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Abstract: This paper presents a comprehensive simulation study of a stand-alone three-phase four-leg voltage source
inverter (VSI) operating under both linear and non-linear load conditions. The conventional split-capacitor three-phase
three-leg inverter topology suffers from inherent voltage imbalance issues and requires bulky capacitor banks, whereas
the four-leg topology eliminates these drawbacks by providing an independent neutral current path. Two control
strategies are investigated: the proportional-resonant (PR) controller and the proportional (P) controller, both
implemented within a dual-loop voltage and current regulation framework. The space vector pulse width modulation
(SVPWM) technique, realized via an offset voltage injection approach, is adopted as the switching modulation scheme.
Simulation results are presented and analyzed for balanced resistive (R) loads, unbalanced R loads, balanced and
unbalanced resistive-inductive (RL) loads, and non-linear diode-rectifier loads. Performance indices including total
harmonic distortion (THD), RMS load current, and neutral current magnitude are evaluated and compared across all
loading scenarios.
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. INTRODUCTION

Modern power conversion systems increasingly
demand reliable, high-quality AC voltage supplies capable
of serving both balanced and unbalanced loads, particularly
in stand-alone microgrid and uninterruptible power supply
(UPS) applications. The three-phase voltage source inverter
(VSI) represents the core building block of such systems.
Conventional three-phase three-leg VSIs, when configured
in four-wire mode, rely on a split DC-link capacitor
arrangement to create an artificial neutral point. This
approach suffers two fundamental drawbacks: the phase-
voltage peak is limited to at most half the total DC-link
voltage, degrading DC voltage utilization; and large,
expensive capacitors or additional active balancing circuits
are needed to maintain neutral-point stability.

The four-leg inverter topology overcomes both
limitations by introducing a dedicated fourth inverter leg
connected directly to the system neutral point. This
additional leg actively regulates the neutral current,
eliminating the need for a split DC-link and enabling full
DC bus utilization. The DC voltage utilization factor
improves to approximately 1.15, while the four-leg topology
also demonstrates superior EMC characteristics under
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unbalanced loading. Only two additional semiconductor
switches are required beyond the standard three-leg bridge,
making this a cost-effective and performance-superior
solution.

The choice of control strategy critically determines the
output power quality. Pl controllers are widely used but
exhibit steady-state error for AC sinusoidal references in the
stationary frame, necessitating dq transformation. The
proportional-resonant (PR) controller overcomes this by
incorporating an ideal resonant element tuned to the
fundamental frequency, achieving theoretically infinite
open-loop gain and zero steady-state tracking error without
coordinate transformation.

A quasi-PR controlled capacitive-coupling grid-
connected inverter with a second-order LC filter is presented
in [1], demonstrating superior current tracking over PI
control. In [2], three-phase four-wire topologies are analyzed
for compensation of positive-, negative-, and zero-sequence
currents, with a 480 V/50 kVA H-bridge prototype using PR
control. Reference [3] proposes an AC-AC converter with a
four-leg structure and midpoint DC-link capacitor. A
hierarchical control framework for parallel VSI-based
microgrids is introduced in [4]. Reference [5] presents a
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deadbeat-repetitive controller for V2G four-leg inverters
with an LCL filter. Compatible selective harmonic
elimination for a NPC four-wire inverter is described in [6],
and a carrier-based SVPWM offset voltage method for four-
leg VSis is developed in [7].

Transformer-less PV applications using the four-leg
topology with leakage current elimination are explored in
[8]. Predictive duty cycle control within a 3D space-vector
framework is presented in [9], three-dimensional flux vector
modulation in [10], and sphere-decoding MPC in [11].
Reference [12] analyzes three LNPV mitigation strategies
with different DC-utilization trade-offs. A minimally
switched control algorithm for unbalanced/nonlinear load
compensation is reported in [13]. Generalized four-wire
cascaded topologies are studied in [14], and quasi-Z-source
four-leg inverter predictive control for renewable energy in
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[15]. The present work builds upon these by implementing
and exhaustively evaluating a PR-controlled stand-alone
four-leg VSI with SVPWM across seven loading conditions.

