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Abstract— This paper explores predictive voltage control
for a 2-level 4-leg converter. The proposed algorithm uses
inverter currents, load current and load voltages as feedback.
The proposed algorithm uses this feedback to predict the
future load behavior of the load voltages. A cost function will
select the optimal switching state based on the predicted and
measured Feedbacks that have the minimal error. The proposed
control scheme is validated by MATLAB Simulink results and
in dSPACE DS1103 based experimental results with linear,
unlinear, balanced and unbalanced loads.

Index terms— digital control, model predictive control, volt-
age control, power electronics, renewable energy.

I. INTRODUCTION

Standalone power systems are very popular to supply
remote equipment and customs in many applications [1],[2],
like the Navajo communities in Arizona. The standalone
power systems are the alternative solution at locations which
cannot access to the main power grid or require lots of
economic costs and in the place where the use of electricity
is necessary. For example, islands; telecommunication sta-
tions; satellite earth stations and the installation of service
system for oil and gas pipelines [3]-[5]. The photovoltaic
(PV), solar thermal, wind energy conversion system (WECS)
generators, battery banks and diesel or biofuel generator
have been extensively installed in such standalone power
systems. The three-phase four-leg converters are widely used
in many commercial and industrial applications, such as, the
standalone (off-grid) operation, electric drives and dynamic
voltage restorers that demand tight output voltage control
with unbalanced and nonlinear loads [6]-[8]. In order to
provide transformerless neutral connection and symmetrical
sinusoidal voltage to the loads, the three-phase converter
with an additional fourth (neutral) leg and output with the
connection of inductor and capacitor (LC) filter is proved
to the best candidate in standalone power systems [9].
The reason for using four-leg converter instead of three-leg
converter is the four-leg converter provides 15-16% higher
DC bus utilization compare to the three-leg converters. And
it also provides lower ripple on the DC-link voltage, smaller
size for dc-link capacitors, and the switching states increase
from 8 to 16, the more switching states can provide greater
control of converter [4].

For different output of four-leg converter such as voltage
and current can be controlled depending on the different
application. The current control is usually used in distributed
generation with grid connection. The voltage control is used
for standalone distributed generation [5]. A lot of control
scheme techniques have been developed so far. There are

a special control schemes for power converters, the classi-
cal voltage control techniques for a four-leg converter can
use proportional-integral (PI) controllers including stationary
(αβγ), synchronous (dq0) and natural (abcn), pole place-
ment regulators controllers and variable structure, sliding
mode control to eliminate steady-state voltage error and
a modulation stage to generate the gating signals. The
modulation schemes for four-leg converters generally use
carrier-based sinusoidal pulse-width modulation (SPWM)
and 3-D space vector modulation (3D-SVM). The SPWM
is based on the real-time implementation and the switching
angle calculation that is complicated. Despite the 3D-SVM
can provide lower switching frequency, high-rated DC-link
utilization and minimum output distortion compare to the
SPWM. However, 3D-SVM is still a complicated method
in hardware and software implement, because of it requires
large computational capacity for the 3D transformations [4]-
[6],[10]-[14].

The finite control set model predictive control (FCS-MPC)
that are usually used in power electronics and drives now.
The advantage of FCS-MPC is the simple concept and fast
dynamic response, and this scheme does not require internal
current control loops and modulators which means this is
a simple and very flexible control scheme that allows easy
inclusion of the nonlinearities and constraints such as switch-
ing frequency minimization, spectrum shaping, common-
mode voltage minimization and switching/conduction loss
minimization that can be included in the design of controller
[8],[9]. Similar with the carrierless modulation schemes,
this method operates with the variable switching frequency,
which means it can provide for complex modeling and higher
computational capacity [11]. The predictive voltage control
(PVC) with output LC filter are analyzed in literate for a
four-leg converter [12].

In this paper, the object is improving the PVC for 4-leg
converter with LC filter, the previous vision of PVC [13] had
the drawbacks when the voltage got steady-state, there are
ripple interference at the peak value of voltage. Paper will
introduce the solution that solve the ripple problem at peak
value and to reduce the percentage total harmonic distortion
(%THD) to get appropriate load current. To validate the
feasibility of the proposed control method the simulation
is carried out using MATLAB/Simulink software, the ex-
perimental are presented using the dSPACE DS1103, and
dSPACE control desk rapid prototyping real-time implemen-
tation.

