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A Single-Objective Modulated Model Predictive
Control for a Multilevel Flying-Capacitor Converter
in a DC Microgrid

Vijesh Jayan

Abstract—This article presents a single-objective modulated
model predictive control for a bidirectional dc—dc flying-capacitor
(FC) converter in a microgrid. The presence of an FC facilitates
the converter to integrate a low-voltage battery to a high-voltage
dc bus at reduced voltage stress on its power switches. The converter
in such a configuration demands a multiobjective controller to
accomplish dc bus and FC voltage regulations and bidirectional
power flow. The proposed controller realizes these multiple control
objectives by determining the optimum duty ratio for the power
switches using a single-objective cost function based on the battery
current. In doing so, the converter realizes its multiple control ob-
jectives without weighting factors in the cost function and operates
its power switches at a fixed switching frequency. The proposed
controller also eliminates an additional control loop by utilizing
an improved dynamic reference model to generate an appropriate
battery current reference for the dc bus voltage regulation and
bidirectional power flow. Finally, the proposed system is validated
experimentally under step response of the dc bus voltage, load,
PV power, and system parameter variations, and compared with a
finite control set model predictive control to prove its effectiveness.

Index Terms—Bidirectional dc—dc flying-capacitor (FC)
converter, dc microgrid, fixed switching frequency, modulated
model predictive control, weighting factor elimination.

I. INTRODUCTION

HE rising environmental concerns on global warming and

limited fossil fuel supplies have made mankind move
toward the use of renewable energy source (RES) for power
generation. However, the intermittent nature of RES introduces
various risk during its integration to a dc bus [1]. To compensate
this intermittency, energy storage device (ESD) such as bat-
tery is integrated to the dc bus through a bidirectional de—dc
converter [2]. The converter’s main objective is to regulate the
dc bus voltage by absorbing/supplying power from the ESD.
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Conventionally, these objectives were realized by a two-level
bidirectional dc—dc converter that was controlled by two lin-
ear controllers connected in cascade configuration [3]—-[6]. The
ESD current control loop (inner loop) applied an appropriate
switching signal to the converter based on the ESD current
reference generated by the dc bus voltage control loop (outer
loop). Despite its simple structure, such converter is not suitable
for integrating low-voltage ESD to a high-voltage dc bus. This
is because, the converter requires a large input filter and its
power switches/diodes experience huge voltage stress during
high voltage-gain operation [7]. In addition, the power diodes
encounter a reverse-recovery issue due to extreme duty ra-
tio operation leading to electromagnetic interference and effi-
ciency reduction [8], [9]. Therefore, multilevel dc—dc converter
emerged to facilitate a high voltage-gain conversion at improved
efficiency, reduced voltage stress on the power switches/diodes,
and reduced filter size requirement [10]. A dc microgrid ap-
plication of a three-level bidirectional dc—dc converter based
on neutral point (NP) and flying-capacitor (FC) was reported
in[11]and [12], respectively. Besides the ESD current and dc bus
voltage control loops, such converter also required an additional
linear controller for its NP or FC voltage regulation. This made
the overall control structure complicated and required tuning
of their controller gains. Besides these complexities, a linear
controller possesses a poor dynamic response as its gains are
designed for a specific operating point. This can introduce an un-
desirable deviation in the system variables during disturbances
such as fluctuating RES power injection and varying loads in
a microgrid [13]. Thus, a dynamic multiobjective controller
is required with easy implementation and capable of handling
instantaneous RES power and load variations in a microgrid.
For the past few years, an increase in the use of finite control
set model predictive control (FCS-MPC) for various industrial
applications was reported [14]. Compared to the linear con-
troller, the FCS-MPC have better dynamic response over a wide
operating range and is capable of handling instantaneous power
variations in a microgrid. Moreover, the FCS-MPC realizes
multiple control objectives by including the control variables
in the cost function with suitable weighting factors [15]. The
FCS-MPC implementation of a three-level bidirectional dc—dc
FC converter integrating the ESD to a dc bus was reported
in [16]. An optimum state was applied to the converter by
minimizing a multiobjective cost function based on the ESD


https://orcid.org/0000-0002-9522-1046
https://orcid.org/0000-0001-7914-1209
mailto:vijeshja001@e.ntu.edu.sg
mailto:amer.ghias@ntu.edu.sg
https://doi.org/10.1109/TPEL.2021.3109048

