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Deadbeat Control of the Stand-Alone Four-Leg
Inverter Considering the Effect of the Neutral

Line Inductor
Mohammad Pichan, Hasan Rastegar, and Mohammad Monfared, Senior Member, IEEE

Abstract—Distributed generation (DG) has been consid-
ered as an alternative source of power generation, espe-
cially in stand-alone applications, where both single- and
three-phase loads must be supplied with fixed amplitude
and frequency sinusoidal voltages. Therefore, the presence
of the neutral wire is inevitable. A four-leg inverter is a
common solution to connect DGs to stand-alone loads as
well as providing the neutral wire. In this paper, by con-
sidering a filter inductor in the fourth (neutral) leg of the
four-leg inverter, a detailed model is presented, which illus-
trates a strong coupling among different phases. In order
to remove this coupling effect, it is proposed to transform
the quantities from the abc to the αβγ reference frame.
Furthermore, based on the proposed decoupled model, a
new deadbeat control scheme is proposed to provide bal-
anced sinusoidal voltages at the output of the inverter.
To confirm the effectiveness of the proposed modeling
and control techniques, experimental results on a 3-kW
setup with the digital-signal-processor-based digital con-
troller are provided under various loading conditions, such
as linear/nonlinear, balanced/unbalanced, and single-/three-
phase loads.

Index Terms—Deadbeat (DB) control, four-leg inverter,
stand alone.

I. INTRODUCTION

NOWADAYS, distributed generation (DG) has attracted
much attention due to various advantages, especially for

powering remote loads. Most DGs provide electrical power in
dc (e.g., fuel cells) or ac with variable frequency (e.g., wind tur-
bines). Therefore, to supply loads with sinusoidal voltages with
already defined amplitude and frequency, an interface power
electronic converter is necessary [1]–[3].

Stand-alone systems usually supply a various combination
of balanced/unbalanced, linear/nonlinear, single-/three-phase
loads, simultaneously. Under any loading condition, the volt-
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age of the loads must be controlled precisely to have a fixed
amplitude and frequency, especially when feeding highly unbal-
anced loads. Consequently, the neutral wire must be available
for these systems. In addition, the control system should guar-
antee sinusoidal voltages, with minimum harmonic distortions,
especially under nonlinear loading conditions, in accordance to
the harmonic limit standards like IEC62040-3 and IEEE 1547
for uninterruptible power supplies (UPSs).

If isolation is necessary for the interface inverter, then adding
a transformer with the star or zig-zag secondary connection, at
the output of a conventional three-phase three-leg voltage source
inverter (VSI) is the simplest way to provide the neutral path [4].
On the other hand, in three-phase transformerless applications,
the load neutral point can be simply connected to the midpoint
of the dc-link [5]. This topology needs a very high capacitance
in the dc-link to limit the dc voltage fluctuations due to the load
neutral current flowing through the dc-link capacitors [4], [5].

A three-phase four-leg inverter is the most advanced solution
to provide the neutral wire for the load connection. This structure
offers several advantages, especially for the transformerless sys-
tems, such as utilizing the DC-Link voltage more effectively in
comparison to the three phase three-leg topology (15% higher),
having lower dc-link voltage ripple, needing lower dc-link ca-
pacitance, and having lower size, weight, and cost [6], [7]. The
four-leg inverter has been used widely in both grid-connected
and stand-alone applications [8], [9]. In grid-connected applica-
tions, the four-leg inverter is followed by an inductive filter and
the injected current to the grid is regulated. Shunt active power
filters, distributed static compensators (DSTATCOMs) [10], se-
ries active power filters, dynamic voltage restorers (DVRs) [11],
active front-end rectifiers [12], and common-mode active filters
[13] are examples of gird-connected applications [14], [15].
In stand-alone applications, the four-leg inverter is equipped
with an LC filter and the output voltage is regulated. Examples
of stand-alone applications are UPSs [16] and electric motor
drives [17], [18]. A general application example of the four-leg
inverter in a stand-alone power system is shown in Fig. 1.

