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Abstract—This article presents a hybrid microgrid configuration
with a flying capacitor dual-output (FCDO) converter. The output
ports of the FCDO converter can directly interface ac sources/loads
operating at different amplitudes and frequencies without addi-
tional ac/dc/ac converter units. Compared to the conventional con-
figuration, the hybrid microgrid with the FCDO converter operates
at multilevel voltages, reduced power conversion stages, less power
switch count, and fewer control loops. The article also presents a
cascaded model predictive control (CMPC) algorithm for such con-
figuration to control the variables, namely three-phase dual-output
currents, ac/dc bus and FC voltages, and active/reactive power. The
proposed CMPC sequentially executes multiple single-objective
MPC units with adaptive dynamic reference (ADR) models to
control the multivariable. The controller first obtains the optimum
voltage vector for each output port by minimizing the output
current errors, where the ADR model generates the appropriate
references. Finally, the controller identifies the optimum state from
the determined voltage vector pair by minimizing the FC voltage
errors. Unlike conventional MPC, the CMPC algorithm reduces the
computational burden of the controller and attains multivariable
control without additional control loops and weighting factors. Fur-
thermore, the converter’s performance with the CMPC algorithm
is validated experimentally on a low-power hybrid microgrid.

Index Terms—Hybrid microgrid, independent dual-output
multilevel converter, model predictive control.

I. INTRODUCTION

HYBRID microgrid has proven to be a promising technol-
ogy to integrate different types of energy sources and loads

with a reduced number of power converters, enhanced system
stability, and efficiency [1], [2]. The hybrid microgrid consists of
an ac and dc bus, where the renewable energy sources, grid, and
loads are connected. The ac and dc bus is interconnected by an
ac/dc converter, which is commonly referred as the bidirectional
interlinking converter (BIC). The hybrid microgrid generally
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Fig. 1. Schematic diagram of the conventional hybrid microgrid in grid-
connected mode.

operates in two modes, namely grid-connected mode [3] and
islanded mode [4]. The control objective of each converter in
the hybrid microgrid is dependent on its operation mode and is
defined by a dedicated supervisory control [5]. The schematic
diagram of a typical hybrid microgrid in grid-connected mode is
shown in Fig. 1. Due to the direct integration of the grid, the ac
bus of the hybrid microgrid operates at voltage e and frequency
fg . As a result, interfacing ac sources and loads operating at
varying amplitudes and frequencies, namely wind energy, motor
drive, etc., to the ac bus requires an ac/dc/ac converter (see
Fig. 1). Such a conventional approach not only increases the
total number of power components but also increases the power
conversion stages, power losses, and control complexities [6].
The number of power conversion stages and primary control
loops required to realize the conventional hybrid microgrid
configuration with two ac systems are summarized in Table I.

Observe that the conventional configuration interfacing two
ac systems to the dc bus has three power conversion stages
and five control variables. This suggests that to interface every
additional ac system, the conventional configuration requires
two more power conversion stages and three additional variables
to control, thus increasing the system complexities and power
losses. One of the ways to sort out the complexity is to use a dual-
output converter, which can integrate two ac systems operating
at different amplitudes (DAs) and different frequencies (DFs)
through its output ports, as shown in Table I. Observe that a dual-
output converter simplifies the hybrid microgrid by blending the
BIC and ac/dc/ac converters. In doing so, the configuration has
only one power conversion stage and three control variables.
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TABLE I
QUANTITATIVE COMPARISON BETWEEN CONVENTIONAL AND PROPOSED HYBRID MICROGRID CONFIGURATIONS WITH DIFFERENT CONVERTER TOPOLOGIES

Another notable feature is that the proposed configuration with
dual-output converter topologies offers multilevel voltages at a
reduced number of components compared to the conventional
converter topologies (see Table I). This difference in the number
of components gets significantly higher with the number of ac
systems. Hence, the proposed configuration with a multioutput
converter has reduced bulkiness and control complexities.

The first dual-output converter topology was developed by
eliminating three power switches from a conventional two-level
ac/dc/ac converter having 12 power switches. Since the resulting
topology had only nine power switches, the converter was named
the nine switch dual-output (NSDO) converter [10]. Due to
power switch reduction, the output ports of the NSDO converter
share a common current path. As a result, a modified pulsewidth
modulation (PWM) technique was developed for the NSDO con-
verter to realize an independent control of its output ports [11].
Such enhancement made the NSDO converter a suitable choice
for various microgrid applications. In [12], a grid-connected
photovoltaic (PV) system using the NSDO converter with self-
supported dynamic voltage restorer functionality was presented.
The dc side of the NSDO converter was connected to the PV
system while one of its output ports was connected in parallel
and other in series to the point of common coupling (PCC). The
output port shunted across the PCC injected the PV power to the
grid while the other output port provided voltage compensation
in an event of fault. Thus, three linear controllers were required
to realize the configuration. A similar application of the NSDO
converter as a power quality conditioner was reported in [13].
In [14], a unified expandable converter (UEC) was proposed
to integrate renewable energy sources into the grid. The UEC

was essentially an NSDO converter with three output ports,
which were interfaced to the grid, ac, and dc sources. The
authors developed sequential space vector modulation (SSVM)
to obtain switching signals for the independent operation of
the three output ports. In [15] and [16], the UEC utilized the
SSVM technique to integrate multiple wind energy systems into
the grid. Even though the above-mentioned methods offered
independent output port operation, traditional linear controllers
were used to control the NSDO converter. Note that the gain
parameters for these controllers were obtained for a specific
operating point in the microgrid. In practice, the operating point
varies abruptly with changes in renewable penetrations and load
in the microgrid. Thus, the designed linear controllers do not
exhibit the desired dynamic response during a sudden transition
in the operating point. In addition, the developed SSVM for UEC
lacks experimental validation and is expected to burden the con-
troller’s computation process during real-time implementation.
Thus, a robust controller is required for dual-output converter
that ensures a dynamic regulation of its variables to the desired
references.