JAYAN AND GHIAS: SINGLE-OBJECTIVE MODULATED MODEL PREDICTIVE CONTROL FOR A MULTILEVEL FC CONVERTER

current and FC voltage. However, a linear controller was utilized
as a secondary control loop to generate ESD current reference
for the dc bus voltage regulation. This worsened the converter
dynamics and complicated the gain tuning procedure due to vari-
able switching frequency. Another FCS-MPC implementation of
a bidirectional dc—dc FC converter for dc microgrid application
was reported in [17] and [18]. Instead of a linear controller, a
dynamic reference model [19] was utilized to generate the ESD
current reference for the dc bus voltage regulation. The model
could easily control the dc bus voltage dynamics by adjusting a
limiting parameter. As aresult, the dc bus voltage regulation was
realized without any additional control loop. Despite its dynamic
performance, the converter’s power switches were observed to
operate at a variable switching frequency. This resulted in a
huge current ripple, which increased the system losses and
overstressed the ESD. Thus, a modulated MPC (MMPC) was
developed in [20], where a valid optimum sequence of states
was applied to the converter using a PS-PWM modulator to
ensure a fixed switching frequency operation.

The MMPC implementation of a bidirectional de—dc FC
converter for a dc microgrid application was reported in [21]
and [22]. The optimum duty ratio for the power switches were
obtained by minimizing a multiobjective cost function based on
the ESD current and FC voltages. The optimum sequence of
states was applied to the converter by a PS-PWM modulator,
which enabled it to realize the control objectives with a fixed
switching frequency operation. However, the implementation
required multiple iterations to determine the optimum duty ratio
for each power switch. This made the approach complicated
and computationally intensive. Moreover, the dc bus voltage
was observed to have a steady-state error that was proportional
to the limiting parameter used in the dynamic reference model.
A continuous control set MPC implementation of a three-level
FC boost converter was reported in [23], where an explicit
expression for the optimum duty ratio of each power switch
was derived. In doing so, the computational burden was reduced
significantly as the optimum duty ratios were obtained without
any iteration. However, these expressions had numerous pre-
defined coefficients with complex mathematical formulations.
The converter’s performance was sensitive to these coefficients
and required proper guidelines for its estimation. Thus, making
the entire implementation complicated for the converter with
higher levels. Besides these drawbacks, the aforementioned
MPC implementations have weighting factors in their cost func-
tion that requires estimation. An inappropriate selection of these
factors can cause a detrimental effect on the converter’s dynamic
performance [24].

The weighting factor estimation is nontrivial and one of
the ongoing research challenges in FCS-MPC [25]. Several
methods, namely the mean square error [26], the dynamic
optimization [27], and the artificial neural network [28], were
reported for weighting factor estimation. However, all these
methods obtained appropriate weighting factor by running nu-
merous simulations/experiments on a specific model with pre-
defined parameters. This made the whole estimation process
complicated and did not guarantee the desired performance for
systems with different model parameters. Besides estimation,
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weighting factor elimination from the cost function was reported
in [29] and [30]. These methods were easy to implement as the
aforementioned complex analysis/numerical models were not
required. However, such method drove the power switches at
a variable switching frequency. The MMPC implementation of
a bidirectional dc-dc NP converter without a weighting factor
for a hybrid energy storage system was reported in [31]. The
controller determined the optimum duty ratio by minimizing
a single-objective cost function based on the ESD current and
used a comparative logic to regulate the NP voltage. However,
the implementation did not realize the dc bus voltage regulation
and required iterations to obtain the optimum duty ratio.

Therefore, the main aim of this article is to propose a single-
objective modulated model predictive control (SO-M?PC) for a
bidirectional de-dec FC converter that ensures a fixed switching
frequency operation, dynamic dc bus and FC voltage regulations,
and bidirectional power flow between the ESD and dc bus. The
SO-M2PC initially obtains the duty ratio for each power switch
by minimizing a single-objective cost function based on the
ESD current. A simple mathematical expression based on the
FC voltage error optimizes these obtained duty ratios for the FC
voltage regulation. Finally, the PS-PWM modulator translates
the optimum duty ratios to appropriate switching signals for each
power switch. As aresult, the converter realizes its multiple con-
trol objectives without weighting factors in the cost function and
operate its power switches at a constant switching frequency. The
SO-M?PC also utilizes an improved dynamic reference model to
generate an appropriate battery current reference for the dc bus
voltage regulation and bidirectional power flow. Compared to
the dynamic reference model [19], the improved model contains
additional parameters to eliminate the steady-state error in the dc
bus voltage. A simple procedure for designing these parameters
is also overlaid in this article.

The rest of this article is organized as follows. Section II
describes the bidirectional dc—dc FC converter and its operation
in a microgrid. Section III presents the proposed SO-M?PC
implementation with the improved dynamic reference model.
Section IV presents the experimental results of the proposed
SO-M?PC on the bidirectional de—dc FC converter for different
case studies. Finally, Section V concludes this article.

