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Abstract— This paper suggests a fast and robust dg voltage
control strategy for a three-phase four-leg voltage source inverter
(VSI) operating with highly unbalanced loads in a stand-alone
distribution network. The main objective is to balance the output
voltages of the four-leg inverter under unbalanced load conditions
with fast transient response. The proposed control strategy
consists of a proportional-integral (PI) voltage controller and a
proportional current loop in each phase. The voltage controller
and the current control loop are, respectively, used to regulate the
instantaneous output voltage and generate the pulse width
modulation (PWM) voltage command with fast transient response.
A voltage decoupling feedforward path is also used to improve the
system robustness. Simulation results are also carried out using
the DIgSILENT PowerFactory software to verify the effectiveness
of the suggested control strategy.

Keywords—Four-leg inverter; microgrid;
inverter (VSI); four-wire system; unbalanced load.
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l. INTRODUCTION

Small autonomic grids have been in existence in remote
communities for many decades [1]. For economic and technical
reasons, the interconnection of these remote grids is not feasible
with the public grid. Over the last decades, due to the
availability of fossil-fuels to generate huge amounts of
electricity, there has been a general trend towards using such
kind of energies [2]. Nonetheless, with the emergence of
renewable and sustainable energies, integrating such
technologies has become a priority in this distribution network.

In order to efficiently share green energies into small
autonomic grids, numerous technical issues should be
addressed. Indeed, not only the potential advantages of
renewable energy should be harnessed, but also the present
levels of reliability, power quality and controllability must be
maintained [3]. The emergence of microgrid is a reasonably
attractive alternative for overcoming the challenges of

integrating distributed energy resources (DERS) into the active
distribution networks [4].

Islanded microgrids can be defined as a cluster of
distributed generations (DGs), loads, power electronic devices
and energy storage systems, which connected through
arelatively small grid at low voltage levels [5-7]. Power
electronic devices are widely utilized in energy storage systems
and DGs to convert power from a direct current (DC) to an
appropriate alternating current (AC) form. These DC/AC power
cconverters can be operated in two modes, including grid-
feeding mode and grid-forming mode [8]. In grid-forming
mode, the power converter is responsible for regulating the
output voltage and frequency of an inverter-based DER in the
islanded mode. In this strategy, the DER acts as a Voltage
Source Inverter (VSIs) [9]. This DER is called the grid-forming
unit because it is responsible for forming the microgrid bus
voltage in the island mode. When a single DER is responsible
for controlling the voltage and frequency, the microgrid is
called a single-master microgrid [9].

On the other hand, the main aim of the primary controller,
in grid-feeding mode, is to regulate the active and reactive
power of DERs at certain references [10]. This strategy assumes
that the microgrid is formed by another grid-forming unit or
units, and the grid-feeding unit is designed to deliver the desired
active and reactive power to this energized grid [11]. In other
words, the grid-feeding power converter cannot form an island
microgrid [12]. In summary, the previously mentioned primary
control schemes are the main approaches to form a microgrid.
The choice of a suitable control strategy is mainly based on the
characteristics of the primary source and the desired role of that
source in the microgrid system.

In many microgrids, electrical power is distributed through
a three-phase four-wire system. In some circumstance, the VSIs
used in islanded mode must be supplied unbalanced loads. The
increasing presence of single-phase loads and generators in
three-phase four-wire microgrids may lead to unbalance of the
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three-phase voltages. Unbalanced loads may affect the proper
function of autonomous microgrids. Malfunction of protection
devices and adjustable speed drives, losses in rotating machines
and saturation of transformers are the main challenges caused
by unbalanced loads. Hence, it is important to propose a
suitable control strategy for inverter-based DGs in microgrids
to operate under unbalanced load conditions without any
performance degradations.