Several techniques have already been proposed to control the
four-leg inverter. Nonlinear control methods, such as pole place-
ment [19], variable structure [20], and sliding mode control [21],
mainly suffer from complexity, which makes their implementa-
tion very complicated. In addition, the repetitive and resonant
controllers can also be used to achieve sinusoidal output voltages
with a fixed switching frequency [22]–[24].
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Fig. 1. Application example of the stand-alone power system with four-
leg inverters.

Fig. 2. Power circuit of the four-leg inverter with output LC filter and
neutral leg inductor.

The model predictive control (MPC) is another control
method that is also proposed for the four-leg inverters [3],
[7], [8], [25]. The MPC has a simple structure and good
performance, but it needs an accurate model of the converter
system, which makes it highly sensitive to model uncertainties
and parameter mismatches. Also, the switching frequency is
variable. In addition, the proposed method in [3] needs to
calculate a cost function for 16 possible switching vectors
to select the optimum one among them. These calculations
impose a high computational burden. Moreover, in [3] and in
order to reduce the switching frequency of the fourth leg, and
consequently, its switching losses, not only a higher value for
the Ln should be employed but also, a software solution was
proposed, which imposes additional computational burden.

The deadbeat (DB) controller is an attractive technique for
discrete-time control platforms [26]–[28]. Theoretically, the DB
controller places all the closed-loop poles at the origin of the z-
plane [26], achieving the fastest possible dynamic performance.
The main requirement associated with the DB controller to show
its good performance is the model of the system, which should
be correct and accurate. The power circuit of the four-leg in-
verter with the output LC filter and the neutral line inductor is
depicted in Fig. 2. The fourth leg inductor is intended to provide
more attenuation of the switching harmonics and to reduce the
current rating of the fourth leg switches, at either standard oper-
ation or short-circuit condition. To model the four-leg inverter,
several studies have been carried out [3], [7]–[9], [21], [26]. In
most these studies, the neutral inductor is not considered in the
modeling of the four-leg converter. In other words, since there
is no neutral leg inductor, the four-leg inverter is considered as
three independent single-phase inverters. In addition, the model

presented in [3] is just used for the estimation of the load volt-
age, and consequently, it seems that the exact modeling of the
four-leg inverter and investigating the effect of the neutral leg
inductor is necessary.

In this paper, a simple model for the four-leg inverter with the
output LC filter and the neutral inductor is presented. It will be
shown that the presence of the neutral leg inductor introduces
a strong coupling among different phases. This coupling makes
the controller design and performance analysis somewhat com-
plicated. A simple solution to eliminate this coupling effect is
proposed in this paper. After that and based on the decoupled
equations, a new DB controller is proposed for the four-leg in-
verter. Simulations in MATLAB/SIMULINK and experimental
results on a 3-kW test rig are provided to confirm the validity of
theoretical achievements.

This paper is organized as follows. The model of the four-leg
inverter with the neutral inductor is presented in Section II,
which also proposes a simple decoupling technique. In
Section III, the proposed DB control system is proposed based
on the decoupled model. Performance evaluation with sim-
ulation and experimental results is presented in Section IV.
Section V concludes this paper.

II. SYSTEM MODELING

A. System Description

The four-leg inverter with the output LC filter and the neutral
inductor is shown in Fig. 2.

The midpoint of the fourth leg (f) is connected to the load
neutral point (n) through an inductor Ln . This connection pro-
vides a path for the zero-component of the load current. For
the converter of Fig. 2, the average generated voltages during a
switching period, vuN , vvN , vwN , and vf N , are

⎡
⎢⎢⎢⎢⎣

vuN

vvN

vwN

vf N

⎤
⎥⎥⎥⎥⎦

= VDC

⎡
⎢⎢⎢⎢⎣

duN

dvN

dwN

df N

⎤
⎥⎥⎥⎥⎦

(1)

where duN , dvN , dwN , and df N are the duty cycles of each
phase according to the negative point of the dc-Link. Based on
(1), each phase voltage with respect to the fourth leg can be
defined as ⎡