II. BIDIRECTIONAL DC-DC FC CONVERTER
A. Topology and Operation

A three-level bidirectional dc—dc FC converter integrating
battery to a dc bus is shown in Fig. 1. The converter consists of
four power switches, an input inductor L, FC C1, and an output
capacitor Cy.. The power switch pairs (S1,51) and (Ss,55)
operate in a complementary manner to ensure a short-circuit
free path for Cf; and Cy.. During converter operation, the FC
voltage vy is regulated as

(Y
Vel = % ey

where vg. is the dc bus voltage. The regulated FC ensures a
reduced voltage stress of %4 across its power switches, unlike
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Fig. 1. Three-level bidirectional dc—dc FC converter integrating the battery to
a dc bus.

TABLE I
THREE-LEVEL BIDIRECTIONAL DC-DC FC CONVERTER: SWITCHING STATES,
TERMINAL VOLTAGE, FC CURRENT, AND FC VOLTAGE

State S1 Sa V¢ ifcl S ﬁ”fcilb =0
I 0 0 Vde 0 - -
11 0 1 Vfel ib T \L
111 1 0 Vde — Ufel —’le J/ T
v 1 1 0 0 - -

the conventional bidirectional dc—dc converter, where its power
switches encounter maximum voltage stress of vqc.

All possible switching states with the converter terminal
voltage vy and FC current ¢¢; are shown in Table L. It is seen
that the converter has four possible states with three distinct
voltage levels 0, %<, and vgc. The level % has two redundant
states II and III, which affects vg; depending on the direction
of the battery current 7; (see Table I). The converter operation
mode is determined by the direction of ¢;,. The converter operates
in boost mode when i; > 0, and in buck mode when 7; < 0.
The boost mode facilitates a power flow from the battery to the
dc bus, while the buck mode facilitates a power flow from the dc
bus to the battery. The converter operation with its steady-state
waveforms during boost and buck modes are shown in Fig. 2.
The duty ratio d of the power switches can be expressed as

-1
d=1-2 (%) )
v

where vy, is the battery voltage. The S; and S, are generated
by comparing d with triangular carriers C and C of frequency
fs, respectively, as shown in Fig. 2. It is seen that the state
selection is determined by d, which is a function of the converter
voltage-gain ratio ’;—‘b (2). To attain a voltage-gain conversion
above 2, the converter operates in the range 0 < d < 1 (region
Ry) and generates level 0 and % by utilizing states IV and II/I11,
respectively. Similarly, for a voltage-gain between 1 and 2, the
converter operates in the range —1 < d < 0 (region Rs) and
generates level % and vy by utilizing II/III and I, respectively.

Unlike the conventional bidirectional dc-dc converter, the
frequency of the battery current ripple Ai, for a three-level
bidirectional dc-dc FC converter is observed to be twice the
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Fig. 2. Steady-state waveforms of a three-level bidirectional dc-dc FC con-
verter operating at 2—‘? >2and 1 < %db‘ < 2.

switching frequency fs (see Fig. 2). As a result, the converter
requires a low-sized inductor filter at its input. From Fig. 2, A,
can be expressed as

vp (Vge — 20p)
2’1)ch

Thus, the value of L is designed based on the desired Ady.
Similarly, the values of CY.; and Cy. are designed using the FC
voltage ripple Avg; and dc bus voltage ripple Avg,, respectively,
which can be obtained from Fig. 2 as

Vplp
S
Vdc Cfcl

C))

Avgey =

and

Aug, — 2o Loie ), 5)

Ugccdc
It is seen that Awvg; and Awyg is directly proportional to the
magnitude of ;. Thus, the values of Cf; and Cy. are designed
for the maximum rated 7;.

B. Control Objectives

Besides the battery system, the dc bus is also connected to a
load and a PV system that harvests maximum power depending
on the available solar irradiance (see Fig. 1). Due to uncertainties
in the PV power injection and load variation, the dc bus voltage
varies abnormally and subject to failure/misoperation of other
connected loads in the dc bus if not regulated. Also, the converter
requires its power switches to operate at a constant switching fre-
quency and regulate its FC voltage (1) for ensuring operational
safety. Therefore, the control objectives are to operate at a fixed
switching frequency, regulate the dc bus and FC voltage, and
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control a bidirectional power flow between the battery and dc
bus.
I1I. PROPOSED SO-M2PC IMPLEMENTATION
A. Converter Mathematical Model
The v in terms of vq. and vg; can be expressed as
vy = (d2 — dy)vger + (1 — da)vge (6)

where dy and dy are the duty ratio of power switches S7 and
So, respectively. The continuous-time model of the converter in
terms of its variable x = [i; vge; vac]” is expressed as

di1—ds 1
0 L L L 0
. do—dy Up
x=|&4 0 0 [x+|0 0], (7)
C
1—dy 0 1 0 1 pv
Cdc Rcdc Cdc

where R is the load resistance and ipy is the PV system current.
Equation (7) is discretized using the forward Euler method.