In recent years, a considerable amount of literature has been
published on the control of four-leg VSIs in stand-alone mode
[12-24]. They include the following: hysteresis controllers [12],
proportional-integral (PR) controllers [13-17], controllers
based on symmetrical components calculators (SCCs) [18-20],
predictive controllers [21-23] and sliding mode controllers [24].
However, these control techniques often suffer from slow
transient response, complex control algorithm, and
unsatisfactory steady-state voltage tracking error.

In this paper, a fast and robust dg voltage controller strategy
for a four-leg grid-forming power converter is presented. The
main aim is to efficiently balance the output voltages of the
four-leg inverter under unbalanced load conditions. Simulation
results are provided to confirm the effectiveness of the proposed
control scheme.

The rest of this paper is organized as follows. Section 2
describes the model of the four-leg inverter. Section 3 presents
the proposed per-phase multi-loop control of the four-leg
inverter in the dq frame. Simulation results are provided in
section 4. Finally, the conclusion gives a brief summary and
critique of the findings.

Il.  SYSTEM MODELING

Fig. 1 shows the power stage of a four-leg grid-forming
inverter and its LC output filter connected to unbalanced loads.
It is worth noting that the neutral line of the four-wire system is
provided by connecting the fourth leg of the four-leg inverter to
the neutral point of loads. The additional leg regulates the load
zero sequence voltage. To minimize the switching frequency
ripple imposed on the neutral current inverter (i), a neutral
inductor (L,,) is also used.
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Fig. 1. Power stage of a three-phase four-leg VSI.

The carrier-based pulse width modulation (PWM)
technique is selected to produce three output voltages
independently because of its simplicity and ease
of implementation. Table | presents the parameters of the four-
leg VSI. To describe the behavior of the circuit depicted in Fig.
1, the following quantities for voltages and currents can be
defined:

Vowm=[Var  Vbr  Ver]" 1)

where V,,,, is the vector of three-phase inverter output line-to-
neutral PWM voltages.

Ip=lha T Dc]" 2
Lioaa=l0aa-a lioada-b» Loaa-c]” (3)
Vieaa=Va Vs V" 4)

By applying Kirchhoff voltage and current laws to the
power stage of the three-phase four-leg VSI, the following
equations can be obtained.

TABLE I. SYSTEM PARAMETERS.
Parameter Description Value
f; switching frequency 5 kHz
w, fundamental frequency 2760 rad/s
Leand L, filter inductance 0.1 mH
Cr filter capacitance 300 puF
R, and R,, resistor of the filter 10 ma
inductance
Ve DC-link voltage 300 V
di; , di
Vioaa = Rflinv + Lf dlz.w + prm — Rpin — "d_:' (5)
. _ AVicad
Iinv - Iload + Cf d(;a . (6)

The control system tuning and stability analysis of the four-
leg inverter can be performed on a per-phase basis. Hence, the
power stage of the four-leg inverter is modeled according to the
principles of the per-phase basis so that only a single-phase
representation of the inverter is used for the analysis and design.
Fig. 2 illustrates the per-phase representation of the four-leg
inverter for one phase to neutral connection. As can be seen, the
fundamental component of the switched voltage of each phase
and the connected load to that phase are modeled as an ideal
controlled voltage source (uV,., which w is the control variable)
and a current source (1,), respectively. In this Figure, i; and v,
are also the respective phase inductor current and capacitor
voltage, respectively.

For implementation of a single-phase system in the
synchronous reference frame, it is necessary to generate a
pseudo-two-phase system. In this two-phase system, one
component is obtained from the original single-phase system
(a) and an orthogonal signal (8) must be created from the
original single-phase signal. Based on the Fig. 2, the differential
equations representing the model of the single-phase system in
the a8 frame can be written as:

L dil,aB
dt

= quC,aﬁ — Vcap — Ril,rxﬁ (7

C dvc_uﬁ
dt

= il,aﬁ - io,rxﬂ (8)
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Fig. 2. Basic per-phase representation of the four-leg inverter in each phase.