A significant increase in the use of the finite control set
model predictive control (FCS-MPC) for various power elec-
tronic applications is observed [17]. Unlike the conventional
linear controller, the FCS-MPC utilizes a discrete-time model
of the converter variables to identify the optimum switching
action, thereby guaranteeing a dynamic performance. Another
notable feature of the FCS-MPC is its ability to realize multiple
control objectives by simply incorporating the control variables
in its cost function through weighting factors [18], thus making
FCS-MPC a right choice to control dual-output converter in
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microgrid application. The FCS-MPC implementation of the
NSDO converter as a power quality conditioner was reported
in [19]. Both the output ports were connected to the PCC, where
one of the output ports provided shunt compensation and the
other regulated the dc bus voltage. To realize such a config-
uration, the FCS-MPC utilized a cost function that consisted
of weighted quadratic error terms of the shunted output port
current and dc bus voltage. In [20], one of the output ports of
the NSDO converter was connected to the grid and another to
the ac load. The authors defined a weighting factor-less cost
function with absolute error terms of grid active, reactive power,
and ac load current. In [21], the FCS-MPC implementation of
the NSDO converter driving two ac loads with an output filter
was presented. The FCS-MPC utilized a quadratic cost function
based on the capacitor voltage error to regulate the output ac load
voltages to their desired references. In [22], the NSDO converter
integrated two islanded microgrids through its output ports. A
cost function with quadratic error terms of active and reactive
power of both the output ports was used to realize an independent
bidirectional power transfer between the microgrids. A similar
integration of two different ac sources was performed using a
cascaded dual-output multilevel (CDOM) converter [23]. Unlike
the NSDO converter, the CDOM converter operates its output
ports at multilevel voltages [24]. The CDOM converter inter-
faced multiple dc sources and ac sources operating at different
frequencies to the grid. The authors utilized a cost function with
quadratic error terms of both the output currents. Observe that
in all the above-mentioned FCS-MPC implementation, the error
in the control variables of the two output ports is incorporated in
a single cost function. To ensure equal priority in controlling the
output ports, these error terms are required to be normalized
by using appropriate weighting factors [25]. Note that esti-
mating these factors is a nontrivial optimization problem and
requires the development of complex numerical models for their
estimation [26]. Such FCS-MPC implementation also burdens
the controller’s computation process and introduces a delay in
the application of the optimum state to the converter. This is
because the controller identifies the optimum state to control the
output ports by evaluating a finite set of all possible states in
a sampling period. Note that these complexities are bound to
increase further for dual-output multilevel converter topologies
because of having a huge finite set of states and additional control
variables. A simplified FCS-MPC algorithm was reported for a
three-level neutral-point clamped (NPC) converter in [27]. At
first, the algorithm identified an optimum hexagon consisting of
12 switching states in a 2-D space vector by utilizing the refer-
ence voltage vector. The algorithm then obtained the optimum
switching signals by minimizing a cost function based on the
output and neutral-point (NP) voltage prediction model using
12 switching states of the hexagon. Adopting such a strategy
reduced the computation burden significantly, as the algorithm
need not search through a finite set of 27 switching states to
identify the optimum switching signals. However, the algorithm
required a weighting factor to incorporate the secondary control
objective of NP voltage regulation in the cost function. In [28],
a computationally-efficient MPC algorithm free from weighting
factors was reported for a five-level active NPC converter. The

algorithm utilized cost functions based on the voltage prediction
model to not only select the optimum sector but also determine
the small triangle formed by three voltage vectors within the
selected sector. The secondary control objective of capacitor
voltage regulation was accomplished by exploiting the redun-
dant states through if-else comparative logic. As a result, the
need for weighting factors was eliminated. Even though the
algorithm effectively controlled the multivariable, its implemen-
tation on a dual-output converter increases computational com-
plexity. Since each output port has an individual space vector,
a combination of two such algorithms are required to generate
the optimum switching signals for a dual-output converter. Also,
developing if-else comparative logic for a dual-output converter
is challenging as four combinations of output current directions
must be evaluated to determine the appropriate state from the
redundancies. Hence, a computationally-efficient FCS-MPC is
required to be developed for dual-output converters that regulate
the multivariable to their desired references without the need for
weighting factors.

A dual predictive current control (PCC-D) for the NSDO
converter was reported in [29]. One of the output ports of the
NSDO converter was connected to the grid while the other was
connected to a squirrel cage induction generator. The authors
defined separate cost functions for each output port, which were
evaluated alternatively. When the cost function for an output
port was being evaluated from seven active voltage vectors, a
null vector was applied to the other output port. As a result,
a finite set of only seven states were required to be evaluated
in a sampling period instead of 27. In doing so, controller’s
computational burden was reduced and the need for weighting
factor estimation was eliminated. A similar approach using
PCC-D with duty cycle optimization for NSDO converter was
reported in [30]. Note that the PCC-D neglected 12 active voltage
vector pairs and always forced the null vector to either of the
output ports during the operation. In doing so, n output ports
of the converter would always operate at null vector for n− 1
consecutive sampling period. This would distort the output
currents and increase their total harmonic distortion (THD).
Other dual-output converter topologies reported in the literature
were the NPC dual-output (NPCDO) [31], NP piloted dual-
output (NPPDO) [32], T-type dual-output (TDO) [33], nested
NPC dual-output (NNPCDO) [34], and active NPC dual-output
(ANPCDO) [35]. Unlike the NSDO converter, the CDOM,
NPCDO, NPPDO, TDO, NNPCDO, and ANPCDO topologies
generate multilevel voltages across their dual-output ports. Note
that the above-mentioned converter topologies are derived by
eliminating power switches from their conventional ac/dc/ac
configuration. As a result, the converter output ports share a
common path that restricts them from operating independently
under certain operating conditions, such as DA, DF, and different
phase angle (DP) modes [36]. These restrictions are quantified
by the converter’s operating region, which is defined in terms of
attainable voltage amplitude range across the output ports [37].
The output ports lose their independent operation and cause
distortions when the converter operates beyond its operating
region, thus making the above-mentioned converter topologies
an infeasible choice for microgrid applications, where a fully
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independent operation of the ac systems is required. In [38], a
flying capacitor dual-output (FCDO) converter was proposed.
Compared to other dual-output topologies, the FCDO converter
provides independent multilevel voltages across its dual-output
ports, thereby becoming a suitable candidate to interface multi-
ple ac sources and loads operating at DA and DF to the hybrid
microgrid. However, the FCDO converter in a hybrid microgrid
demands a multiobjective controller that regulates the multi-
variable to their desired references throughout the operation.
None of the above-mentioned controllers can accomplish these
multiple control objectives at the reduced computational burden
and minimal control loop complexities.