Thus, the predicted battery current z']b”“l can be written as
. . T,
z’b“rl — llzf + f (U{f — (df — dlf)vfcl —(1- d’;)v(’fc) (8)

where T is the controller sampling period. The terms vl’f and v fjc
are the battery and dc bus voltage measured at the time instant
k. Therefore, (8) is used in the proposed controller to obtain d¥
and d% for a time period T} such that i)™ attains the battery

current reference.

B. Cost Function Formulation

The proposed controller optimizes a single-objective cost
function based on the battery current. This is accomplished by
minimizing the battery current error every Ts. As a result, a
quadratic single-objective cost function is formulated as

k kA1 k4142
TE= (i =) ©
where iZkH is the battery current reference to be attained by
the converter for the time instant £ + 1. An improved dynamic
reference model is used to generate the izkH.

C. Dynamic Reference Model

The dynamic reference model generates appropriate 7 for the
dc bus voltage regulation and bidirectional power flow. The 4; is
determined from the power supplied/absorbed by the battery for
regulating the v to V.. Instead of using a constant reference
V4, a time-varying dc bus voltage reference vy, was introduced
in [19] to generate ¢;. This ensured a dynamic control of vy to
Ve without introducing undesirable fluctuations in ¢;. However,
such an implementation always had a steady-state error in the
v4c. Thus, the dynamic reference model [19] is improved by
introducing an additional term that adds the dc bus voltage error
over time and eliminates the prevailing steady state in vq.. The
improved discrete-time model for v}, in terms of V is given as

*k+1 poy Vie—vie , A*

vt =+ S+

10
Ny N, (10)
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Fig. 3. Step response of improved dynamic reference model for: (a) Np =
600, Ny, = 2 x 10%, Ve = Vi, (b) Ng = 400, N1, = 10%, Ve =V, and (c)
Npg =400, Ny, =105, V., = 0.1V}

and

if Ve < Vi — Vil

0
o fo i 11
{Akl + ‘/:;E — U(Ifc, if Ve > |‘/dt; - U(llgc ( )

where Ny and Ny, are the parameters that decide the dynamics
for v}, and V, is a parameter that decides the value of A* based
on the dc bus voltage error |V, — vk |.

To analyze the effect of Nr, N, and V, on the dynamics of
V3> a continuous-time model of (10) is derived by considering

vk = viF and V, = V.. Thus, (10) can be rewritten as

. Vi—ui(t) 1 [ Vi —vi(t)
Avdc(t) _ _dc NRdc + T/O dc Nde dt.

Furthermore, dividing (12) by T and differentiating with respect
to time gives the characteristic equation of (10) as

dPv(t) 1 dug(t) 1 () =0
de? NgpT, dt NpT2 v

It is seen that the improved dynamic reference model is a
second-order system. On comparing the coefficients of (13)
with the standard definition' of a second-order system, the
damping-factor ¢ can be expressed as

VN
2Ngp

The value of ¢ quantifies the nature of v} response. The model
with ¢ < 1 generates an oscillatory vy, with significant over-
shoot as shown in Fig. 3(a). Such an oscillatory v}, is not
desirable and is damped by selecting Nr and Ny, values such
that ¢ > 1 [see Fig. 3(b)]. Even though a nonoscillatory v}, is

12)

(13)

(= (14)

IThe differential equation of a second-order system z(t) is defined as:

2
d%ét) + 2Cwn dﬁ” +w2z(t) =0, where ¢ is the damping ratio and wy,
is tfle natural frequency of the system [32]. From (13), the coefficients of the

differential equation can be written as: 2¢w,, = N;T and w% =% 1T2 .On
s Lts

simplifying, ¢ can be obtained as shown in (14).
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generated, the percentage overshoot PO of 10% is observed in
its response. Through proper selection of V, the PO in v}, can
be reduced. The step response of the same model (Np = 400
and N, = 10%) with V. = 0.1V} is shown in Fig. 3(c). When
the dc bus voltage error is greater than V.., A = 0. As aresult, the
model generates v}, using /N alone [shaded region in Fig. 3(c)].
When the dc bus voltage error falls less than V,, A adds up the
dc bus voltage error and incorporates Ny, for generating vy.
Compared to the model in Fig. 3(b), the PO in Fig. 3(c) is

observed to reduce by a factor of Ve In summary, the Ny and

Ny, values are selected such that d; 1 and V, is chosen based
on the desired PO in v_. In doing so, a smooth convergence of
v4c to V. is ensured without introducing undesirable oscillations
and overshoots, as shown in Fig. 3(c).