⎢⎣
vuf

vvf

vwf

⎤
⎥⎦ = VDC

⎡
⎢⎣

duN − df N

dvN − df N

dwN − df N

⎤
⎥⎦ . (2)

Applying the Kirchhoff’s voltage law at the output of the
inverter, the following equation is obtained:
⎡
⎢⎣

van

vbn

vcn

⎤
⎥⎦ =

⎡
⎢⎣

vuf

vvf

vwf

⎤
⎥⎦ +

⎡
⎢⎣

L 0 0

0 L 0

0 0 L

⎤
⎥⎦ d

dt

⎡
⎢⎣

iLa

iLb

iLc

⎤
⎥⎦

−

⎡
⎢⎣

Ln 0 0

0 Ln 0

0 0 Ln

⎤
⎥⎦ d

dt

⎡
⎢⎣

in

in

in

⎤
⎥⎦ . (3)
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It is worth mentioning that to simplify the overall model of
the system, the effect of the series resistance of the inductors
is neglected. It is mainly due to the small values of these resis-
tances compared to the inductor impedances. Also, by using the
Kirchhoff’s current law at the output node of the inverter, the
following equations are obtained:

⎡
⎢⎣

iLa

iLb

iLc

⎤
⎥⎦ =

⎡
⎢⎣

ioa

iob

ioc

⎤
⎥⎦ +

⎡
⎢⎣

C 0 0

0 C 0

0 0 C

⎤
⎥⎦ d

dt

⎡
⎢⎣

van

vbn

vcn

⎤
⎥⎦ (4)

in + iLa + iLb + iLc = 0. (5)

Replacing (5) in (3) and (4) and after some calculations, the
state equations of the system are derived as (6) and (7). It is
worth mentioning that the voltages of the output capacitors are
equal to the load voltages.

d

dt

⎡
⎢⎣

iLa

iLb

iLc

⎤
⎥⎦ =

1
L + 3Ln

⎡
⎢⎢⎢⎢⎢⎣

1 +
2Ln

L
−Ln

L
−Ln

L

−Ln

L
1 +

2Ln

L
−Ln

L

−Ln

L
−Ln

L
1 +

2Ln

L

⎤
⎥⎥⎥⎥⎥⎦

×

⎡
⎢⎢⎣

Vuf − Van

Vvf − Vbn

Vwf − Vcn

⎤
⎥⎥⎦ (6)

d

dt

⎡
⎢⎣

Van

Vbn

Vcn

⎤
⎥⎦ =

1
C

⎡
⎢⎢⎣

iLa − ioa

iLb − iob

iLc − ioc

⎤
⎥⎥⎦ . (7)

According to (6), it is evident that there is a high level of
coupling among the currents of different phases. This coupling
is proportional to the Ln/L ratio. Hence, the source of this
coupling is the neutral leg inductor. Since the phase currents are
strongly coupled to each other, the voltage equations are also
coupled. This makes the analysis and design of the controller a
difficult task.

B. Decoupled State Equations

The state equations of the four-leg inverter with the output
LC filter and the neutral leg inductor are coupled to each other
in the natural (abc) reference frame. In this paper, it is proposed
to transform the state equations from the abc to the station-
ary (αβγ) reference frame. It will be shown that this simple
transformation will successfully decouple the state equations.

Each three-phase variable can be transformed from the abc
reference frame to the αβγ reference frame using the transfor-
mation matrix T defined as

T =
2
3

⎡
⎢⎢⎢⎢⎢⎣

1
−1
2

−1
2

0
√

3
2

−
√

3
2

1
2

1
2

1
2

⎤
⎥⎥⎥⎥⎥⎦

. (8)

Fig. 3. Decoupled model of the four-leg converter system in the αβγ
reference frame.

