virtual oscillator controller for two parallel single-phase voltage-source inverters. The voltage
reference of each inverter is generated from its local output-current measurement, and no communication channel is used
between the two control units. The controller parameters are selected from the inverter power rating, nominal voltage and
frequency, allowable frequency variation, transient requirement, and third-harmonic constraint. The proposed method is
evaluated in a MATLAB/Simulink model and then executed on a TMS320F28379D DSP connected to a Typhoon HIL 402 real-
time simulator. The test cases include resistive-load operation with equal 1:1 and unequal 1:2 current-sharing conditions,
resistive load steps, and a nonlinear rectifier-load case. For the tested conditions, the inverter voltages settle near 220 V RMS,
and the current waveforms follow the selected sharing settings in both the simulation and Controller-Hardware-in-the-Loop
(CHIL) results. Under the nonlinear load, the inverter currents are distorted, whereas the inverter voltages remain synchronized
and nearly sinusoidal. The results show that the controller can be implemented on the selected DSP-HIL platform for

communication-free parallel-inverter operation.

Keywords - Virtual Oscillator Control, Van der Pol oscillator, Parallel inverters, Islanded AC microgrid, Hardware in the Loop
(Typhoon HIL).

1. Introduction

The increasing penetration of Distributed Generation
(DG) and renewable energy sources has led to a growing
interest in inverter-dominated AC microgrids. In islanded
operation, parallel-connected inverters are required to achieve
precise proportional power sharing of both active and reactive,
while simultaneously maintaining voltage magnitude and
frequency within permissible tolerances [1]. Conventional
droop-based primary control can achieve decentralized power
sharing but suffers from steady state voltage and frequency
deviations, limited dynamic performance, and sensitivity to
line impedance mismatches. These drawbacks become more
critical in low-inertia microgrids with frequent load changes
and high-power-density converters [2-6].

Several approaches have been developed to improve
conventional droop control, including robust droop
formulations, adaptive virtual-impedance techniques, and
distributed secondary controllers. These methods can improve
voltage-frequency regulation and power-sharing accuracy [5,
7, 8]. However, virtual-impedance and adaptive schemes
introduce additional tuning requirements, whereas distributed
secondary schemes generally require communication or

coordination among inverters. As an alternative, Virtual
Oscillator Control (VOC) emulates the dynamics of coupled
nonlinear oscillators, allowing parallel inverters to
synchronize through electrical coupling at the common AC
bus. By generating voltage references directly in the time
domain, conventional Van der Pol-based VOC generates the
voltage reference directly in the time domain and can avoid
dedicated power-calculation and phase-locked-loop blocks,
while enabling communication-free synchronization and load
sharing among parallel inverters [9-12].

Previous studies have established synchronization
properties of Virtual Oscillator Control (VOC), identified
droop-like characteristics embedded in nonlinear oscillator
dynamics, and reported faster transient behavior than
conventional droop control under selected operating
conditions. These contributions have been supported by
analytical studies, numerical simulations, and selected
experimental demonstrations [12-14]. However, the practical
implementation of Van der Pol-based VOC remains sensitive
to the selection of oscillator and scaling parameters, which
must be coordinated with the inverter rating, voltage and
frequency specifications, transient-response targets, and
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harmonic-performance requirements. A reproducible design-
to-validation workflow that combines multi-constraint Van
der Pol VOC parameter selection with Controller-Hardware-
in-the-Loop (CHIL) testing of parallel single-phase inverters
remains insufficiently documented. This work addresses this
need through real-time validation on a DSP-Typhoon HIL
platform.

The transition toward low-inertia, inverter-dominated
power systems has increased the importance of grid-forming
inverters that can autonomously establish and regulate local
voltage and frequency [15-17]. Although the communication-
free synchronization capability of Virtual Oscillator Control
(VOC) has been established through analytical and
experimental studies, the real-time implementation of a Van
der Pol-based VOC remains sensitive to the selection of
oscillator ~ parameters, scaling gains, and digital
implementation settings [9, 12, 18, 19]. In particular, the
oscillator and scaling parameters should be selected
consistently with the inverter power rating, nominal voltage
and frequency, transient-response requirements, and harmonic
limits [9]. During digital implementation, the selected design
must also be assessed with respect to the sampling interval,
PWM update process, and controller-execution delay [20].