The discrete-time equation for the reference dc bus capacitor
current ¢, and reference load current ¢, in terms of v}, can be
written as

P Clac (U*k+1 k)

d de ~ Vdc (15)
C CZ’VS C
and
v*k—i—l ’Uk
k+1 _ Ydc k _ _“dc
Noad . = T , where R" = —— (16)
i
load

where ¥ _, is the dc bus load current measured at time instant
k, and R* is the estimated load resistance at time instant k.
On applying power balance between the battery and dc bus
(assuming zero converter losses), the discrete-time equation for
13, can be expressed as

v*k+1
Z’*k+1 _ k41 +i*k+1 -k ) (17)

d
b 5 (i load  — PV
Up
where i}y is the PV current measured at time instant k. It is
observed that iZkH changes with respect to vff, ik, and ify.
The converter operates in boost mode when ;"™ > 0 (e 4" >
i), and buck mode when ;"™ < 0 (i7F 41 < ik,). Thus, al-
lowing the converter to perform a bidirectional power flow
between the battery and dc bus effectively, during uncertainties

in PV power injection and/or load variations.

D. Proposed SO-M?*PC Algorithm

The block diagram of the proposed SO-M2?PC for a three-
level bidirectional dc—dc FC converter is shown in Fig. 4. The
proposed controller operates at the rate of 7. The controller
initially determines duty ratio d§ and d5 to attain 7;" . Further,
the obtained duty ratios are adjusted by a factor Ad* to attain
FC voltage regulation to V{},. Finally, the optimum duty ratios
df o = df + AdF and df, = d§ — Ad" are sent to the PS-
PWM modulator that generates appropriate switching signals
for the power switches. The procedure for obtaining d¥, d%, and
Ad” are explained in separate sections.

1) Duty Ratio Computation: The d¥ and d5 are obtained
by minimizing J* (9). Thus, the mathematical definition of
minimization performed on J* at time instant k is expressed
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Limit dk

AN = Iy
¥, OO
k w
R\ (el dlopt Madul l E §
+ (A odulator N~ oK e}
Ad¥|  Limit - S g
> E 5;" ) 2.
Adyy, (28) | SO E
Obtain Vet
-
Vre| adk 26) E{ w
g
[ =y
Vl;.c(‘ g
dk Limit l I l 0%
A Qbtain | jjkt1 Obtain ’
k
dé‘ 7l di @1 E itk+1(17)
IF! dlz‘ (22) Limit b — V.
1mif

Fig. 4. Block diagram of SO-M?PC implementation for a three-level bidirec-
tional de—dc FC converter in a microgrid.

as

arg min JE(dY, dE). (18)

dl 22
Since J¥ is a function of d} and d%, (18) is minimized by
equating the partial derivative of J* with respect to d¥ and
d% to zero. Observe that during one half of 7}, in Fig. 2, S is
modulating with S5 as constant, while in another half of T, .S5 is
modulating with S; as constant. Therefore, the partial derivative
of J* with respect to d¥ and d5 can be expressed as

ij =9 (’L k+1 ,L-k+l> 8izk+1 _ al’§+1 (]9)
OdY | gi b b od" od"

and
aik -9 (Z-*kJrl _ Z-k+1) aiszrl _ 8ill)€+1 . (20)
a5 | b b odk odk

On equating (19) and (20) to zero, d} and d% can be obtained
as

k L k41 K
S [ B U S @1)
vy Ts Vel
and
k L k41 Lk
db=1-— 42 (b —% (22)

Uécc - vfcl T vc]lcc - Ulel
During a steady-state operation, (izkﬂ —if) = 0,0f, ~ %,
and vk, ~ V;,leading to d¥ = d5. This scenario is demonstrated
between time interval ¢ and ¢; in Fig. 5. It can be seen that
dy and d% obtained from (21) and (22) are solely based on
battery current minimization and does not guarantee FC voltage
regulation (see Fig. 5). Therefore, calculated d¥ and d5 require
further adjustments to realize the FC voltage regulation.

2) FC Voltage Regulation: The obtained d¥ and df is ad-
justed by Ad” such that the average FC voltage vs.;, becomes
Viey in a T. The effect of AdF on vgq during boost operation
mode is shown in Fig. 5. Thus, the v, for a given T can be
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Fig. 5. Effect of duty ratios on FC voltage regulation during the boost mode.

expressed in terms of vf; as
AVE AVF
4 4

where AV} and AV can be expressed in terms of their respec-
tive duty ratio as

Vfcla = Ué;l +3 (23)

k (1 B dlf _ Adk)Ts -k

AV = 24
Y 2C%¢ K e
and
1 —ds 4+ AdF)T,
AVF = (1—d3 +AdY) 2k 25)
2Cvfcl

Since the objective is to attain vg1, = V5, the required AdF
can be obtained by rewriting (23) as

L _jd¥ |d5| 2Cka
AdF = - -3 22—
ST Tgik

(Viin —vfy). (26)