Therefore, the objective of the article is as follows.
1) Propose a hybrid microgrid configuration with an FCDO

converter, where its independent output ports integrate two
ac systems operating at DAs, DFs, and DPs. Compared to
conventional configuration with multiple two-level con-
verters, the proposed hybrid microgrid has reduced power
conversion stages, less power components, and fewer con-
trol loops (see Table I).

2) Develop a cascaded model predictive control (CMPC)
algorithm for the FCDO converter that regulates its two
three-phase output currents and three FC voltages to their
desired references. The proposed CMPC algorithm is free
from weighting factors and operates at least computational
burden compared to the FCS-MPC algorithms mentioned
in the literature.

3) Replace outer-loop linear controllers with adaptive dy-
namic reference (ADR) models to generate appropriate
output current references for the microgrid voltage regu-
lations. Unlike linear controllers, the control parameters
of the ADR model are easier to design and independent of
the microgrid’s operating conditions. As a result, the ADR
model guarantees the desired dynamic response during
step-transition in the operating point.

The remainder of the article is organized as follows: Sec-
tion II presents the mathematical model and the control variables
of the three-phase FCDO converter. Section III discusses the
implementation of a conventional FCS-MPC algorithm and
its limitations. Section IV presents the implementation of the
proposed CMPC algorithm for the FCDO converter. Section V
presents the experimental results of the FCDO converter in a
hybrid microgrid under different modes. Finally, Section VI
concludes this article.

II. THREE-PHASE FCDO CONVERTER

A. Topology and Operation

The circuit configuration of a three-phase FCDO converter is
shown in Fig. 2. Each phase x (x ∈ {a, b, c}) of the converter
consists of two output ports (v1x, v2x), seven power switches
(S1x − S7x), and a flying capacitor (Cfcx), whose voltage vfcx

is regulated as

vfcx =
vdc
2

(1)

Fig. 2. Three-phase FCDO converter in a hybrid microgrid.

TABLE II
SWITCHING STATES OF SINGLE-PHASE FCDO CONVERTER WITH OUTPUT

VOLTAGES AND FC CURRENT

where vdc is the dc bus voltage. The binary switching signal
of the ith power switch (i ∈ {1, 2, 3, 4, 5, 6, 7}) in xth phase
is denoted as six. Thus, the switching signals for each phase
can be represented as sx = [s1x, s2x, s3x, s4x, s5x, s6x, s7x]. On
performing circuit analysis, each phase of the FCDO converter
is found to operate under 10 possible switching states, as shown
in Table II. Note that the switching signals for power switch S3x

and S5x are obtained as

s3x = s2x and (2)

s5x = s4x. (3)

The output phase voltage of the FCDO converter referred across
its NP 0 can be expressed in terms of vdc, vfcx, and switching
signals as

vmx0 = (s1xs7x − s6x + s7x(s1x + s6x)s2mx)
vdc
2

−s7x(s1x−(s1x+s6x)s2mx)vfcx, where m ∈ {1, 2}.
(4)

Observe that v1x0 and v2x0 of the FCDO converter can gener-
ate three voltage levels: − vdc

2 , 0, vdc

2 independent of each other
(see Table II), thus allowing the FCDO converter to drive its
three-phase output ports independently compared to the existing
dual-output converters. Furthermore, the FC current ifcx can be
expressed in terms of the output phase currents i1x, i2x and



5902 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

Fig. 3. (a) Voltage vectors across the output port m. (b) Number of states for
different output voltage vector pairs [v1,v2].

switching signals as

ifcx = s7x ((s1x − s2x) i1x + (s1x − s4x) i2x) . (5)

The voltage regulation of Cfcx is dependent on the sign of
ifcx. vfcx increases when ifcx > 0 and reduces when ifcx < 0.
Similarly, the phase currents ix across the dc bus side can be
expressed as

ix = −s1x (s2x + s2xs7x) i1x − s1x (s4x + s4xs7x) i2x. (6)

From Table II, a three-phase FCDO converter is observed to
operate under 1000 possible states (10×10×10). On transform-
ing 1000 values of vma0, vmb0, vmc0 (4) to vm = [vmα vmβ ]

T

using Clarke transformation, each three-phase output port of
the FCDO converter is observed to generate 19 distinct volt-
age vectors: u1,u2, . . . ,u19 as shown in Fig. 3(a). Thus, the
three-phase FCDO converter generates a total of 19× 19 = 361
distinct voltage vector pairs [v1,v2]. The number of states for
different [v1,v2] pairs is shown in Fig. 3(b). Among the 361
pairs, 132 [v1,v2] pairs can be generated by only one state. Such

states are classified as the unique state. The rest 229 [v1,v2]
pairs can be generated by more than one state and are regarded as
the redundant state [see the shaded region in Fig. 3(b)]. Consider
that the FCDO converter is operating its output ports 1 and 2 at
voltage vectors u5 and u10, respectively. From Fig. 3(b), the
corresponding voltage vector pair [u5,u10] is observed to have
ten possible states. Even though these 10 states generate the same
voltage vector across their three-phase output ports, their effects
on the vfcx are different. Through the selection of an appropriate
state from the redundancies, vfcx can be controlled.