This paper addresses these gaps by: (1) A Van der Pol-
based VOC scheme is developed for two parallel single-phase
inverters, in which local current feedback enables autonomous
synchronization and prescribed active-power sharing under
equal and unequal sharing ratios. (2) A systematic parameter-
design procedure is established for the voltage and current
scaling gains, nonlinear oscillator coefficients, and virtual
inductance and capacitance. The procedure relates these
parameters to the rated power, nominal voltage and frequency,
transient-response  target, and  harmonic-performance
constraint specified by IEEE Std 519-2014 [9, 21]. (3)
Implementing the proposed controller on a Typhoon HIL 402
platform and a C2000 DSP, and validating it under multiple
loading scenarios, including resistive loads, nonlinear loads,
equal and unequal power ratings (1:1 and 1:2 sharing), and
step load changes.

Table 1 summarizes the main differences between droop
control and VOC in terms of stability, power-sharing
performance, control complexity, and application scope.
Although droop control is basic and low complexity, VOC
achieves better local stability with self-synchronization and
enables plug-and-play operation in dispersed microgrids.

Table 1. Comparison of Droop Control and Virtual Oscillator Control

(vOC)
Criteria Droop VOC
N ergéjlfir;ts‘ Good local stability
Stability due to self-
secondary control synchronization [9]
[16, 22]
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Simple, but with
Power limited power- Good; supports plug-
sharing sharing accuracy | and-play operation [9]
[17]
. Moderate, based on
Complexity Low [22] oscillator models [9]
Distributed
Aoplications Small microgrids, | microgrids and self-
PP weak grids [17], synchronizing
systems [9]

2. Van der Pol-based VOC and Power Sharing
2.1. Parallel Inverters AC Microgrid

Driver VOC AC Bus
Pulses l ll 5
J "1
) H T
Vdc<_ T
LC Filter
d
Inverter 1
Driver VOC
Pulses ¢
[
(") — Mmj_ Load
M - T ’
Ve I
LC Filter
hi

Inverter 2
Fig. 1 System configuration of two parallel inverters using VOC

The studied islanded AC microgrid consists of two single-
phase Voltage-Source Inverters (VSIs) connected in parallel
to a common AC bus, as illustrated in Figure 1. Each VSI is
supplied by an independent DC source and connected to the
Point of Common Coupling (PCC) through an LC output
filter. A common load is supplied at the PCC.

The parallel configuration requires the two VSIs to
maintain a synchronized bus voltage while sharing the load
power according to the assigned operating condition. This
arrangement is therefore suitable for assessing the
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synchronization and power-sharing characteristics of the
proposed Van der Pol-based VOC.

2.2. Van der Pol-based VOC Structure for Parallel Inverters

The proposed Virtual Oscillator Control (VOC) scheme
is built around an electrical realization of a Van der Pol
oscillator, which generates the voltage reference for each
inverter and couples its dynamics to the AC bus through the
inverter output current. In its canonical form, the Van der Pol
oscillator is described by [9, 23-25].

P—e (1—-v2)W+wew=0 ()]

where v is the oscillator state, wg is the natural
frequency, and & controls the nonlinearity and the limit-cycle
amplitude. When ¢ is properly tuned, the limit-cycle
waveform is approximately sinusoidal at the desired
frequency, making the oscillator suitable to generate AC
voltage references for inverters [4, 5].
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Fig. 2 Van der Pol-based VOC structure with current feedback for
parallel inverters

In the upper part of Figure 2, the Virtual Oscillator
Controller implements this behavior by means of a parallel
connection of a capacitor C, an inductor L, a resistor R, and a
nonlinear element h(v,) at the node with voltage v.. The
nonlinear characteristic is chosen as: h(v,) = av?, which
provides negative damping for small amplitudes and positive

150

damping for large amplitudes, so that the circuit converges to
a stable limit cycle with a nearly sinusoidal waveform.
Applying Kirchhoff’s current law to the LC-R-h(Vv¢) network
yields a second-order nonlinear differential equation in v, that

can be cast into the Van der Pol form, with an oscillation

frequency approximately equal to w, = 1/VLC. The
parameters L, C, R, and « are selected such that the limit-cycle
amplitude of v, matches the desired inverter output voltage
level [9].