1. CIRCUIT TOPOLOGY

The three-phase four-leg VSI topology adopted in this
work is shown in Fig. 1. The inverter consists of eight IGBT
switches (IGBT1-IGBT8) in four half-bridge legs with
antiparallel freewheeling diodes. The first three legs produce
the three-phase output voltages for phases R, Y, and B. The
fourth leg (IGBT7-IGBT8) connects to the system neutral
point N and functions as the active neutral current
compensator. A DC bus voltage of 800 V is maintained.
Passive LC output filters attenuate switching harmonics and
provide smooth sinusoidal load voltages.
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Fig 1 Three-Phase Four-Leg VSI Circuit Topology with IGBT Switches and LC Filters.

The mathematical relationships between the pole
voltages and controller reference signals are:

Ewo=Ef+Eh; Eo=Ef+Eh; E=EY¥+Ep

Where Ex, Ey, Eb, and Efo are the pole voltages for
phases R, Y, B, and the neutral leg; E.f, E,f, and Ef are the
controller-generated phase voltage references; and Ef is the
zero-sequence offset voltage injected to realize SVPWM.
The four-leg topology eliminates DC-link midpoint
capacitor requirements and prevents neutral currents from
destabilizing the DC bus, carrying them instead through the
active fourth leg.

1l CONTROL TECHNIQUE
» Proportional-Resonant (PR) Controller

The PR controller is a frequency-selective regulator
that extends Pl control to sinusoidal references. It
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incorporates an ideal second-order resonant element in the
forward path, providing theoretically infinite open-loop gain
at the resonant frequency o, driving the steady-state
tracking error to zero for sinusoidal inputs without requiring
synchronous reference frame transformation. The transfer
function is:

Gpr(s) =k, + kis / (s + w,?)

Where k, = 0.3 is the proportional gain, ki = 150 is the
resonant integral gain, and o, = 2 x 50 = 314.16 rad/s. The
resonant branch provides infinite gain at 50 Hz, ensuring
zero steady-state error for fundamental-frequency voltage
references. The proportional gain k, = 0.3 is intentionally
low to limit harmonic amplification. The dual-loop (outer
voltage, inner current) control block diagram for all three
phases is shown in Fig. 2.
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Fig 2 Block Diagram of Dual-Loop PR Control for the Three-Phase Four-Leg VSI.

Each phase employs an identical control loop: the
outer PR loop regulates the output voltage (VEN, VYN, VAN)
by generating a reference inductor current, while the inner
proportional loop tracks the inductor current (IR, Iv, 14) to
produce the pole voltage reference signal fed to the SVPWM
modulator. This cascaded structure provides fast dynamic
response and effective rejection of load disturbances.

» Frequency-Domain Analysis
The frequency response of the PR controller was
analyzed through the Bode plot (Fig. 3) computed directly

from the transfer function with the design parameters. The
magnitude plot exhibits a sharp resonant peak exceeding 70
dB at @, = 314.16 rad/s, confirming the theoretically infinite
gain behavior. Away from resonance, the magnitude settles
to 20 logio(k,) = —10.5 dB. The phase transitions through
+90° at the resonant frequency, characteristic of the ideal
resonant element. This frequency selectivity ensures the
controller rejects DC offsets and high-frequency
disturbances while maximizing gain at 50 Hz.
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Fig 3 Bode Plot of the PR Controller (k,=0.3, k=150, =50 Hz). Sharp Resonant Peak Visible at ©v,=314.16 rad/s.

The root locus (Fig. 4) illustrates closed-loop pole
trajectories as loop gain K varies from zero to infinity. At K
= 0, closed-loop poles coincide with the open-loop poles at
+jm, on the imaginary axis. As K increases, branches
migrate toward the left-half-plane open-loop zeros,
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confirming closed-loop stability throughout the operating
gain range. Both locus branches remain in the left-half
plane, ensuring stable operation for all practical gain
settings.
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Fig 4 Root Locus of the PR Controller. Both Branches Remain in the Left-Half Plane, Confirming Stability.