B. Control Variables and Objectives

The FCDO converter in a hybrid microgrid comprising of
grid, ac, and dc loads is shown in Fig. 2. The lower output port
integrates the grid that operates at phase voltage amplitude E
and frequency fg while the upper output port interfaces the ac
load that operates at phase voltage amplitude Vac and frequency
fac. The dc side of the converter is connected to the dc bus
that consists of dc loads Rdc operating at voltage vdc. Thus, the
objectives of the controller are as follows:

1) Control two three-phase output currents;
2) Regulate dc bus voltage to V ∗

dc;
3) Regulate three-phase ac load voltage to V∗

ac and f ∗
ac;

4) Regulate three FC voltages to V ∗
dc

2 ;
5) Ensure unity power factor (UPF) operation of the grid.

C. Continuous-Time Model

From Fig. 2, the continuous-time equation of the converter’s
output currents i1 = [i1α i1β ]

T and i2 = [i2α i2β ]
T can be ex-

pressed in terms of v1 and v2 as

Lac
di1
dt

= v1 − vac and (7)

Lg
di2
dt

= v2 − e (8)

where Lac and Lg are the inductance of the filter connected to
output ports 1 and 2, respectively. The grid voltage and ac load
voltage inαβ coordinate are referred as vector e = [eα eβ ]

T and
vac = [vacα vacβ ]

T , respectively. Similarly, the continuous-time
equation for vfcx, vdc, and vac can be expressed as

Cfcx
dvfcx

dt
= ifcx, where x ∈ {a, b, c} (9)

Cdc
dvdc
dt

= − vdc
Rdc

+
∑

x=a,b,c

ix, and (10)

Cac
dvac

dt
= i1 − il (11)

where the vector il = [ilα ilβ ]
T is the ac load current in αβ

coordinate. From the mathematical model (7)−(11), a three-
phase FCDO converter in a hybrid microgrid is observed to
be a multivariable system with i1, i2, vfca, vfcb, vfcc, vdc, and
vac as the control variables. Thus, a multiobjective controller
is required to control these variables to their desired references.
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D. Prediction Model

Since the hybrid microgrid is in a grid-connected configu-
ration (see Fig. 2), the objective of the FCDO converter is to
regulate vdc andvac to their desired references by processing the
power from the grid at UPF. This is accomplished by controlling
the output currents of the FCDO converter. Thus, the continuous-
time equations of i1 and i2 are transformed into discrete-time
equations by using a forward Euler method. From (7) and (8), the
output current predictions ik+1

1 and ik+1
2 for time instant k + 1

can be expressed as

ik+1
1 = ik1 +

Ts

Lac

(
vk
1 − vk

ac

)
and (12)

ik+1
2 = ik2 +

Ts

Lg

(
vk
2 − ek

)
(13)

where Ts is the controller sampling period and ik1 , ik2 , ek, vk
ac are

the variables measured by the sensors at time instantk. The terms
vk
1 , vk

2 are the output voltage vectors applied by the controller
at time instant k, which can be expressed as

vk
m =

√
2

3

[
1 − 1

2 − 1
2

1
√
3
2 −

√
3
2

]⎡⎢⎢⎣
vkma0

vkmb0

vkmc0

⎤
⎥⎥⎦ , where m ∈ {1, 2} .

(14)

Apart from the control of dual-output currents, the converter also
requires regulation of its FC voltages to the desired reference as
defined in (1). From (5) and (9), the prediction of the FC voltages
vk+1

fcx can be expressed as

vk+1
fcx = vkfcx +

Ts

Cfcx
sk7x
(
sk1x − sk2x

)
ik1x

+
Ts

Cfcx
sk7x
(
sk1x − sk4x

)
ik2x, where x ∈ {a, b, c} .

(15)

Note that the terms sk1x, sk2x, sk4x, and sk7x are the switching
signals applied by the controller at time instant k. The prediction
model defined in (12), (13), and (15) are used in the multiobjec-
tive MPC formulation to control the variables.

E. Cost Function Design

Since the two three-phase output currents and three FC volt-
ages are the control objectives, separate quadratic cost functions
are defined to control these variables. The cost function based
on the current error for each output port can be expressed as

Jk
m = (i∗k+1

m − ik+1
m )2, where m ∈ {1, 2}. (16)

Note that i∗k+1
m = [i∗k+1

mα i∗k+1
mβ ]T is the current reference for the

output portm at time instant k + 1. The details on the generation
of i∗m is explained in the following section. Similarly, vfca, vfcb,
and vfcc are controlled by considering a quadratic cost function
JFC that is expressed as

Jk
FC =

∑
x=a,b,c

(
V ∗k+1

fcx − vk+1
fcx

)2
(17)

where V ∗k+1
fcx is the voltage reference for the FC voltage at time

instant k + 1. V ∗
fcx is dependent on the magnitude of the dc bus

voltage reference as described in (1).

F. Reference Generation

i∗1 and i∗2 are generated based on their desired objective. i∗1 is
generated to regulate the three-phase ac voltage across Cac to
V∗

ac = [V ∗
acd V ∗

acq]
T and frequency f ∗

ac while i∗2 is generated to
regulate the voltage across Cdc to its nominal reference V ∗

dc and
ensure a UPF operation of the grid. Instead of using a constant
reference, the ADR model [39] is used to generate i∗1 and i∗2.
Through the use of the ADR model, appropriate i∗1 and i∗2 can
be generated without introducing any undesirable oscillation,
overshoot, and steady-state error in vac and vdc, respectively.
The ADR model comprises three control parameters NR, NL,
and Ve, whereNR determines the dynamics of voltage reference
generation,NL governs the elimination of steady-state error, and
Ve quenches the overshoot in the dynamic voltage reference.
Thus, the NR, NL pair are selected such that the condition√

NL

2NR
> 1 is satisfied and Ve is chosen depending on the per-

missible percentage overshoot (PO) in the dynamic voltage
reference. The detailed theoretical analysis on the derivation
of the continuous-time equations, stepwise procedure to design
its parameters: NR, NL, Ve and performance comparison with
a traditional PI controller are given in [39].