This paper is organized as follows: in section II, the
modeling of 4-leg converter strategy is presented, followed



by the modeling of predictive control of the 4-leg converter in
section III. In section IV, simulation and experiment results
are presented, and finally appropriate conclusions are drawn
in section V.

Fig. 1. Proposed converter schematic

Fig. 2. Model predictive control block diagram



II. FOUR LEG INVERTER MODEL

Fig. 1 shows three-phase four-leg inverter with LC fil-
ter. Comparing to traditional three-phase inverter, four-leg
inverter have a neutral point.

The neutral point is n. The inductors’ current are iia, iib,
iic. The load current are ioa, iob, ioc. The inverter voltage
are via,vib,vic,vin. The voltage between the capacitors are
voa, vob, voc. The inductors value is Li, and the resistance
of inductors is ri. The value of capacitors is Co. The filter
can be expressed by the differential equations as follows:

via = Li
diia
dt

+ voa

vib = Li
diib
dt

+ vob

vic = Li
diic
dt

+ voc

(1)

iia = Co
dvoa
dt

+ ioa

iib = Co
dvob
dt

+ iob

iia = Co
dvoc
dt

+ ioc

(2)

Based on (1), the inverter current can be expressed as:

d

dt

iiaiib
iic

 = − 1

Li

voavob
voc

+
1

Li

viavib
vic

 (3)

As such, (2) can be expressed as follows:

d

dt

voavob
voc

 =
1

Co

iiaiib
iic

+− 1

Co

ioaiob
ioc

 (4)

From (4) it is known that there are three independent
variables in via, vib, vic, vin controlling the system output
voltage. So a change in one of them will affect the output
voltage value. If changing one of via, vib, vic, the balance of
system will be broken. But if finding a relationship between
via, vib, vic and vin, the system will be balanced.

Based on (1), (2), (3) and (4), the analysis result is as
follow:

vi,abc = ri ∗ ii,abc + Li ∗
dii,abc

dt
+ vo,abc (5)

III. PREDICTIVE VOLTAGE CONTROL SCHEME

The proposed MPC scheme used is modeled below in
figure 2. By implementing the model in figure 2 within
MATLAB the (k + 1) voltage vectors can be computed for
cost-function analysis. By iterating through all 16 values of
Vo and the stationary frame load voltages a cost function
is used to determine which vectors will provide the most
optimal switching state for the next instance in time, (k+1).

After predicting the inverter voltage the output voltage
vector is generated. Once generated it then goes through the
cost function shown below:

g = (v∗oα−voα(k+1)p)2+(v∗oβ−voβ(k+1)p)2+(v∗oγ−voγ(k+1)p)2

(6)
Where v∗oα, v∗oβ and v∗oγ are reference output voltages and

voα(k+ 1)p, voβ(k+ 1)p, and voγ(k+ 1)p are the predicted
output voltages. After 16 iterations the algorithm will decide
which switching state will create the lowest g and apply that
to the converter for the next switching state and begin the
process again.

In order to predict the output voltage vectors a discrete-
time model of the converter must be developed. Once the
discrete-time model is created the output voltages and cur-
rents are transformed to αβγ space. The transformation to
αβγ space is described below:SαSβ
Sγ

 = 2/3 ∗

 1 −1/2 −1/2

0
√

3/2 −
√

3/2
1/2 1/2 1/2

 ∗
Sa − SnSb − Sn
Sc − Sn

 (7)

Where S denotes whether the switch is open, 1, or closed,
0.