» SVPWM via Offset Voltage Injection

The SVPWM technique is implemented through zero-
sequence offset voltage injection, mathematically equivalent
to 3D space-vector modulation without its computational
complexity. The zero-sequence voltage for the fourth leg is:

—(Vua*+Viuin)/2, otherwise

Where Vi.* = max(E.f, E,f, E*) and Vmin = min(E.f,
E,f, Ebf). This offset, added to each phase reference, is also
used as the fourth-leg reference to eliminate split-capacitor
neutral current. Fig. 5 shows the offset voltage generation

Vw2,  when Vyy >0 and PWM pulse assignment: PWM1-2 to leg 1 (R), PWM3-
4 to leg 2 (Y), PWM5-6 to leg 3 (B), and PWM7-8 to the
Elb= —Vu/2, when Vyu*<0 neutral leg.
Erf E— PWM1
= 2/Vdc PWM2
(=
2
<L
Ef0 n<:
Q. PWMS
p =
Erf ___ AT 5 W
> 2/Vdc o ——
o
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Ef
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Fig 5 Offset Voltage Generation Block and Triangular-Carrier PWM Pulse Assignment.
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V. SIMULATION RESULTS AND
DISCUSSION

The stand-alone PR-controlled three-phase four-leg
VSI was simulated in MATLAB/Simulink under seven
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loading conditions. Table | details the load parameters for
balanced and unbalanced cases. The DC bus is 800 V, LC
filter values are L = 2.5 mH and C = 100 pF, and the
switching frequency is 10 kHz.

Table 1 Load Parameters

Phase Bal. R Bal. RL Unbal. R Unbal. RL
R 15Q 15Q, 50mH 15Q 15Q, 50mH
Y 15Q 15Q, 50mH 10Q 10Q2,100mH
B 15Q 15Q, 50mH 20Q 20Q, 10mH

» Balanced and Unbalanced Resistive Loads

Three-phase output voltages and load currents for
balanced and unbalanced R-loading are shown in Fig. 6.
Under balanced loading (15 Q per phase), the PR controller
maintains symmetric sinusoidal voltages with equal
amplitude across all phases. RMS current is 15.32 A per

phase. Under unbalanced loading (15, 10, and 20 Q),
voltages remain balanced and symmetrical despite load
asymmetry, confirming independent per-phase voltage
regulation. Load currents differ proportionally to impedance:
1532 A, 2298 A, and 1149 A for R, Y, B phases
respectively.
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Fig 6 Phase Voltage and Current — a.) Balanced R-Load, b.) Unbalanced R-Load.

» Balanced and Unbalanced RL Loads

Fig. 7 shows voltage and current waveforms under RL
loading. The inductive component introduces a phase lag
between voltage and current, visible in the waveforms.
Despite the reactive power demand, the PR controller
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maintains well-regulated output voltages. Balanced RL gives
10.58 A RMS per phase. The unbalanced RL case (varying
R and L per phase) produces 10.58 A, 6.969 A, and 11.35 A,
reflecting both resistance and inductance variations, yet
output voltages remain symmetrical.
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Fig 7 Phase Voltage and Current — a.) Balanced RL-Load, b.) Unbalanced RL-Load.
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Fig 8 Phase Voltage and Current — Balan

» Non-Linear Load Results

The non-linear load (three-phase diode bridge rectifier
with DC resistive load) draws pulsed, non-sinusoidal
currents, generating significant harmonic content. Despite
highly distorted current waveforms, the PR controller

IJISRT26 APR633
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ced RL-Load (Detailed View Showing Phase Lag).

maintains sinusoidal output voltages with acceptable THD,
demonstrating robustness against load-induced harmonic
disturbances. The RMS currents are 22.72 A, 3.64 A, and
5.336 A for R, Y, and B phases, reflecting the asymmetric
distribution of rectifier current.
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Fig. 9: Phase Voltage and Current Under Non-Linear (Diode Rectifier) Load.

The parallel combination of non-linear load with
balanced RL load (Fig. 10) and unbalanced RL load (Fig.

34.09 A
severity,

(R-phase,
output voltage quality

unbalanced parallel). Despite this

remains acceptable,

11) creates the most demanding harmonic profiles. RMS
currents reach 31.71 A (R-phase, balanced parallel) and
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Fig 10 Phase Voltage and Current — Non-Linear Load | Balanced RL.
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Fig 11 Phase Voltage and Current — Non-Linear Load | Unbalanced RL.