Multiplying both sides of (6) by (8) yields

d

dt
T

⎡
⎢⎣

iLa

iLb

iLc

⎤
⎥⎦

︸ ︷︷ ︸
G

= T
1

L + 3Ln

×

⎡
⎢⎣

1 + 2Ln

L −Ln

L −Ln

L

−Ln

L 1 + 2Ln

L −Ln

L

−Ln

L −Ln

L 1 + 2Ln

L

⎤
⎥⎦

⎡
⎢⎣

Vuf − Van

Vvf − Vbn

Vwf − Vcn

⎤
⎥⎦ . (9)

where

G =
[
iLα iLβ iLγ

]T
. (10)

The right-hand side of (9) can also be readily calculated,
which results in

d

dt

⎡
⎢⎣

iLα

iLβ

iLγ

⎤
⎥⎦ =

⎡
⎢⎣

1
L 0 0

0 1
L 0

0 0 1
L+3Ln

⎤
⎥⎦

⎡
⎢⎣

Vαf − Vαn

Vβf − Vβn

Vγf − Vγn

⎤
⎥⎦ (11)

where (Vαf , Vβf , Vγf ) and (Vαn , Vβn , Vγn ) denote the inverter
and the load voltages in the αβγ reference frame, respectively.
In addition, multiplying both sides of (7) by (8), transforms
all the variables from the abc to the αβγ reference frame as
presented in the following equation:

d

dt

⎡
⎢⎣

Vαn

Vβn

Vγn

⎤
⎥⎦ =

1
C

⎡
⎢⎣

iL α − ioα

iL β − ioβ

iL γ − ioγ

⎤
⎥⎦ . (12)

According to (11) and (12), the overall model of the converter
system in the αβγ reference frame is shown in Fig. 3. It is evident
that all state variables are decoupled from each other. It is a very
important achievement, because lets design the controllers for α,
β, and γ components independently with no effect on each other.

III. DB CONTROLLER

The DB control uses the system model and the measured and
reference values at the current sampling instant (k) to calculate
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the proper reference quantities for the start of the following
sampling period (instant k+1). Therefore, the control variable
will be set at its reference value at the end of this sampling period
(instant k+2). This procedure ensures that there are only two
sampling period delays between the input reference variation
and the output quantity change. In other words, the DB controller
places all the closed-loop system poles at the origin of the z-
plane. This leads to a fast dynamic response for a digital control
implementation. To drive the DB control law, it is essential to
initially present the model of the system. The final equations of
the four-leg inverter in the αβγ reference frame are given in (11)
and (12). Since these equations are completely decoupled from
each other, the analysis and calculations for one component is
the same for the two others. In this paper, the DB control law
is derived for the α component, which is applicable to β and γ
components too.

According to (11) and (12), the state equations of the system
for the α component can be rearranged as follows:

d

dt

[
iLα

Vαn

]
= A

[
iLα

Vαn

]
+ BVαf + Eioα (13)

where

A =

⎡
⎢⎣

0
−1
L

1
C

0

⎤
⎥⎦ , B =

⎡
⎣

1
L

0

⎤
⎦ and E =

⎡
⎣

0
−1
C

⎤
⎦ .

In (13), Vαf and ioα are considered as the input and the dis-
turbance to the system, respectively. If the sampling frequency
is high enough (fs/f >> 20), then the backward approxima-
tion can be used and the derivatives can be estimated from the
sampled variables as

diLα

dt
=

iLα (k + 1) − iLα (k)
Ts

dVαn

dt
=

Vαn (k + 1) − Vαn (k)
Ts

(14)

where Ts is the sampling time. Based on (13) and (14), the
inductor current at k + 1 sampling instant (iLα (k + 1)) is given
by

iLα (k + 1) = iLα (k) +
Ts

L
(Vαf (k) − Vαn (k)). (15)

Updating (15) for the next sampling period results in

iLα (k + 2) = iLα (k + 1) +
Ts

L
(Vαf (k + 1) − Vαn (k + 1)).