2
The resulting value of Ad* determines the level of adjustment
required in d’f and d’§ for regulating the vg1 in a T. However,
such duty ratio adjustments can cause deviation in 7; from i; as
shown in Fig. 5. Note that the 7; deviation becomes severe if the
obtained Ad* from (26) is large. Thus, the AdF is required to
be limited to A Dy, such that the peak deviation in 7, from 7} is
always within the desirable limit Adyyy, (see Fig. 5). The A Dy,
in terms of the Adpyy, is derived from Fig. 5 and expressed as
2L (2Aiblim - Az’b)

ADjy = £
1 Vie = o

T, 27)

In this article, Adp;m = 0.21A is considered, which on sub-
stituting into (27) gives ADy, = +0.06. In doing so, vg is
regulated to Vi, without introducing undesirable deviations in
ip. Note that A Dy;p,, also affects the dynamics of vg; and its con-
vergence to V7, during a step response. The vg.; demonstrates
a faster convergence to V;}; for large A Dji,. However, usage of
large A Dy, generates significant ripple in 4, during the steady
state, which can deteriorate the battery health. Hence, A Dy, is
decided using (27) based on the desired Adpjip,.
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E. Stability Evaluation

To evaluate the stability of SO-M2PC, the effect of the con-
verter variables during a step change in its operating point is
studied. Fig. 6 shows the trajectory of its variables in a 3-D
space with its Euclidean norm, ||x* — x|| during a step change in
the operating point. The ||x* — x|| defines the distance between
variable x from its reference x*. For a stable convergence of x
to x*, the lim;_,, ||x* — x|| = 0 must be satisfied. Consider the
converter operating at point B (vg. = 100 V, vg; = 50 V, and
i, = —4.5 A), undergoes a step-change to point A (vg. = 150V,
vier = 75V, and i = 4.5 A). A stable trajectory is observed in
Fig. 6 with W < 0 during the transition from B to A. Thus,
ensuring a stable convergence of the variables to its reference.
However, when the converter undergoes a step change from A to
B, the trajectory is observed to deflect away from the reference
point B and settle down to another point B’ (v4. = 101.5 V,
vie1 = 0V, and 4, = —4.5 A). This is because the A Dy, restricts
the Ad* (26) from providing necessary adjustments to d¥ and d%
for the FC voltage regulation when w > (. As aresult,
Vo1 fails to converge to V7, and becomes zero (see Fig. 6). To
ensure a stable convergence of v, to Vi, the limit for Ad* has
to be relaxed based on the change in ||V;:;, — vf, ||. Thus, Adf,,
is introduced, which is defined as

Agh - [ 0 ifeF < €1, ek <0, andeF! < 0, where
1im ™1 A Djin, otherwise.
(28)

" =||Viy — vy Ml = Vi — viall- (29)

It can be seen that the AdF is not limited to ADj,, when
w > (. In doing so, a stable trajectory with w <
0is ensured during the transition from A to B, as shown in Fig. 6.
Hence, the proposed SO-M?PC implementation summarized in
Fig. 4 guarantees a stable convergence of the variables to its

reference.
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Fig. 7. Photograph of the experimental setup.

TABLE I
PARAMETERS FOR EXPERIMENTAL TEST

System and control parameters

Vd*c Vf*cl (%) Ve T
100V 50V 25V 3.3V | 100us
Clc Crer L Nr Ny,
2.2mF | 470pF | 2mH 200 10°
Load condition for different time instances
Case t(s) R(Q)
1 0—2
4 0—10 200
5 0—6 and 14 — 20 50
6— 14 100
3 0—50 100

IV. EXPERIMENTAL RESULTS

The proposed SO-M2PC is validated experimentally on a
low-power three-level bidirectional dc-dc FC converter that was
developed using four SiC MOSFET C2M0025120D as shown in
Fig. 7. One of the two sets of ITECH IT-6006 C programmable
dc power sources is used to emulate as a battery and another as
a PV system. The IT-6006 C used to emulate the PV system
is configured such that the PV array achieves its maximum
power P, during the operation. Since vq. is regulated by the
bidirectional dc—dc FC converter, the IT-6006 C is configured to
operate at a constant current mode with its current set to P,,, /vgc.
As aresult, the IT-6006 C delivers maximum power to the dc bus
justas it would when the PV system operates with the traditional
MPPT algorithm. The proposed controller is programmed using
a function block in MATLAB/Simulink and is implemented
experimentally using the dSPACE MicroLabBox controller. The
system parameters considered for the experiment are given in
Table II. The value of L is designed to limit Ai; (3) to 5% of
Tpmax = 6A, while the value of Cf; and Cy. are designed for
1y = Ipmax Such that Avgq (4) and Avg. (5) are limited to 0.75%
and 0.05%, respectively. Analysis of the dc bus and FC voltage
regulation during a step response of the dc bus voltage, load,
PV power, system parameter variations are studied to assess the
effectiveness of the proposed SO-M?PC. Furthermore, analysis
on the converter’s performance during a step response with the
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Fig. 8. Performance of a three-level bidirectional dc-dc FC converter during
a step response of vy using (a) proposed SO-M?PC and (b) FCS-MPC.