» Inductor Current Waveforms

Three-phase LC filter inductor currents are presented
in Figs. 12-14. Under balanced RL loading (Fig. 12),
inductor currents are smooth and sinusoidal, confirming
effective PWM harmonic attenuation by the LC filter. The
inner current loop tracks the reference current with

negligible error. Under non-linear loading (Fig. 13), inductor
currents contain harmonic content from the rectifier, but the
filter inductance limits di/dt and smooths the dominant
ripple. Under the parallel non-linear + RL load (Fig. 14),
both fundamental and harmonic components are present
simultaneously.
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Fig 12 Three-Phase Inductor Current — Balanced RL-Load.
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Fig 13 Three-Phase Inductor Current — Non-Linear Load.
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Fig 14 Three-Phase Inductor Current — Non-Linear Load in Parallel with RL-Load.

» Neutral Current Analysis

The fourth-leg neutral current waveforms are shown in
Figs. 15-19. Under balanced three-phase loading, the neutral
current is negligibly small due to cancellation of symmetric
phase currents (Fig. 16 — balanced R, Fig. 18 — balanced
RL). Under unbalanced loading (Figs. 17, 19), sinusoidal

fundamental-frequency neutral current flows proportional to
phase imbalance. Under non-linear loading (Fig. 20), the
neutral current contains predominantly triplen harmonics
(3rd, 9th, 15th) from the rectifier. In all cases the fourth leg
successfully carries this neutral current, protecting the DC
bus.
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Fig 15 Neutral Current — Non-Linear Load | Unbalanced RL (Worst Case Scenario).
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Fig 16 Neutral Current — Balanced R-Load (Near-Zero, Confirms Phase Balance).
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Fig 17 Neutral Current — Unbalanced R-Load.
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Fig 18 Neutral Current — Balanced RL-Load.
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Fig 19 Neutral Current — Unbalanced RL-Load.
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Fig 20 Neutral Current — Non-Linear Diode Rectifier Load with Triplen Harmonics.

» RMS Current and THD Summary

Table 1l summarizes the RMS load currents across all
seven loading conditions and all three phases. THD is lowest
for purely linear (R and RL) loads and rises substantially
under non-linear loading due to harmonic voltage drops

across filter impedances. The unbalanced non-linear + RL
case presents the highest demand, with R-phase RMS
reaching 34.09 A. Despite this, output voltages remain well
regulated in all cases, confirming the PR controller’s
effectiveness.

Table 2 RMS Load Current (A)

Load Condition R-ph (A) Y-ph (A) B-ph (A)
Balanced R 15.32 15.32 15.32
Unbalanced R 15.32 22.98 11.49
Balanced RL 10.58 10.58 10.58
Unbalanced RL 10.58 6.969 11.35
Non-linear 22.72 3.640 5.336
NL + Bal. RL 31.71 12.68 13.76
NL + Unbal. RL 34.09 12.69 19.84

V. CONCLUSION

This paper has presented the design, frequency-domain
analysis, and comprehensive simulation of a stand-alone PR-
controlled three-phase four-leg VSI. The four-leg topology
resolves voltage imbalance and DC utilization limitations of
split-capacitor three-leg inverters through active neutral
current control. The PR controller achieves zero steady-state
sinusoidal tracking error without dq transformation; the
Bode plot confirms the 70+ dB resonant gain peak at exactly
50 Hz, and the root locus confirms closed-loop stability
across all practical gain settings. The offset-voltage
SVPWM maximizes DC bus utilization at a factor of 1.15.

Simulation across seven loading conditions validates:
(i) symmetric regulated output voltages independent of load
type or imbalance; (ii) THD is consistently lower for linear
than non-linear loads; (iii) the fourth leg successfully
conducts fundamental and triplen harmonic neutral currents
under all unbalanced and non-linear scenarios; and (iv) the
LC filter effectively attenuates switching ripple. The highest
demand condition — non-linear load in parallel with
unbalanced RL — vyields R-phase RMS current of 34.09 A
and triplen-harmonic-rich neutral current, both handled
effectively by the control system.
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Practical implementation of the ideal PR controller
presents challenges due to the infinite-gain resonance; quasi-
PR realizations with a finite damping bandwidth are
recommended for hardware deployment. Future work will
focus on DSP-based hardware implementation, quasi-PR
controller evaluation, grid-connected operation, and
seamless islanded-to-grid-connected mode transfer.
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