(16)
Assuming a linear estimation of iLα (k + 2) from the previous

samples, (16) is rewritten as follows:

iLα (k + 2) = iLα (k + 1) + iLα (k + 1) − iLα (k)︸ ︷︷ ︸
iL α (k+2)

= iLα (k + 1) +
Ts

L
(Vαf (k + 1) − Vαn (k + 1)) (17)

which can be simplified to

iLα (k + 1) = iLα (k) +
Ts

L
(Vαf (k + 1) − Vαn (k + 1)).

(18)

For the DB controller with one sample period delay, all vari-
ables in the k + 1 sampling instant can be considered as the
reference values for the current instant. Thus, (18) is rewritten
as follows:

iLα,Ref (k) = iLα (k) +
Ts

L
(Vαf,Ref (k) − V ∗

αn (k)). (19)

The final goal of the DB controller is to calculate the inverter
reference voltage. Therefore, (19) is rearranged for Vαf,Ref (k)
Vαf,Ref (k) as

Vαf,Ref (k) = V ∗
αn (k) +

L

Ts
(iLα,Ref (k) − iLα (k)). (20)

where V ∗
αn is the load voltage reference value or the command

input. Consequently, for calculatingVαf,Ref , the value of iLα,Ref
should be determined. The same procedure, which was done for
Vαf,Ref (k)can be followed to calculateiLα,Ref . According to
(13) and (14), the second state variable (Vαn ) can be discretized
as follows:

Vαn (k + 1) − Vαn (k)
Ts

=
1
C

iLα (k) − 1
C

ioα (k). (21)

As previously mentioned, to calculate iLα,Ref , (21) should be
updated for the next sampling period as

Vαn (k + 2) − Vαn (k + 1)
Ts

=
1
C

iLα (k + 1) − 1
C

ioα (k + 1).

(22)
Again, using the linear estimation for Vαn (k + 2) results in

Vα n (k+2)︷ ︸︸ ︷
Vαn (k + 1) + (Vαn (k + 1) − Vαn (k))−Vαn (k + 1)

Ts

=
Vαn (k + 1) − Vαn (k)

Ts
=

1
C

iLα (k + 1) − 1
C

ioα (k + 1).

(23)

Assuming that the load current (ioα ) has almost no changes
during a very small sampling period and replacing the values at
k + 1 with the reference values, (23) simplifies to

V ∗
αn (k) − Vαn (k)

Ts
=

1
C

iLα,Ref (k) − 1
C

ioα (k). (24)

Solving the aforementioned equation for iLα ,Ref , gives

iLα,Ref (k) = ioα (k) +
C

Ts
(V ∗

αn (k) − Vαn (k)). (25)

The final equations of the proposed DB control law, (20) and
(25), which are used to generate the reference signals for the
PWM modulator, are rewritten as

Vαf,Ref (k) = V ∗
αn (k) +

L

Ts
(iLα,Ref (k) − iLα (k))

iLα,Ref (k) = ioα (k) +
C

Ts
(V ∗

αn (k) − Vαn (k)). (26)

As the aforementioned equation shows, the final equations
of the proposed DB controller consist of only a few addition,
subtraction, and multiplication operations. As a result, the con-
trol system has a very simple structure and low computational
burden, especially when compared to the MPC methods, which
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Fig. 4. Schematic of the grid-connected DG application.

TABLE I
SYSTEM PARAMETERS

Variable Description Value

Po Rated output power 3 [kW]
L Filter inductance 880 [μH]
C Filter capacitance 33 [μF]
Ln Neutral filter inductance 440 [μH]
Fsw Switching frequency 12 [kHz]
Fs a m p Sampling frequency 12 [kHz]
Vo Nominal output Voltage 110 [Vrm s ]
fo Nominal output voltage frequency 60 [Hz]
VDC DC-Link voltage 390 [V]

simplifies the digital implementation. Besides, since the pro-
posed DB controller calculates the inverter reference voltages,
a PWM modulator with the fixed switching frequency can be
used. By applying the same procedure for the β and γ com-
ponents, the inverter reference voltages in the αβγ reference
frame are achieved, which can be transformed back to the abc
reference frame as

⎡
⎢⎣

Vuf,Ref (k)