1) i∗1 Generation: The dynamic voltage reference for the ac
load v∗

ac is expressed as

v∗k+1
ac = Tαβ/dqv

k
ac +

Δvk
ac

Nac
R

+
Ak

ac

Nac
L

, where

Ak
ac =

{
0, if V ac

e < |Δvk
ac|

Ak−1
ac +Δvk

ac, otherwise
, and

Δvk
ac = V∗

ac − Tαβ/dqv
k
ac. (18)

Since V∗
ac is in dq coordinate, park transformation matrix

Tαβ/dq is used to transform vk
ac to dq coordinate. Tαβ/dq is

defined as

Tαβ/dq =

[
cos θ∗ac sin θ∗ac
− sin θ∗ac cos θ∗ac

]
, where θ∗ac = 2πf ∗

act. (19)

Thus, the capacitance current reference i∗ac = [i∗acd i∗acq]
T re-

quired to regulate Cac to v∗
ac and f ∗

ac can be obtained as

i∗k+1
ac =

Cac

Ts

(
v∗k+1
ac − Tαβ/dqv

k
ac

)
. (20)

Since the objective of output port 1 is to regulate the Cac to v∗
ac

and f ∗
ac, the appropriate i∗1 in αβ coordinate can be obtained

by applying inverse parks transformation on (20). The resulting
expression is given as

i∗k+1
1 =

Cac

Ts

(
T−1
αβ/dqv

∗k+1
ac − vk

ac

)
. (21)

Thus, (21) generates appropriate i∗1 to regulate the three-phase
ac load voltage to V∗

ac and f ∗
ac.



5904 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 5, MAY 2023

2) i∗2 Generation: The dynamic voltage reference for the dc
bus v∗dc is expressed as

v∗k+1
dc = vkdc +

Δvkdc
Ndc

R

+
Ak

dc

Ndc
L

,

where

Ak
dc =

{
0, if V dc

e < |Δvkdc|
Ak−1

dc +Δvkdc, otherwise
,

and

Δvkdc = V ∗
dc − vkdc. (22)

The instantaneous power reference p∗dc required to regulate the
Cdc to v∗dc can be obtained as

p∗k+1
dc = v∗k+1

dc ik+1
dc , where ik+1

dc =
Cdc

Ts

(
v∗k+1
dc − vkdc

)
.

(23)

Note that p∗dc generated by (23) can be huge during the transient.
Thus, to ensure operational safety, a hard constraint is imposed
on the generated p∗dc as

p∗k+1
g =

⎧⎪⎪⎨
⎪⎪⎩
Plim, if p∗k+1

dc > Plim

p∗k+1
dc , if − Plim ≤ p∗k+1

dc ≤ Plim

−Plim, if p∗k+1
dc < −Plim

(24)

wherePlim is set based on the maximum permissible grid current.
On applying the instantaneous power theory, the appropriate i∗2
to supply p∗g from the grid can be obtained as

i∗2 =
1

(eα)2 + (eβ)2

[
eα eβ

eβ −eα

][
−p∗k+1

g

q∗

]
. (25)

Note that q∗ is the reactive power to be supplied/absorbed by the
grid. q∗ is set zero to ensure UPF operation of the grid.

III. CONVENTIONAL FCS-MPC IMPLEMENTATION

The conventional FCS-MPC utilizes a single cost function
JFCS-MPC with appropriate weighting factors to incorporate the
errors of i1, i2, vfca, vfcb, and vfcc. JFCS-MPC is defined as

Jk
FCS-MPC(s

k) = λFCJ
k
FC(s

k) +

2∑
m=1

λmJk
m(sk) (26)

where λ1, λ2, and λFC are the weighting factors that allow us
to set priority to accomplish certain control objectives. Note
that the converter’s switching signals applied at time instant
k are denoted as sk = [ska, s

k
b , s

k
c ]. The FCS-MPC identifies

the optimum switching signals skopt by minimizing Jk
FCS-MPC

every Ts. The mathematical definition to minimize Jk
FCS-MPC is

expressed as

argmin
sk∈S

Jk
FCS-MPC(s

k) (27)

where S is the finite set of 1000 possible states of a three-phase
FCDO converter.

Fig. 4. Block diagram of the proposed control implementation.

A. Limitations of Conventional FCS-MPC Algorithm

1) Computational Burden: Observe from (27) that the con-
ventional FCS-MPC identifies skopt by evaluating 1000 values
of Jk

FCS-MPC in Ts. As a result, the controller experiences a
computational burden that delays the application of skopt during
real-time implementation. Let us consider Te as the time taken
by the controller to obtain skopt in Ts. If Te takes a significant
part of Ts, the application of sopt is delayed and undesirable
ripples are introduced in the system variables. These ripples can
be eliminated through the implementation of delay compensa-
tion [40], where the k + 2th prediction of the control variables
is evaluated instead of k + 1. Even though the ripple in the
variables is reduced, such an approach remains computationally
intensive as it has to evaluate 1000 values of Jk

FCS-MPC to obtain
skopt.

2) Weighting Factors: Observe from (26) that the cost func-
tion of a conventional FCS-MPC requires the estimation of three
weighting factors. Weighting factor estimation is nontrivial and
one of the ongoing research challenges. Numerous work for
the weighting factor estimations are found in the literature [41],
[42]. All these methods develop a complex numerical model by
running numerous experimental and simulations on a predefined
model. The developed numerical model estimates appropriate
values of weighting factors for a desired converter operation.
However, such an approach does not guarantee the desired con-
verter performance when the model parameters deviates from
its predefined values. Therefore, such a multivariable system
requires an online weighting factor estimator that adjusts the
weighting factor values. However, such an approach makes the
overall implementation complex and challenging.