FCS-MPC approach is demonstrated and compared with the
proposed SO-M2PC.

A. Case 1: Comparative Analysis of SO-M?PC With
FCS-MPC

The converter’s performance with the proposed SO-M?PC
and FCS-MPC [17] for a step response of the dc bus voltage
is shown in Fig. 8(a) and (b), respectively. Until £ = 400 ms,
all variables of the system are zero. Note that the PV system is
not considered in this article and does not contribute power to
the dc bus (ipy = 0). At ¢ = 400 ms, v, is switched-ON and the
controller is activated. It can be observed from Fig. 8(a) that
the diope and dayep Obtained by the SO-MZ2PC have a smooth
trajectory before settling to a steady-state value. As a result,
vde and vg; are observed to rise steadily and converge to V
and V|, respectively, without any undesirable disturbances.
The zoomed view of i; and vg for two sampling periods are
also shown in Fig. 8(a). The diop and daep are translated to
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Fig. 9. Average switching frequency of the converter and its power switches
operating with FCS-MPC at different 7.

switching signals by a PS-PWM modulator, as illustrated in
Fig. 4. This enables the SO-M2PC to apply a fixed sequence
of states II-1V in a T§. Thus, all the power switches in the
converter operate at a fixed frequency of 10 kHz and impart
equal switching loss. Also, the Ay, and Awvg; are observed to
be within the desirable limits of 5% and 0.75%, respectively.

On the other hand, the FCS-MPC is observed to apply only
one optimum state per 7 to realize the control objectives [see
Fig. 8(b)]. As a result, an operation with a fixed sequence of
states is not guaranteed, as seen for the SO-M2PC [see Fig. 8(a)].
Unlike the SO-M?PC, the FCS-MPC with T, = 100 s operates
the converter at an average switching frequency of 2 kHz. As a
result, the system variables are observed to have a large ripple.
Compared to the SO-MZ2PC, the A4, and Avg; are increased
by 95% and 234%, respectively. The presence of such a huge
ripple can overheat the battery and deteriorate its life cycle.
Thus, the FCS-MPC is required to either operate at a smaller
T, or with large parameter values to reduce the ripple in the
variables. The effect of the converter’s average switching fre-
quency with FCS-MPC under different 7 is shown in Fig. 9.
It is seen that the FCS-MPC should operate at T = 13 us to
match its average switching frequency with the SO-M?PC. Thus,
requiring a high-speed controller for its implementation. Also,
the average switching frequency of S5 is observed to be greater
than the average switching frequency of .S for FCS-MPC with a
smaller T (see Fig. 9). Such difference in the average switching
frequency of individual power switches not only subjects an
improper switching loss distribution but also causes an unequal
erosion of the power switches in the converter. Thus, reducing
the reliability of the system.

The variable switching frequency in FCS-MPC can be dealt
with by incorporating a switching minimization term in its cost
function through the weighting factor. However, this requires an
appropriate estimation and does not guarantee a fixed switching
frequency in all operating scenarios. In addition, the FCS-MPC
takes 1.4 us to identify the optimum state by searching through a
finite set of four possible states (see Table 1), while the proposed
SO-M?PC identifies the optimum duty ratios in only 0.84 us as
it utilizes simplified mathematical expressions. As the converter
level n increases, the computational burden of FCS-MPC rises
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Fig.10.  (a) Experimental results on the operation of a three-level bi-directional
dc—dc FC converter during load variation. (b) Zoomed view of vqc. (¢) Zoomed
view of vgc1.

exponentially. This is because of the increase in a finite set
of 21 possible states. On the other hand, the computational
burden of the SO-M2PC has a minimal rise with the increase
in n as it executes simple mathematical expressions to obtain
the optimum duty ratios. Thus, the proposed SO-M?PC is com-
putationally less intensive than the FCS-MPC. In conclusion,
the proposed SO-M?PC outperforms FCS-MPC in terms of
implementation, performance, and operation.