Vvf,Ref (k)

Vwf,Ref (k)

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

1 0 1

−1
2

√
3

2
1

−1
2
−
√

3
2

1

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎣

Vαf,Ref (k)

Vβf,Ref (k)

Vγf,Ref (k)

⎤
⎥⎦ . (27)

As it is mentioned in Section III, the DB controller dynamics
can be considered as only two pure sampling period delays. In
other words, the DB controller places all the closed-loop system
poles at the origin of the z-plane, and consequently, inside the
unit circle, which ensures the stability of the control scheme. In
the real condition, if the model of the system is accurate, the
stability of the whole system will be guaranteed. In practice, the
main issues that challenge the stability are model mismatches
and parameter uncertainties. The effect of these two problems,
under severe conditions, will be investigated in Section IV to
confirm the stability over a wide range of possible mismatches
and uncertainties.

It is worth noting that the proposed model and the DB con-
trol algorithm can be readily adapted to suit the grid-connected
applications. Since grid-connected inverters are commonly fol-
lowed by an L-type smoothing filter, (12) is not anymore valid
and the load voltages are replaced in the algorithm by the grid

Fig. 5. Schematic of the whole control system.

Fig. 6. Photograph of the experimental test bench.

voltages. As a result, the model of the system simplifies to (11).
To derive the DB control law, the same procedure starting from
(14) can be followed until (20). Thus, (20) can be rearranged to
generate the inverter reference voltages as follows:

Vαf,Ref (k) = Van (k) +
L

Ts
(iLα,Ref (k) − iLα (k)). (28)

The reference inductor current injected to the grid is usually
generated by the user or an outer control loop, such as the power
controller or the dc-link voltage regulator. Also, a phase-locked
loop must be used to synchronize the injected current with the
grid voltage. A simple schematic of the grid-connected DG with
the proposed control scheme is depicted in Fig. 4.

IV. PERFORMANCE EVALUATION

To validate the theoretical achievements and confirm the per-
formance of the proposed control system, an extended simula-
tion is done in MATLAB/SIMULINK software. Also, various
experimental results are reported with the same parameters of
the simulations, which are given in Table I.
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(a)

(b)

Fig. 7. Simulation results under nominal three phase linear load: (a)
phase output voltages and (b) phases and neutral load currents.

The schematic of the experimental setup and an image of the
test rig are shown in Figs. 5 and 6, respectively. The control sys-
tem is implemented on a developed board using TMS320F28335
DSP from Texas Instruments. A low-ripple dc voltage is pro-
vided by the three-phase diode rectifier at the input of the
inverter.

The output LC filter is used to attenuate the switching and
high-frequency ripples. The resonant frequency of the LC fil-
ter is usually selected about 10% of the switching frequency
to limit the switching ripples to 1% [6]. Neglecting the Ln ,
the inductor current ripple at the worst case is determined as
follows:

Inductor Current Ripple =
VDC

2 ∗ L ∗ Fsw
|D| ∗ (1 − |D|) (29)

where D is defined as the line to neutral duty ratio. Based on
the maximum permitted current ripple, the value of L is selected
from (29). Then, according to the resonant frequency and the
reactive power limit (about 5% of the rated converter power),
the proper value of C will be calculated. As already proposed
in [29], the neutral inductor (Ln ) is then selected as half of the
three-phase inductors (L).

Various PWM modulation techniques have been proposed for
the three-phase four-leg inverter, such as the carrier-based (like
sinusoidal PWM (SPWM)) [30]–[32] and the 3-D space vector
modulation (3D-SVM) [5], [33]–[35]. The SPWM provides a
very simple structure and almost good load harmonics profile.

(a)

(b)

Fig. 8. Experimental results under nominal three-phase linear load: (a)
ch1–ch3: phase output voltages (50 V/div) and (b) ch1–ch3: phase load
currents, (5.5 A/div), ch4: neutral load current (13 A/div).

Therefore, in this paper, the SPWM modulator with 12-kHz
switching frequency is used to generate the gate signals from
the reference voltages calculated from (26) and (27).