IV. PROPOSED CMPC IMPLEMENTATION

The block diagram of the proposed CMPC implementation for
the FCDO converter in a hybrid microgrid is shown in Fig. 4. The
procedure begins with output current reference generation (i∗1
and i∗2) by the ADR models and capacitor dynamics as discussed
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Fig. 5. Flowchart of the proposed CMPC algorithm.

in Section II-F. i∗1 and i∗2 are generated to regulate the ac load
and dc bus voltages, respectively. Finally, the proposed CMPC
algorithm applies optimum switching signals to the converter
by minimizing the two output currents and FC voltage errors.
The flowchart summarizing the implementation of the proposed
CMPC algorithm is shown in Fig. 5. The algorithm operates
at a sampling period of Ts. At first, the algorithm reads the
system variables and current references i∗1 and i∗2. The output
voltage vector reference v∗

1 and v∗
2 are then determined from

the computed i∗1 and i∗2, respectively. Observe that the 2-D space
vector of each output port consists of 6 sectors and 19 voltage
vectors, where a group of 6 voltage vectors forms a sector [see
Fig. 3(a)]. The computed v∗

1 and v∗
2 localize the search for

the optimum voltage vectors (v1opt and v2opt) to a sector. This
suggests that v1opt and v2opt can be determined by searching
through a finite set of only six voltage vectors. As a result, the
CMPC algorithm becomes computationally less intensive when
compared to the conventional FCS-MPC approach. Finally, the
optimum voltage vector pair vopt = [v1opt v2opt] is translated to

sopt based on the FC voltage regulation. If vopt has redundant
states, sopt that minimizes the FC voltage errors is selected.
In case vopt is a unique state, the FC minimization is by-passed
and sopt is applied. Adopting such a strategy not only eliminates
the need for weighting factors but also introduces a significant
reduction in the controller’s computational burden. The stepwise
procedure for the implementation of the CMPC algorithm is
explained in the following section.

A. Calculating Output Voltage Vector References

The output voltage vector references v∗k+1
1 and v∗k+1

2 for
time instant k + 1 are determined from the computed i∗k+1

1 and
i∗k+1
2 . On setting ik+1

1 = i∗k+1
1 , and ik+1

2 = i∗k+1
2 , (12) and (13)

can be rewritten as

v∗k+1
1 = vk

ac +
Lac

Ts

(
i∗k+1
1 − ik1

)
and (28)

v∗k+1
2 = ek +

Lg

Ts

(
i∗k+1
2 − ik2

)
. (29)

Note that the determined v∗k+1
1 and v∗k+1

2 need not necessarily
belong to the finite set of 19 distinct voltage vectors, as presented
in Fig. 3(a).

B. Identifying Optimum Sectors

Observe from the 2-D space vector that each sector is spaced
π
3 rad apart [see Fig. 3(a)]. Thus, the angle between the α and
β coordinates of the computed v∗k+1

1 and v∗k+1
2 provides the

information on the optimum sector for the output ports. The
angle between the v∗k+1

mα and v∗k+1
mβ can be obtained as

θ∗k+1
m = nπ + tan−1

(
v∗k+1
mβ

v∗k+1
mα

)
, where (30)

n =

⎧⎪⎨
⎪⎩
1, if v∗k+1

mα < 0

2, if v∗k+1
mα > 0 & v∗k+1

mβ < 0

0, otherwise.

, and m ∈ {1, 2}.

(31)

The resulting θkm determines the optimum sector for the output
ports as

sector =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

I, if 0 ≤ θ∗k+1
m < π

3

II, if π
3 ≤ θ∗k+1

m < 2π
3

III, if 2π
3 ≤ θ∗k+1

m < π

IV, if π ≤ θ∗k+1
m < 4π

3

V, if 4π
3 ≤ θ∗k+1

m < 5π
3

VI, if 5π
3 ≤ θ∗k+1

m < 2π

, where m ∈ {1, 2}.

(32)

Note that the optimum sector selection allows localizing the
search for the vk

mopt from a set of only six voltage vectors.
Fig. 5 demonstrates the optimum sector (shaded region) and
the corresponding six voltage vectors (highlighted red) based
on the determined v∗k+1

1 and v∗k+1
2 .
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C. Computing Optimum Output Voltage Vectors

The optimum output voltage vectors vk
1opt and vk

2opt are ob-
tained by minimizingJk

1 andJk
2 , respectively. The mathematical

definition of minimization is expressed as

argmin
vk
m∈Uk

s

Jk
m(vk

m), where m ∈ {1, 2}. (33)

Note that Uk
s is the finite set of six voltage vectors

that is dependent on the optimum sector selection, as dis-
cussed in Section IV-B. For instance, if sector I is deter-
mined as optimum for output port 1 at time instant k, the
proposed approach identifies the vk

1opt from the finite set
Uk

s = {u10,u13,u15,u16,u18,u19}. Thus, the entries of Us

changes with respect to the optimum sector selection.

D. Obtaining Optimum Switching Signals

The optimum switching signal skopt is determined based on the
obtained vk

opt = [vk
1opt v

k
2opt] and the FC voltage regulation. If

vk
opt has redundant states, skopt is selected from its redundancies

by minimizing Jk
FC. The mathematical definition of minimiza-

tion is expressed as

argmin
sk∈Sk

s

Jk
FC(s

k) (34)

where Sk
s is the finite set of redundant states, whose size varies

from 2 to 16 depending on the obtained vk
opt [see Fig. 3(b)].

Thus, the determined skopt from (34) not only applies the desired
vk
1opt and vk

2opt across the output ports but also ensures that vkfca,
vkfcb, and vkfcc are regulated to their references (1). Note that the
minimization of Jk

FC is by-passed and the corresponding skopt
is applied to the converter when the obtained vk

opt is a unique
state.

V. EXPERIMENTAL RESULTS

Experimental tests are performed on a low-power FCDO
converter in a hybrid microgrid as demonstrated in Fig. 2. The
proposed CMPC algorithm is programmed in a dSPACE Micro-
LabBox 1202 using a MATLAB function block with a sampling
time of 80μs. The experimental setup is shown in Fig. 6. The grid
was emulated by a Chroma programmable ac source 61830. The
system and control parameters considered are given in Table III.
The case studies demonstrating the performance of a three-phase
FCDO converter with the proposed CMPC algorithm in a hybrid
microgrid during mode transitions and step-load change are
elaborated in the following sections.