B. Case 2: Load Variation

The converter’s performance with the SO-M2PC during a
step-load change is shown in Fig. 10. In this article, the PV
system is considered to supply a constant power to the dc bus.
Until ¢ = 6 s, the converter operates in boost mode and regulates
the dc bus voltage by supplying power from the battery. The
zoomed view of vg. and vg; is shown in Fig. 10(b) and (c),
respectively. It is observed that vg. and vg; are regulated to its
reference during the operation. At ¢ = 6 s, a step-load change
is subjected as shown in Fig. 10(a). Since the PV system injects
power exceeding the load demand (ipy > 4j0aq), the SO-M?PC
instantly switches the converter to buck mode and regulates
the dc bus voltage by transmitting the excess PV power to the
battery. The vq. and vg; are observed to be regulated during
the operation. An increase in the FC voltage ripple is observed
during a buck mode [see Fig. 10(c)]. This is because of the
increase in 7, magnitude during the load variation. Equation
(4) demonstrates that Awgy is directly proportional to the i
magnitude. As a result, the FC voltage ripple is observed to be
affected by the change in i, magnitude. Att = 14 s, a step-load
change is subjected [see Fig. 10(a)]. Since the PV system injects
power lower than the present load demand (ipy < %j0ad), the
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Fig.11.  (a) Experimental results on the operation of a three-level bi-directional
dc-dc FC converter during PV power variation. (b) Zoomed view of vgc. (c)
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SO-M?PC instantly switches the converter back to boost mode
and regulates the dc bus voltage by supplying the deficit power
from the battery. A voltage spike of only 1.01 V is observed in
vgq. during the mode transitions [see Fig. 10(b)]. The obtained
result demonstrates that the proposed SO-M?PC is capable of
regulating vq. and v to its reference effectively under load
variation.

C. Case 3: PV Power Variation

The converter’s performance with the SO-M2PC during PV
power variation is shown in Fig. 11. In this article, the load
connected across the dc bus is kept constant. Until £ = 12 s, the
PV system supplies power less than the load demand (ipy <
i10aa). The SO-M?PC operates the converter in boost mode and
regulates the dc bus voltage by supplying deficit power from the
battery. The zoomed view of vq4. and vg; is shown in Fig. 11(b)
and (c), respectively. It is observed that vy and vg; are regulated
to its reference during the operation. At ¢ = 12 s, the PV power
injection exceeds the load demand (ipy > 7j0aq). The SO-M?PC
switches the converter to buck mode and regulates the dc bus
voltage by transmitting excess power to the battery. At¢ = 38 s,
the PV system supplies power less than the load demand and
the converter is toggled back to boost mode. The vy, and vy
are observed to be regulated throughout its operation. The FC
voltage ripple is observed to vary throughout the operation [see
Fig. 11(c)]. This is due to the varying 7; magnitude caused by the
PV power variation. As illustrated in (4), the Awvy; is directly
proportional to ¢;, magnitude. Therefore, the FC voltage ripple
is observed to be large at the instances when 7; magnitude is
maximum. The obtained result demonstrates that the proposed
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Fig. 12. Experimental results on the performance of the SO-M2PC during
parameter variation.

SO-M2PC is capable of regulating vg. and vg; to its reference
effectively under PV power variation.

D. Case 4: Parameter Variation

The converter’s performance with the SO-M2PC during the
variation in system parameters L, Cy., and Cy. is shown in
Fig. 12. The experiment is performed by introducing 50% and
100% variation between the system and model parameters.
Until ¢t = 3 s, the converter operates in a steady state with zero
variation in its parameters. At ¢t = 3 s, the L, Cf.1, and Cly. are
increased by 50%. The change in parameter introduces deviation
in the vg. and ¢; as shown in Fig. 12. The SO-MZ2PC identifies
these deviations and provide necessary correction to dyop and
doop Tor counteracting the parameter variation. As a result, the
ripple in dyop and doop increases, and the system variables
converge back to its reference. A similar observation is made
att =7 s, where the L, C.1, and Cy. are increased by 100%.
The ripple in dyop and dagp; is observed to increase with the
rise in parameter variation (see Fig. 12). Thus, the SO-M?PC
is capable of realizing its multiple control objectives during a
parameter variation.

V. CONCLUSION

An SO-M?PC for a bidirectional de—dc FC converter integrat-
ing the battery to a microgrid was proposed in this article. Unlike
FCS-MPC, the proposed SO-M?PC determined the optimum
duty ratio for the power switches by using a single-objective
cost function to attain multiple control objectives, i.e., dc bus
and FC voltage regulation and bidirectional power flow. The
SO-M?2PC first obtained the duty ratio for the power switches by
minimizing the battery current, and then, necessary corrections
were provided on the obtained duty ratio based on the FC voltage
error. It was validated from the experimental result that the
proposed SO-M?PC outperformed the FCS-MPC by operating
the power switches at a fixed frequency and fulfilled multiple
control objectives without any weighting factor in the cost func-
tion. The SO-M2PC was also free from the secondary control
loop as it utilized an improved dynamic reference model to
generate the appropriate battery current reference for the dc bus
voltage regulation and bidirectional power flow. Furthermore,
experimental validation of the proposed SO-M?PC for load, PV
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power, and system parameter variation were demonstrated to
prove the effectiveness of the proposed controller in a microgrid.
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