The current-controlled source and the gain block depicted
in Figure 2 construct a specialized feedback path with gain. k;
that routes the inverter output current i, back to the
oscillator. This feedback incorporates a term proportional to
i;ny INto the oscillator dynamics, allowing the Van der Pol
oscillator to react to both its intrinsic parameter settings and
the power it provides to the load.

In this way, the oscillator “feels” the loading conditions
and the interaction with the AC bus, which is crucial for self-
synchronization and power sharing among parallel inverters
[4, 5].

The oscillator voltage v, is scaled by the gain k,to
produce the inverter reference voltage v, , as shown in the
lower left block of Figure 2. The PWM generator and driver
then receive the signal v,..r and use it to create the matching
gate pulses for the full bridge inverter, causing the inverter
output voltage to follow the Van der Pol oscillator's limit-
cycle waveform.

Each inverter (Inverter 1 and Inverter 2) is connected to
the common AC bus through an LC filter and supplies the
shared load. When both inverters operate under this VOC
structure, their oscillators are coupled through the network and
naturally synchronize in amplitude and phase without an inter-
unit communication link, while the choice of the gains. k;
determines the desired power-sharing ratios, as discussed in
Section 2.3.

2.3. Power Sharing Mechanism in Van der Pol-based VOC

In Van der Pol-based VOC, power sharing among parallel
inverters is adjusted through the current feedback gain. k;
associated with each oscillator. When two inverters have
identical parameters and equal values of k;, Their steady-state
active power tends to be distributed nearly evenly, i.e., with
an approximate 1:1 ratio [9].

If the gains are chosen with a prescribed ratio k;;: k;, ,
the nominal active power ratio P4: P, will approximately
follow this ratio under operating conditions close to the rated
point. In this way, desired power-sharing ratios (e.g., 1:1 or
1:2) can be set directly at the design stage via k;, without
requiring dedicated power-control loops or communication
between the inverters [4, 5].
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3. Parameter Design of the Proposed Control

System
3.1. System Description

As shown in Figure 2, the system under study is made up
of two single-phase full-bridge voltage-source inverters
coupled in parallel to a shared AC bus. Each inverter is
supplied from an independent DC source with a bus voltage
of Vg = 400 V and is rated at Praea = 3 KW, with a nominal
output voltage of 220 V (RMS) at 50 Hz. The output of each
inverter is connected to the AC bus through an identical LC
filter, which attenuates the high-frequency switching
harmonics generated by the bipolar Pulse-Width Modulation
(PWM) scheme. Throughout all test scenarios taken into
consideration in this work, the system functions in islanded
mode with a common linear load connected at the Point of
Common Coupling (PCC). The VOC algorithm is executed
digitally on a Texas Instruments TMS320F28379D Digital
Signal Processor (DSP), which generates the PWM gate
signals for both inverters. The feedback signals, specifically
the output currents of each inverter, are measured and fed back
to the DSP via the analog input (ADC) channels at a sampling
rate equal to the PWM switching frequency of 10 kHz. In the
equal power-sharing scenario, both inverters operate with
identical control gains; in the unequal power-sharing scenario,
the current gain k; of one inverter is scaled to realize a 1:2
power ratio, as detailed in Section 3.3.

3.2. Design Requirements

The VOC parameters and the LC output filter are
designed to satisfy the following performance specifications,
which are derived from the system ratings and relevant power
quality standards [21].

Nominal Operating Point:
Open circuit voltage: Voc = 220V (RMS)
Rated active power per inverter: Praed = 3000 W
Voltage at rated power: V = 198V (RMS)
Rated reactive power: Qraed = 3000 VAr
Nominal angular frequency: wo = 2x (50) rad/s

Steady State Regulation:
Maximum allowable
deviation: Aw, a0 < Awg (rad/s).
Voltage deviation at PCC bounded within
5%V .

angular frequency

|AV| <

Dynamic Response:
Voltage rise time (10% - 90%) for a step change in
load: ¢,;5. < 0.2s.