A. Case Study 1: Precharging Cdc, Cfca, Cfcb, and Cfcc

The performance of a three-phase FCDO converter with the
proposed CMPC algorithm while precharging its capacitorsCdc,
Cfca, Cfcb, and Cfcc to their desired references during start-up
operation is shown in Fig. 7. Note that the output port 1 is
considered nonoperational in this analysis. Until t = 2 s, all the
variables of the system are zero. At t = 2 s, the grid is connected
to the output port 2 and CMPC is activated with V ∗

dc = 150V.

Fig. 6. Experimental prototype of a three-phase FCDO converter in a hybrid
microgrid.

TABLE III
PARAMETERS FOR EXPERIMENTAL TEST

Observe that vdc smoothly converges to the desired reference
in less than 500 ms without introducing undesirable oscilla-
tions/overshoot. vfca, vfcb, and vfcc are observed to converge
to the desired reference of 75 V in less than 200 ms. Thus,
the proposed CMPC can smoothly precharge the capacitors to
the desired value without any additional control circuitry. The
steady-state waveform of the grid voltage and output port 2
current are demonstrated in a zoomed view of Fig. 7. Since the
setting q∗ = 0VAR, ea, eb, ec and i2a, i2b, i2c are observed to
be in-phase, thus ensuring UPF operation of the grid.

At t = 6s, V ∗
dc is stepped to 200 V. vdc is observed to converge

to 200 V in 500 ms. The vfca, vfcb, and vfcc are also observed
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TABLE IV
AVERAGE SWITCHING FREQUENCY OF POWER SWITCHES IN THREE-PHASE FCDO CONVERTER FOR DIFFERENT CASE STUDIES

Fig. 7. Experimental results on the performance of a three-phase FCDO
converter with the proposed CMPC algorithm in a hybrid microgrid during
a step-response of V ∗

dc: Operating waveforms vdc, vfca, vfcb, vfcc, ea, eb, ec,
i2a, i2b, i2c.

to attain its desired reference of 100 V during the operation.
The dynamics of i2a, i2b, i2c during the step-response in vdc
is shown in a zoomed view of Fig. 7. Due to a huge dc bus
voltage error |V ∗

dc − vkdc| during the instant of step-response, the
ADR model generates large i∗2. The large value of i∗2 can exceed
the safe operating conditions of the converter and is required
to be clamped to a safer value. This is accomplished by Plim as
defined in (24). Hence, the peaks of i2a, i2b, and i2c are limited to
±5A during the transient. As the |V ∗

dc − vkdc| approaches zero,
i2a, i2b, and i2c are observed to settle to a steady-state value
(see Fig. 7). Since dvfcx is proportional to the magnitude of i2
(9), the ripple in FC voltage dvfcx is observed to increase when
vdc = 200 V. The average switching frequency of the converter
and its power switches during step-response ofV ∗

dc = 150V and
V ∗
dc = 200 V is shown in Table IV. Due to complementary logic

[see (2) and (3)], the power switches S3x and S5x toggles at the
same frequency as S2x and S4x, respectively.

B. Case Study 2: Step-Response of AC Load Voltage and
Frequency

The performance a three-phase FCDO converter with the
proposed CMPC algorithm during a step-response in V∗

ac and
f ∗
ac is shown in Fig. 8. Until t = 1.5 s, the CMPC algorithm

operates with references V ∗
dc = 200 V, V ∗

acd = 20 V, and f ∗
ac =

Fig. 8. Experimental results on the performance of a three-phase FCDO
converter with the proposed CMPC algorithm in a hybrid microgrid during a
step-response of V∗

ac and f∗
ac: (a) Operating voltage waveforms vdc, vfca, vfcb,

vfcc, ea, eb, ec, vaca, vacb, vacc. (b) Operating current waveforms ila, ilb, ilc,
i1a, i1b, i1c, i2a, i2b, i2c.

50 Hz. Note that V ∗
acq is set to zero throughout the operation.

The operating voltage and current waveforms are shown in
Fig. 8(a) and (b), respectively. The three-phase FCDO converter
is observed to operate its dual-output ports at desired references.
At t = 1.5 s, V ∗

acd is stepped to 30 V. vac instantly attains the
desired reference, as shown in the zoomed view of Fig. 8(a).
However, a dip of Δvdc = 4V is observed in vdc during the
transient. The CMPC algorithm corrects Δvdc by supplying the
necessary power from the grid. This correction can be visualized
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Fig. 9. Experimental results on the performance of a three-phase FCDO
converter with the proposed CMPC algorithm in a hybrid microgrid during
a step-change in ac and dc loads: (a) Operating voltage waveforms vdc, vfca,
vfcb, vfcc, ea, eb, ec, vaca, vacb, vacc. (b) Operating current waveforms ila, ilb,
ilc, i1a, i1b, i1c, i2a, i2b, i2c.

by the change in current waveforms, as shown in Fig. 8(b). As
a result, vdc converges back to its desired reference of 200 V.

At t = 3.5s, f ∗
ac is stepped to 100 Hz. Observe that the

converter instantly operates its output port 1 at 100 Hz. Since no
additional power is required, a dip is not observed in vdc during
the step-response of fac. Observe from Fig. 8 that the three-phase
output ports of the FCDO converter operate independently at
DAs, DFs, and DPs. Such a feature allows the converter to
be a suitable choice to integrate source/loads into a hybrid
microgrid without an additional conversion stage. The average
switching frequency of the converter and its power switches
during step-response in V∗

ac and f ∗
ac is shown in Table IV.