Once the three phase (a, b, c) voltage and currents are
transformed into (α, β, γ) space the discrete-time equations
utilized to determine the value of the (k+1) voltage and
current vectors are seen below:

Vi(k + 1) = Vdc ∗ Si (8)

[
vo(k + 1)
ii(k + 1)

]
= φ ∗

[
Vo(k)
Ii(k)

]
+ Γ ∗

[
vi(k + 1)

io

]
(9)

where θ and Γ are 6 by 6 matrices described as,

φ = eAct ∗ Ts (10)

Γ = A−1
ct

[
θ
]
−
[
ID6x6

]
∗
[
Bct
]

(11)

and Act and Bct are described as,

Act =

[
03x3

I3x3

Cf

−L−1
eq −L−1

eq ∗Req

]
(12)

Bct =

[
03x3

−I3x3

Cf

L−1
eq 03x3

]
(13)

with Leq and Req described as,

Leq =

Lf + Ln Ln Ln
Ln Lf + Ln Ln
Ln Ln Lf + Ln

 (14)

Req =

Rf +Rn Rn Rn
Rn Rf +Rn Rn
Rn Rn Rf +Rn

 (15)

Where I3x3 and 03x3 is the 3 by 3 identity and zero matrix,
respectively. Ts is the sampling interval, 50µs.



IV. EXPERIMENTAL RESULTS

To validate the effectiveness of the proposed control
scheme, the experimental results are captured under the
conditions of steady state and transient state, with balanced,
unbalanced, and nonlinear loads. All the cases will also
be tested in conventional methods: Dr. Yaramasu 2012 and
classical PWM. Case 1 tests with balanced references and
balanced loads, case 2 tests with balanced references and
unbalanced plus Nonlinear Load (NL), case 3 tests with
unbalanced references and balanced loads and case 4 tests
with unbalanced references and unbalanced plus NL.

A. Steady-State Analysis

TABLE I
VALUES FOR TEST CASES

Case 1 Case 2 Case 3 Case 4
V ∗
oa = 120V V ∗

oa = 120V V ∗
oa = 120V V ∗

oa = 120V
V ∗
ob = 120V V ∗

ob = 120V V ∗
ob = 100V V ∗

ob = 100V
V ∗
oc = 120V V ∗

oc = 120V V ∗
oc = 80V V ∗

oc = 80V
f∗
a = 60Hz f∗

a = 60Hz f∗
a = 60Hz f∗

a = 60Hz
f∗
b = 60Hz f∗

b = 60Hz f∗
b = 60Hz f∗

b = 60Hz
f∗
c = 60Hz f∗

c = 60Hz f∗
c = 60Hz f∗

c = 60Hz
Ra = 10Ω Ra = 10Ω Ra = 10Ω Ra = 10Ω
Rb = 10Ω Rb = 11Ω Rb = 10Ω Rb = 11Ω
Rc = 10Ω Rc = 5Ω + NL Rc = 10Ω Rc = 5Ω + NL

The experimental results for case A are presented in
Fig.TBD. Due to the balanced reference and balanced load,
a current of 10Arms at 60Hz circulates through phase a, b, c
in three methods are shown in Fig. TBD. The load voltages
to their respective references have a good tracking of their
respective references are observed in Fig. TBD. The ex-
perimental results with balanced references and unbalanced
nonlinear load are shown in Fig. TBD. In this test, balanced
references and unbalanced nonlinear load are considered in
all three methods. As shown in Fig. TBD, the load voltage
remains sinusoidal. Load current of ioa = TBD Arms, iob =
TBD Arms, ioc = TBD Arms, as shown in Fig. TBD. In this
case, the controller maintains the voltage at reference value
irrespective of the load. Unbalanced references and balanced
load is presented in Fig. TBD. As shown in Fig. TBD, the
load voltage remains sinusoidal with load current of of ioa
= TBD Arms, iob = TBD Arms, ioc = TBD Arms, as shown
in Fig. TBD. The experimental results with unbalanced
references and unbalanced nonlinear load are shown in Fig.
TBD. Because of unbalanced nonlinear load conditions, a
neutral current circulates through the fourth leg as depicted in
Fig. TBD, but the load voltages remain sinusoidal with a very
good tracking to their respective references as shown in Fig.
TBD. Comparing the three methods in four cases as shown
in table 1, the proposed predictive voltage control has a
better tracking of load voltages to their respective references,
especially in higher voltage. The proposed method reduced
the ripples in peak voltage value.