The average switching model of the four-leg VSI in each
phase is depicted in Fig. 3. This is obtained by assuming that
the switching frequency is much higher than the fundamental
frequency. As can be seen from the Fig. 3, @i(the function of
modulating signal) is used instead of the control variable, which
represents the average value of u over one cycle of switching
frequency.
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Fig. 3. Average switching model of the four-leg VSI in each phase.

IIl.  SUGGESTED CONTROL SCHEME

The implementation of the independent control of the
single-phase system in the dg frame needs to create a secondary
orthogonal signal from each original phase signal through a
complex orthogonal signal generation (OSG) technique.
Several attempts have been made in the literature to generate an
orthogonal signal from an original single-phase signal such as
second-order generalized integrator, Kalman filter and first-
order all-pass filter (APF) methods [25]. In this paper, the
orthogonal signal is generated based on the reference values of
the d and g-axes. The proposed method exhibits improved
steady-state and dynamic performances in comparison with the
inverters equipped with the conventional orthogonal signal
generation techniques.

The structure of the suggested control scheme for phase ‘a’
is presented in Fig. 4. The control system consists of an inner
current loop and an outer voltage loop in each phase. The main
function of the external voltage loop is to control the
instantaneous output voltages within the standard limits. The
inner current loop is also adopted to generate the switching
states of the PWM modulator. In addition, it improves the
transient performance of the proposed control scheme. A
voltage decoupling feedforward (v*) is also used to enhance the
control system robustness. It is noteworthy that the capacitor
current is employed as the feedback signal in the inner loop due
to its superior performance in rejecting disturbances rather than
the inductor current. Furthermore, the use of the capacitor
current is much easier and more cost-effective than the inductor
current. According to the basic principles of control theory of
cascaded control, these loops can be designed independently as
long as the dynamics of the voltage loop is designed to be
slower than the internal current controller.

The voltage loop operates in the synchronous reference
frame, whereas the inner current loop functions in the stationary
coordinate system. In the outer loop, V., is the a-phase output
voltage of the filter capacitor to the neutral line. V, and Vj are
the real and the orthogonal components of the V., in the
stationary reference frame, respectively. The dq components of
the a-phase output voltage of the filter capacitor can be
generated by applying the Park transformation, after creating
the pseudo-two-phase system. A simple phase locked loop
(PLL) is used to obtain the sin8 and cos@ terms. The Pl
controllers are utilized in the voltage loop to regulate the
instantaneous output voltages in the dq frame. The reference
voltages for the three phases have equal amplitudes, but are
separated from the other voltages by a phase angle of 120°. The
g-component of the reference voltages in each phase (V") is set
at 0, whereas the d-components (V) is set at the peak value of
the reference phase voltage.

v =v, =v,co8(w )=V, sin(w, )
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Fig. 4. Per-phase cascaded controller for the four-leg inverter in phase ‘a’.

The reference signal of the internal current loop is provided
by employing the inverse Park transformation to the output
signals of the output voltage controller. As shown in Fig. 4, only
the a-axis quantity generated by the outer voltage loop is fed to
the internal current controller for compensation. It is the real
signal of the two-phase system. Afterwards, the inner loop
generates the switching states of the PWM using a simple
proportional controller. The parameters of the controller are
obtained from a step-by-step systematic design procedure [19].

IV. SIMULATION RESULTS

To validate the performance of the proposed control
strategy, the test system of Fig. 1 has been simulated in the
DIgSILENT PowerFactory software. The four-leg VSI is
equipped with the suggested control scheme. The types of loads
are resistive, and other parameters of the system are presented
in Table II. Different simulation case studies under various load
scenarios are carried out to determinate the effectiveness of the
transient performances of the suggested control scheme.