Different operating conditions with linear/nonlinear, bal-
anced/unbalanced loads are tested to evaluate the effectiveness
of the proposed DB controller.

In the first study, a three-phase linear load is connected to the
output and both simulation and experimental results are shown
in Figs.7 and 8.

Simulation and experimental results are in good accordance
and the converter tracks the reference voltages precisely where
the total harmonic distortion (THD) value of the output volt-
age is 1.1%. The voltage reference tracking error (ev [%] =
(Vo,measured − Vo,reference)/Vo,reference × 100) is below 2%.
Since the three-phase balanced currents are delivered to the
load, the neutral current is nearly zero.

In the second study, the inverter is run under the single-phase
linear loading condition and the results are shown in Fig. 9.

According to this figure, the load phase and neutral currents
are the same and supplying an unbalanced load does not affect
the output voltage quality. In this condition, the THD and ev
values of the load voltage are 1.2% and 1%, respectively, which
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Fig. 9. Experimental results under single phase linear load: (a) ch1-
ch3: phase output voltages (50 V/div) and (b) ch1-ch3: phase load cur-
rents, ch4: neutral load current (13 A/div).

do not have a considerable change in comparison with the pre-
vious test. Thanks to the large capacitive filter in the dc side,
the voltage ripple is too small. For the unbalanced condition
(even single-phase loading), since the fourth leg provides a path
for the zero current flow, the dc-link voltage ripple does not
alter considerably. It is one of the advantages of the four-leg
inverter compared to the conventional split dc-Link four-wire
inverters.

Supplying different loads on each phase with different power
factors is usual in stand-alone DG power systems. In this condi-
tion, the zero current path must be provided by the inverter. In
the next study, the system is tested under three-phase unbalanced
loads with different power factors and the results are shown in
Fig. 10. The load power factor is 0.85 lagging for phase a, 0.9
lagging for phase b, and 1 for phase c. It is evident that the fourth
leg provides the zero current path without any effect on the load
voltages. Due to the unbalanced load, the neutral current is not
zero flowing through the fourth leg. The THD and ev values are
less than 1.2% and 1.8%, respectively.

In stand-alone power systems, the output load may be in
any kind of linear/nonlinear or balanced/unbalanced condition.
Supplying nonlinear loads with a severe harmonic profile
is inevitable in standalone power systems. To validate the

Fig. 10. Experimental results under three phase unbalanced RL load:
(a) ch1–ch3: phase output voltages (50 V/div) and (b) ch1–ch3: phase
load currents (5.5 A/div), ch4: neutral load current (13 A/div).

Fig. 11. Nonlinear load.

performance of the proposed control system under the nonlinear
loading condition, single-phase diode bridge rectifiers, which
are shown in Fig. 11 are connected to different phases.

The output waveforms are reported in Fig. 12, where the
control system precisely tracks the reference voltages even with
severe harmonically polluted load currents. Just for phases b
and c, a little voltage ripple is evident compared to phase a. The
THD value for phases a, b, and c are 1.1%, 1.8%, and 1.4%,
respectively.

To evaluate the dynamic performance of the control system,
the transient waveforms in response to the no-load to nominal
resistive load step change are shown in Fig. 13. According to
this figure, the control system recovers the load voltage in a
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Fig. 12. Experimental results under three phase nonlinear load con-
dition: (a) ch1–ch3: phase output voltages (50 V/div) and (b) ch1–ch3:
phase load currents, ch4: neutral load current (13 A/div).

Fig. 13. Experimental results under three-phase no-load to nominal
resistive load step change: (a) ch1–ch3: phase output voltages (50 V/div)
and (b) ch4: phase-a load current (13 A/div).

few microseconds. Phase c experiences the most severe con-
ditions, since the load step is done near the peak of the phase
c load voltage. The control system compensates the voltage
error with a small undershoot of about 12% of the nominal
voltage.