Harmonic Performance:

The third-harmonic ratio was limited to 2% as a
conservative internal design target. Compliance with IEEE
Std 519-2014 was assessed using the voltage distortion
measured at the PCC. For the 220 V PCC in this study, the
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applicable voltage-distortion limits are 5% for an individual
harmonic and 8% for total voltage harmonic distortion [21].

Accordingly, V,c, Prated, trise and 83.; are adopted as the
main design specifications for selecting Cysc, Losc, Ky, K, 0, @
in the following subsection.

3.3. Parameter Design of Van der Pol-based VOC

The design of the VOC parameters follows the averaging-
based methodology established in the literature, and proceeds
in five steps [5].

(i) Voltage Gain k,,

The voltage gain k, scales the normalized oscillator
state v, to the physical inverter reference voltage v,..s = k, v,
. It is selected so that the unit amplitude of the Van der Pol
limit cycle corresponds to the desired open circuit voltage:
k, =V, =220V.

(ii) Current Gain k;

The measured inverter output current is scaled by the
current gain. k; before being injected into the oscillator, it is
chosen so that, when the inverter operates at rated power Prated
, the oscillator current. k; equals unity, thereby normalizing
the operating point:

L 1 198 _0.066

Kk, = = =
Pratea/V 3000

i =
Irated

)

For the 1:2 unequal power-sharing scenario, the current
gain of the second inverter is setto k;, = 2k;4, So that Inverter
2 supplies twice the active power of Inverter 1 at steady state.

(iii) Nonlinearity Parameter ¢ and o

The nonlinearity coefficient ¢ (equivalently, ain h(v,) =
av?) governs the trade VOC-controlled inverter system off
between convergence speed and harmonic distortion.
Following the design constraint derived from the averaged
model, the oscillator capacitance Coc must satisfy
simultaneously [9]:

- Lower bound from frequency regulation:
Cosc 2 Cmin,l

- Lower bound from harmonic distortion:
(63:1 < Z%Cmin,l): Cusc = Cmin,Z

- Upper bound from rise time requirement:
(trise < 0.25): Coge < Cpax
Cosc =0.18F,0 =1/C,5. =

5.55 3)

(iv) Oscillator Inductance Losc
Given Cqsc the virtual inductance is computed from the

resonance condition wg = 1/4/L,gc- Cosc
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1 1
@3Cosc  (2m50)2(0.18)

LOSC -

=(5.63)10°H

(4)

(v) Summary Table 2

Table 2 lists the final VOC parameters for both inverters.
The equal power sharing configuration uses identical gains for
both units, while the unequal configuration doubles k;for

Inverter 2.

Table 2. VOC parameters for the two parallel inverters

Symbol | Inverter 1 Inverter 2 Inverter 2 (1:2
(equal) ratio)
k, 220 220 220
k; 0.066 0.066 0.132
o 5.55 5.55 5.55
Cosc 0.18 F 0.18 F 0.18 F
Lose (5'6?'10 " | (563)10°H | (563)10° H

3.4. LC Output Filter Design

Before the inverter terminal is connected to the AC bus,
each inverter has an LC output filter installed to reduce
switching frequency ripple. Two common criteria are used to
choose the filter inductance L and capacitance Cs.

(i) Inductance L¢

At the switching frequency fsw =10 kHz, the inductance is
selected to restrict the peak-to-peak current ripple Airipple t0 NO
more than 20% of the rated peak current lyated:

Vac 400

= - = =4.2 mH
4f swliripple (4)(10000)(0.2)(12)

Ly ®)

Thus, the filter inductance is selected as Ly = 4.2 mH

(ii) Capacitance Ct
The selected filter capacitor value is:

1

Cf=m;fc=1000HZ

(6)
1

Cr= (271000)2(4.2)10-3 6 uF

U]

Where f. = 1000 Hz is the selected filter frequency, which
is less than one tenth of the switching frequency, and Ly is the
inductance value.