The evaluation of the transient behavior of the proposed
control strategy is made for a three-phase unbalanced load
(Rgy=10Q, R, =7Q, R, =8Q). To verify the transient
performance of the proposed voltage control strategy a step
change in the d-components of voltage references (Vg ref) in
all phases of the four-leg inverter is applied, then back to initial
voltage value (while keeping V, .. = 0).
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For the a-phase a step change from 155.56 to 75 V (peak) at
26 ms is applied, then back to initial voltage value at 79 ms. The
transient behaviors of the voltage reference (Vg 4,cr) and the
actual voltage (V, 4 ) of the respective phase are shown in Fig.
5. The d-reference voltage (peak) value in phase ‘b> (V}, 4 er)
is step changed from 155.56 to 140 V (peak) at 39 ms,
afterwards back to 155.56 V at 79 ms. Fig. 6 also depicts the
transient response of the voltage (V4 rf) reference and the
actual voltage (V;, 4) of the b-phase.

For the c-phase also a step change from 155.56 to 135 V
(peak) at 46 ms is applied, then back to initial voltage value at
79 ms. Fig. 7 illustrates the waveforms of the voltage (V. 4 rer)
reference and actual voltage (V, 4) of the pertaining phase. As
can be seen, the voltage controllers in each phase demonstrate
very fast dynamic, and the actual voltages are capable of
following closely their references. The PI controllers take about
1 cycle to track its reference in each phase. It is apparent that
the proposed controller can be changed the load voltages close
to their references with very fast dynamic.
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Fig. 5. Transient response of the PI controller to step changes in phase ‘a’.

TABLE II. SYSTEM PARAMETERS FOR THE SIMULATION STUDY.
Load voltage 155.56 V/phase (peak)
Frequency 60 Hz
Current controller parameter K=1

P1 voltage controller parameters

K, =0.15K, = 42

Balanced load R,=Rz=R.=80
R,=10Q,R,=7Q,R.=8Q
R,=R,=80,R. =
R,=8Q,R,=R.=

Unbalanced loads

Moreover, the transient performance of the proposed
control strategy has been compared with the conventional
control scheme [18, 19], with the same specification for the
voltage and current controller. In this simulation, while the
three-phase four-leg grid-forming unit is initially supplying a
balanced load (8 Q/ph), a single-phase inductive load (R = 20
Q and L= 2 mH) is added between phases ‘a’ and ‘c’ at 0.3 s.
After 0.2 s, the connected load between phase ‘c’ and neutral is
changed from the nominal load to a pure resistive of 5.7 Q.
Lastly, the nominal load between phase ‘a’ and neutral is
disconnected at 0.7 s.
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Fig. 6. Transient response of the PI controller to step changes in phase ‘b’.
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Fig. 7. Transient response of the PI controller to step changes in phase ‘c’.

The output waveforms of load voltages under varying
unbalanced load conditions are depicted in Fig. 8, for both the
conventional and the suggested control schemes. As can be
seen, both control strategies can be remained the load voltages
balanced in steady-state under varying unbalanced load
conditions. To compare the speed of response of two control
schemes, the transient load voltages for both control strategies
are provided with zoomed Figures. It can be seen that the load
voltage waveforms are unaffected by the load transients in the
proposed scheme. Comparing the two results, it can be seen that
no significant changes in the load voltages can be observed with
the proposed scheme. While there exist at least three line cycles
transient with the conventional approach. The results show that
the suggested controller has a significant ability to balance the
output voltages under severe unbalanced load conditions with
zero steady-state error and fast dynamic response.

V. CONCLUSION

A new per-phase cascaded voltage-current control strategy
for a three-phase four-leg VSI operating with highly
unbalanced loads in a stand-alone distribution network is
presented in this paper. The suggested control scheme provides
balanced output voltages for the four-leg inverter even under
extremely unbalanced loading conditions. It consists of an outer
voltage loop in each phase to regulate the instantaneous output
voltages and an inner current loop in each phase to improve the
transient behaviors of the control system. The transient
performance of the suggested control scheme is investigated
using simulation studies. The simulation results show that the
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suggested controller has a significant ability to balance the
output voltages under severe unbalanced load conditions with
fast dynamic response.

(b)

Fig. 8. Waveforms of output voltages of the four-leg inverter for different load
condition. (a) Proposed control scheme. (b) Conventional scheme [16, 17].
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