C. Case Study 3: Step-Change in AC and DC Loads

The performance of a three-phase FCDO converter with the
proposed CMPC algorithm during a step-change in ac load and
dc load is shown in Fig. 9. In this study, the dc bus and ac load
voltage references are set as V ∗

dc = 200 V, and V ∗
acd = 30 V,

V ∗
acq = 0V, f ∗

ac = 100Hz, respectively. Until t = 3 s, the ac load
of Rl = 10Ω and the dc load of Rdc = 400Ω are considered.
Observe that the CMPC algorithm enables the FCDO converter
to attain its control objectives during the operation. At t = 3 s,
the ac load is step-changed by addingLl = 10mH in series with

TABLE V
COMPUTATIONAL BURDEN OF ALGORITHMS

Rl = 10Ω. Due to the sudden increase in ac load impedance
Zl, vdc, and vac are observed to increase. The CMPC algorithm
identifies the change and enables the FCDO converter to correct
vdc and vac to their desired references, as shown in the zoomed
view of Fig. 9(a). The corresponding dual-output currents and
ac load current are shown in Fig. 9(b). Since the ac load is
Zl = 10 + j6.28Ω, a phase angle difference of32◦ is introduced
between vac and il [see the zoomed view of Fig. 9(b)].

At t = 7s, Rdc is stepped to 285Ω. Due to the reduction
in Rdc, a dip of Δvdc = 3V is observed in vdc. The CMPC
algorithm corrects Δvdc by supplying the necessary power from
the grid. Finally, vdc converges back to 200 V in less than 1 s. Ob-
serve that the ac load continues to operate at the desired reference
and is not affected during the step-change in Rdc. Hence, the
CMPC algorithm effectively realizes its control objectives and
ensures an independent operation of the converter’s dual-output
ports. The average switching frequency of the converter and its
power switches during step-change in ac load and dc load is
shown in Table IV.

D. Case Study 4: Comparison With FCS-MPC Algorithm

1) Computational Burden: The computational burden of the
conventional FCS-MPC and proposed CMPC algorithms is
evaluated using a dSPACE MicroLabBox controller. Both the
algorithms are programmed in the controller and its execution
time Te is recorded, as shown in Table V. Te is the time taken
by the controller to obtain sopt in Ts. The controller with the
conventional FCS-MPC algorithm takes Te = 99.6 μs to iden-
tify sopt. Since Te > Ts, the controller undergoes task overrun
and real-time implementation of the conventional FCS-MPC
algorithm becomes impossible for Ts = 80 μs. This suggests
that the conventional FCS-MPC should operate at a higher Ts

and incorporate a two-step prediction model to compensate the
delay caused byTe [40]. However, operating FCS-MPC at higher
Ts can deteriorate the converter’s performance by increasing the
THD of the waveform. Another alternative is to use a high-speed
controller that can identify sopt in lesser Te. However, such an
approach introduces additional system cost. On the other hand,
the controller with the proposed CMPC algorithm takes only
Te = 8 μs to identify the sopt. Note that Te is only 10% of
Ts = 80 μs. This is because the proposed CMPC do not search



JAYAN AND GHIAS: COMPUTATIONALLY-EFFICIENT MODEL PREDICTIVE CONTROL OF DUAL-OUTPUT MULTILEVEL CONVERTER 5909

Fig. 10. Performance of a three-phase FCDO converter in a hybrid microgrid using (a) conventional FCS-MPC algorithm with Ts = 100 µs and (b) proposed
CMPC algorithm with Ts = 100 µs.

through the entire set of 1000 states to identify the sopt in Ts.
The CMPC algorithm first identifiesv1opt andv2opt by searching
through a finite set of six voltage vectors and then identifies sopt
by searching through the finite set of redundant states, whose
entries vary from 2 to 16 depending on the [v1opt v2opt] pair [see
Fig. 3(b)]. Adopting such a strategy reduces the computational
burden of the controller by 91.9%.

2) Performance Metrics: The performance of a three-phase
FCDO converter with FCS-MPC and proposed CMPC algo-
rithms is shown in Fig. 10(a) and (b), respectively. Note that a
sampling periodTs = 100μs is considered to avoid task overrun
of the FCS-MPC algorithm and ensure a fair comparison with
the proposed CMPC algorithm. Even though the FCS-MPC
and CMPC algorithms effectively regulate the variables to their
desired references, their effect on the converter’s performance
metrics, such as THD and ripples, differ significantly. The
differences in the performance metrics arise due to the effect
of computational delay caused by the controller, as discussed in
Section V-D1. Since Te = 99.6 μs for the FCS-MPC algorithm
is significant compared to Ts = 100 μs, there will be a huge
delay between the instant when variables are measured and
instant when the optimum state is applied [40]. Thus, converter’s
performance is deteriorated and large ripples are introduced
on its variables. As a result, the converter with the FCS-MPC
algorithm exhibits a deteriorated current and voltage waveform
compared to the proposed CMPC algorithm.

VI. CONCLUSION

This article proposed a CMPC algorithm for a three-phase
FCDO converter in a hybrid microgrid. The FCDO converter
integrated grid and ac load operating at different voltage magni-
tudes and frequencies through its output ports. Adopting FCDO
converter in a hybrid microgrid eliminated the need for multiple
conversion stages in the ac side, thereby reducing the total
power component count and control complexities. The CMPC

algorithm was developed to control the multiple variables of
the FCDO converter in a hybrid microgrid. Unlike conventional
FCS-MPC, the CMPC algorithm fulfilled the multiple control
objectives at a reduced computational burden and eliminated
the need for weighting factors in the cost function. This was
accomplished by the sequential execution of multiple single-
objective MPC units. At first, the dual-output voltage vector pair
v1opt,v2opt was obtained by minimizing the output current errors
individually. The obtained v1opt,v2opt was translated to sopt by
minimizing the FC voltage error. The appropriate i∗1 for vdc
regulation and appropriate i∗2 for vac regulation was generated
by the ADR model. Finally, the effectiveness of the proposed
CMPC algorithm was demonstrated experimentally on a low-
power FCDO converter in a hybrid microgrid under various
conditions.
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