(iii) Resonance frequency verifications

_ 1
fres -
2 /(4.2)(10—3)(6)10—6

The selected LC filter, therefore, provides a practical
compromise between switching ripple attenuation and
dynamic compatibility with the VOC-controlled inverter
system.

~ 1002Hz

®)
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Table 3. LC output filter and system parameters

Symbol Parameter Value
Ve DC bus voltage 400 V
fsw PWM switching frequency 10 kHz
lrated Rated peak output current 12 A

Alripple Allowable current ripple 24 A
Lt Filter inductance 4.2 mH
Cs Filter capacitance 6.0 uF
fres LC resonance frequency ~ 1000 Hz

4. Design simulation using MATLAB/Simulink

and HIL Implementation
4.1. MATLAB/Simulink Model

In this work, a MATLAB/Simulink model is employed to
examine how a VOC scheme derived from Van der Pol
oscillator characteristics behaves in a parallel single-phase
inverter setup. The arrangement consists of two inverters
connected to the same AC busbar. Each inverter is assigned a
dedicated VOC controller, which synthesizes its voltage
reference and uses locally measured feedback signals to
achieve the desired sharing of power between the units. The
VOC controller parameters obtained via the averaging method
analysis are listed in detail in Table 2. In the nominal case, the
two inverters are configured with the same control settings, so
their dynamic responses remain comparable. By enforcing this
symmetry, the test system provides a clear basis for evaluating
how well the inverters synchronize their voltages and share
power when operating in parallel. The overall control
architecture is illustrated in Figure 3. In this setup, the filtered
output current of each inverter is routed to its associated VOC
controller. Using this feedback, the virtual oscillator
synthesizes a voltage reference that drives the PWM stage,
which in turn produces the gate pulses for the inverter’s
semiconductor switches. With this arrangement, each inverter
can automatically synchronize to the system and share power,
eliminating the need for explicit communication between the
converters. Apart from the VOC control block, each inverter
is supplied by a DC source and connected to the common AC
load through an output LC filter. This filter suppresses
harmonics generated by PWM switching, improves the
voltage quality at the load terminals, and helps ensure that the
measured feedback current faithfully represents the actual
power condition of each inverter. The parameters of the two
inverters are the same and are shown in Table 2.

4.2. CHIL Setup

A CHIL setup was developed using a Typhoon HIL 402
real-time simulator in order to confirm the viability of
implementing the controller in conditions similar to a real
system. Typhoon HIL 402 is a real-time hardware-in-the-loop
simulator for power electronics and renewable energy
applications, enabling real-time simulation with very small-
time steps, approximately 0.5 us.
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Fig. 3 Control structure diagram for 2 inverters working in parallel in MATLAB/Simulink

Figure 4 depicts the CHIL implementation hardware
architecture. In this setup, the HIL DSP interface board
connects the Typhoon HIL 402 pin-to-pin to the
TMS320F28379D digital signal processor. The HIL device
provides 0 - 3 V analog output channels to the DSP's ADC
pins, and simultaneously receives PWM control signals from
the DSP via digital input channels to simulate the switching of
the power circuit in real time.

TMS320F28379D

Fig. 4 CHIL setup implemented using the TMS320F28379D DSP and
Typhoon HIL 402

The power circuit diagram implemented in Typhoon HIL
is shown in Figure 5. In principle, this circuit corresponds to
the model built in MATLAB/Simulink, consisting of two
single-phase inverters connected in parallel, a DC power
source, an LC filter, and an AC load. The current signals la
and I are measured directly in the CHIL setup and sent to the
DSP as feedback signals for the control algorithm. To
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implement the VOC algorithm on the digital controller, the
team used MATLAB/Simulink in combination with the
C2000 Microcontroller Blockset to build the program for the
TMS320F28379D DSP. The connection configuration
between the TMS320F28379D and the Typhoon HIL 402 is
shown in Figure 5, where the ADC channels are used to
receive the feedback current signal, while the ePWM channels
are responsible for generating control pulses for the two
simulated inverters in the HIL. The sampling frequency and
pulse generation frequency were chosen as 10 kHz, consistent
with the DSP's ePWM configuration and the control system's
dynamic requirements.