A four-leg inverter should be able to generate unbalanced
voltages whenever required, especially in applications such as
DVRs. In this test, the unbalanced reference voltages; phase a:
110 V, phase b: 100 V, phase c: 90 V, are considered and the
results are shown in Fig. 14. As the worst case of unbalances

Fig. 14. Experimental results under three-phase unbalanced reference
voltages: a) ch1–ch3: phase output voltages (50 V/div) and (b) ch1–ch3:
phase load currents, ch4: neutral load current (5.5 A/div).

Fig. 15. Experimental results under three-phase unbalanced load with
short circuit in phase b: (a) ch1–ch3: phase output voltages (50 V/div) and
(b) ch1–ch3: phase load currents (5.5 A/div), ch4: neutral load current
(13 A/div).
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TABLE II
EXPERIMENTAL ANALYSIS WITH DIFFERENT SAMPLING FREQUENCIES

Sampling Frequency 8 kHz 10 kHz 12 kHz 15 kHz

Parameters (%) THD ev THD ev THD ev THD ev

No Load 2.6 0 1.8 0 1.2 0 0.5 0
Full Linear Load 2.4 2.2 1.6 1.9 1.1 1.8 0.4 1.7

Fig. 16. Experimental evaluation of the THD% and ev % with mis-
matches in (a) L, (b) C.

voltages, a short-circuit condition in phase b with unbalanced
loads is also tested and the results are shown in Fig. 15. The
proper performance of the converter system with small THD
and ev values is obvious. It is worth noting that based on the
IEEE 1547 standard, the THD value should not exceed 5% and
each harmonic up to 11th must have an amplitude lower than
4%. Also, according to IEC62040-3, the THD value must be
lower than 8%. For all tests and conditions, reported here, the
THD value of the load voltages does not exceed 1.8%, which is
far below the standards requirements.

In another study and in order to evaluate the effect of the
sampling frequency on the control performance, the steady-
state tests are repeated with different sampling frequencies and
the results are presented in Table II.

In this paper, the sampling and switching frequencies are the
same. Generally, increasing the sampling frequency improves
the accuracy of digital implementation of the control algorithm,
mainly due to minimizing the effect of delays. However, the

sampling frequency has to be limited in order to finish the cal-
culation of the control algorithm within a sampling period. So,
as illustrated in Table II, by increasing the sampling frequency,
as already expected, the THD% value decreases as a result of
increasing the switching frequency, as a result of improved fil-
tering effect. On the other hand, the value of ev is also decreased
slightly.

As mentioned before, the DB controller needs the accurate
model of the system to work properly. As a result, the perfor-
mance of the proposed controller, considering the model pa-
rameter mismatches should be investigated. According to (26),
the filter parameters, C and L, are the most important parame-
ters in the proposed DB control law. Consequently, the perfor-
mance of the controller, in terms of the THD and the ev , in re-
sponse to mismatches in these parameters is studied. The results
for the inductance and capacitance mismatches are shown in
Figs. 16(a) and (b), respectively.

Based on Fig. 16, it can be concluded that the performance of
the proposed DB controller is not degraded even under a wide
range of mismatches of the inductor values. The variations of
the THD and the ev against mismatches in the C value are more
considerable when the C value is under estimated, however the
THD is still below the standard limits.

V. CONCLUSION

The stand-alone DG systems, interfacing power electronic
converters, are alternative efficient solutions to supply different
remote loads. To supply both single- and three-phase ac loads,
the fourth wire is mandatory. The three-phase four-leg inverter
with the neutral inductor seems the best solution for such appli-
cations. In this paper, a decoupled model of the four-leg inverter
was proposed, based on which, the DB control was proposed to
control the output voltages of the inverter. The final DB control
law is very simple to understand and implement. The switch-
ing frequency is constant, which simplifies the converter design
and lets utilize advanced modulation techniques. Several ex-
periments under different loading conditions were performed,
which confirmed the superiority of the proposed scheme in gen-
erating balanced and highly sinusoidal voltages. Furthermore,
the control system is robust against inductive and capacitive
filter parameter mismatches.
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