B. Transient Analysis

TABLE II
VALUES FOR TEST CASES

Case 1 Case 2 Case 3 Case 4
V ∗
oa = 0-120V V ∗

oa = 0-120V V ∗
oa = 0-120V V ∗

oa = 0-120V
V ∗
ob = 0-120V V ∗

ob = 0-120V V ∗
ob = 0-100V V ∗

ob = 0-100V
V ∗
oc = 0-120V V ∗

oc = 0-120V V ∗
oc = 0-80V V ∗

oc = 0-80V
f∗
a = 0-120Hz f∗

a = 0-120Hz f∗
a = 0-120Hz f∗

a = 0-120Hz
f∗
b = 0-120Hz f∗

b = 0-120Hz f∗
b = 0-120Hz f∗

b = 0-120Hz
f∗
c = 0-120Hz f∗

c = 0-120Hz f∗
c = 0-120Hz f∗

c = 0-120Hz
Ra = 10Ω Ra = 10Ω Ra = 10Ω Ra = 10Ω
Rb = 10Ω Rb = 11Ω Rb = 10Ω Rb = 11Ω
Rc = 10Ω Rc = 5Ω + NL Rc = 10Ω Rc = 5Ω + NL

Increasing the frequency from 60Hz to 120Hz causes a
step change in all the five different cases. Although there is
a fast step change, the results show a fast-dynamic response.
The step change duration is approximately in microseconds.
The current flows through the fourth leg due to probably
not having PI controllers. Results shows four different cases
during a 50 µs time. Case D has the least total harmonic
distortion percentage compared to the other three cases.
Comparing the simulation and experimental results, Case A,
B, and C have close results as expected in the experimental
results.

C. Quantitative Analysis

In this section, the reduction of the neutral-leg switch-
ing frequency is verified. The references and loads are
balanced (case A). The load voltages to their respectively
references(v∗o ), average switching frequency (fsw), reference
tracking error (%evo), and %THD are presented through
experimental tests in Figs. 11 and 12, respectively. As shown
in Figs. 11and 12, with V ∗

o increase, fsw decrease. Reference
tracking error (%evo) increases with %THD increases.

• Relationship between frequency and the reference out-
put voltage

TABLE III

plot goes here

• Relationship between Vo THD and reference tracking
error (%evo)

TABLE IV

plot goes here

D. Vo Estimation

The objective of this section is to show how voltage ex-
perimentally of proposed method and conventional methods
track the referenced voltage. Fig. 6 presents the output and
reference voltages in alpha-beta plane.



TABLE V
CASE 5: UNBALANCED REFERENCES AND UNBALANCED + NONLINEAR

LOAD

SPC 2018 Yaramasu 2012 Classical
X-Y plot X-Y plot X-Y plot

The output voltage reference of proposed method is accu-
rately tracked as shown in Fig. These results conclude that
the proposed predictive voltage control is able to control the
output better compared to the conventional methods.

After a three phase four leg converters was developed in
the lab. The experiment was performed in steady state with
unbalanced, balanced and nonlinear loads. [Results TBD]

As mentioned above, there are three phase currents,
I(a),I(b) and I(c). The power supply provides a voltage of
350v, the output load resistance of 10Ω and output voltage
frequency of 60Hz. The capacitor filter as well as the induc-
tor filter would be Cf = 60µF and Lf = 2.5 mH. Moreover,
there is a neutral resistor of 0.022Ω. Additionally, a DC link
resistance and a DC link capacitance of 1Ω and 2000µF.
Those values were used in the simulation before actually
being tested in the lab. After preforming the experiment,
the values turned out to be similar to the simulation values
initially obtained.

V. CONCLUSION
FCS-MPC with a voltage control method has been pro-

posed in this paper to control the three-phase four-leg con-
verter with an output LC filter. The control algorithm tests
each of the 16 possible switching states and then chooses
optimal switching state that minimizes the cost function. The
ideal minimum of the cost function is zero and represents the
perfect regulation of the output voltages with the balancing of
the capacitor voltages. With the predictive control, the control
of load voltage with less error has been achieved under the
balanced, un-balanced and nonlinear load conditions, and the
load voltages are tracked with acceptable error compare to
the reference. It is possible to get less ripple peak voltage
in the process of steady-state when getting the appropriate
predictive modulation.
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