1
PWMIA — 27
¢PWMIB — 28 Digital
cPWM2A — 29 Input
cPWM2B 1 30
AB PWMIA —1 19
M.ATL. || TMS320 | X882 big | TYPHOON
Simulink F28379D | cpwmsa — 21 Input HIL402
ePWMSB ——] 22
ADCINAO [+— AO2
Analog
ADCINB2 [e—— zg7 Output
I =l Bk o

Fig. 5 Pin-mapping between the TMS320F28379D DSP and the
Typhoon HIL 402

4.3. Simulation and CHIL Results

This section details the simulation and CHIL validation
scenarios designed to evaluate the precise power sharing and
voltage synchronization among the parallel inverters.
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4.3.1. Case 1 - Resistive load, 1:1 sharing
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Fig. 6 Output voltage waveforms under Case 1 (resistive load, 1:1
sharing) in MATLAB and CHIL

Assuming a 1:1 power sharing ratio between the two
inverters, the characteristic results shown in Figure 6
demonstrate that the voltage waveforms remain synchronized
in both the MATLAB and CHIL scenarios. The measured
peak voltage of 311 V, equivalent to 220 V RMS, aligns
accurately with the calculated value. Furthermore, the system
exhibits excellent transient response, settling within a brief
period of 0.4 seconds. With a 1:1 power sharing ratio between
the two inverters, MATLAB and CHIL simulation results
regarding current characteristics (Figure 7) demonstrate that
the currents flowing through the two units are identical,
ensuring accurate power sharing.
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Fig. 7 Output current waveforms under Case 1 (resistive load, 1:1
sharing) in MATLAB and CHIL
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4.3.2. Case 2 - Resistive load, 1:2 sharing
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Fig. 8 Output voltage waveforms under Case 2 (resistive load, 1:2
sharing) in MATLAB and CHIL

As shown in Figure 8, the voltage amplitude profiles for
both the MATLAB and CHIL cases are synchronized. The
measured peak voltage of 311 V, equivalent to 220 V RMS,
aligns accurately with the calculated value. Furthermore, the
system demonstrates excellent transient response, settling
within a short period of 0.4 seconds. Figure 9 shows the
inverter currents for the 1:2 sharing case. After the start-up
period, the peak current of Inverter 2 is approximately twice
that of Inverter 1 in both the MATLAB/Simulink and CHIL
results. The enlarged waveforms show the same relationship
over successive cycles. This current ratio follows the selected
current-feedback gains and corresponds to the intended 1:2
active-power-sharing condition.
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Fig. 9 Output current waveforms under Case 2 (resistive load, 1:2
sharing) in MATLAB and CHIL
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4.3.3. Case 3 - Load Increase and Decrease, 1:1 Sharing,
Resistive Load

As illustrated in Figure 10, the output voltage waveforms
under Case 3 remain sinusoidal and well-regulated during
both the load increase and load decrease events. After each
step change, the transients last only a few hundred
milliseconds before the voltages in MATLAB and CHIL settle
back to steady 220 V RMS operation with very small
mismatch in amplitude and phase.
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Fig. 10 Output voltage waveforms under Case 3 (resistive load step, 1:1
sharing) in MATLAB and CHIL

As illustrated in Figure 11, the output current waveforms
in Case 3 show that both inverters respond coherently to the
load steps, with their currents increasing and decreasing
almost simultaneously. In steady state before and after each
load change, the current amplitudes of the two inverters
remain nearly equal in both MATLAB and CHIL, confirming
that the VOC maintains the desired 1:1 power sharing ratio
despite the resistive load variations.
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4.3.4. Case 4 - Nonlinear Load under 1:1 Power Sharing

Case 4 evaluates the proposed Van der Pol-based VOC
under a nonlinear load while maintaining a 1:1 power-sharing
objective. In this case, the common load connected at the PCC
is replaced by a single-phase nonlinear rectifier load. The two
inverters are operated with identical controller parameters and
equal current-feedback gains. Therefore, both units are
expected to contribute equally to the load demand without
using an inter-unit communication link.
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Fig. 12 Output voltage waveforms under Case 4 (Nonlinear load under
1:1 power sharing) in MATLAB and CHIL

Figure 12 compares the output-voltage waveforms of the
two parallel inverters under the nonlinear rectifier-load
condition. Although the nonlinear load draws a distorted
current, the output voltages remain nearly sinusoidal in both
MATLAB/Simulink and the Controller-Hardware-in-the-
Loop (CHIL) results.

The measured voltage peak is approximately 311 V,
corresponding to 220 V RMS. The enlarged waveforms
between 0.96 s and 1.04 s show close voltage-amplitude
agreement and phase alignment between the two inverters.
These results indicate that the proposed Van der Pol-based
VOC preserves voltage synchronization and nominal voltage
regulation under the tested nonlinear-load condition.

Figure 13 compares the inverter output currents obtained
in MATLAB/Simulink and the controller-hardware-in-the-
loop test when the common PCC load is replaced by a
nonlinear rectifier load. The current waveforms are non-
sinusoidal and contain pronounced positive and negative
peaks, confirming that the load introduces a distorted current
demand. Despite the nonlinear loading condition, the current
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waveforms of Inverter 1 and Inverter 2 remain closely
matched in both platforms.

The enlarged views between 0.96 s and 1.04 s show that
the two inverters supply similar current pulses during each
conduction interval. These results provide qualitative
evidence that the proposed Van der Pol-based VOC maintains
approximately equal current sharing under the tested
nonlinear-load condition.
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Fig. 13 Output current waveforms under Case 4 (Nonlinear load under
1:1 power sharing) in MATLAB and CHIL

The voltage harmonic spectra of the MATLAB/Simulink
simulation and the HIL implementation for Case 4 (1:1 power
sharing with a nonlinear load) are shown in Figure 14. In both
cases, the major voltage component is the fundamental
frequency of 50 Hz, whereas harmonic components are quite
tiny. The spectra present comparable harmonic structures. The
most visible low-order components are about 150 Hz and 250
Hz, corresponding to the third- and fifth-order harmonics. The
voltage THD is 3.09% for MATLAB/Simulink simulation and
4.44% for CHIL implementation. The CHIL is 1.35
percentage points higher, but is still below the total voltage-
distortion limit of 8% as per IEEE Std 519-2014 for a PCC
voltage of up to 1 kV. The discrepancy is due to real-time
implementation issues such as sampling and quantization,
finite numerical precision, measurement noise and delays in
control execution. The harmonic spectra of the simulation and
HIL are in good agreement, which confirms the validity of the
suggested control approach under nonlinear-loading
situations. Although the load current harmonic distortion is
high, the THD of voltage is restricted, which means the system
is functioning with the anticipated power sharing ratio of 1:1,
and the voltage quality is adequate.
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The comparison between the current harmonic spectra
derived from MATLAB/Simulink model and HIL test is
shown in Figure 15. The two results reveal a similar
distribution of harmonics. The major low-order components
are located at 150 Hz and 250 Hz, i.e. at the third-and fifth-
order harmonics, respectively. These components are mostly
on account of nonlinear load. Currently, the THD is 51.54 %
in the simulation and 54.68 % in the HIL test. The HIL value
is a little higher, although the difference is minor, roughly 3.14
percentage points. This variance is to be expected as the HIL
platform incorporates actual phenomena that are not fully
modeled in the simulation, such as sampling and numerical
mistakes, signal noise and implementation delays. Overall, the
HIL findings are in good agreement with the simulation
results, which validates the suggested control approach under
nonlinear loading. The high current THD further proves the
considerable influence of the nonlinear load on the current
waveform.

5. Conclusion

This paper presented a Van der Pol-based Virtual
Oscillator Control (VOC) strategy for two parallel single-
phase inverters operating in an islanded AC microgrid. The
proposed controller generates the voltage reference of each
inverter from locally measured output-current feedback and
does not require an inter-unit communication link. A
parameter-selection procedure was applied to determine the
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