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and Prabodh Bajpai , Senior Member, IEEE

Abstract—In this article, a hybrid model predictive con-
trol (MPC) based novel energy management framework for
a dc microgrid is proposed to efficiently manage power
sharing among photovoltaic (PV) source, battery, fuel cell,
and supercapacitor while meeting critical load demand and
satisfying operational constraints. In particular, the pro-
posed framework mitigates certain practical operational
challenges of the fuel cell and the electrolyzer, as laid down
by the manufacturers. Instead of using multiple converters,
a multiport converter topology is utilized for integrating the
distributed energy resources (DERs) due to fewer conver-
sion stages, compact size, cost-effectiveness, and ease of
control. For smooth operation of the multiport converter, a
hierarchical control unit is developed to coordinate with the
hybrid MPC based supervisory controller and proportional–
integral (PI) compensator based local controllers. Finally,
a 2 kW laboratory prototype of the five-port converter is
integrated with real DERs. The efficacy of the proposed
energy management framework is demonstrated through
experimental case studies which are designed to create
challenging scenarios, such as large power mismatch due
to stochastic PV generation and load.

Index Terms—DC microgrid, energy management, hybrid
model predictive control, multiport converter.
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I. INTRODUCTION

RECENT years have seen phenomenal growth in photo-
voltaic (PV) generation, and energy storage systems, such

as battery (BESS) and fuel cells (FC). Heterogeneous opera-
tional characteristics of these entities have led to the emergence
of microgrids (MGs), particularly those employing a direct
current (dc) architecture, to integrate PV, BESSs, and FCs [1].
An intelligent power management strategy is essential to fully
leverage the capabilities of such a hybrid mix of DERs to meet
critical load demand in a reliable manner.

A significant amount of past research has focused on real-
izing the best possible strategy (or optimal policy) to schedule
various DERs with the goal of efficiently meeting the load de-
mand. Authors in [2] reviewed several such strategies at length.
For energy management of microgrids, authors in [3] and [4]
employed fuzzy control-based optimization and particle swarm
optimization techniques, respectively. Authors in [5] showed
experimental validation of an energy management scheme us-
ing a multiperiod gravitational search algorithm. However, none
of the methods used in [3], [4], [5] guarantee the optimality of
the solutions. In [6], [7], authors implemented neural network-
based energy management frameworks on grid-connected mi-
crogrids. However, such methods do not necessarily meet crit-
ical operational constraints. Authors in [8], [9] applied rein-
forcement learning-based techniques for optimal operation of
microgrids; however, real-time implementation of such meth-
ods is difficult due to high computational burden.

Compared to the above energy management strategies, model
predictive control (MPC) based energy management frame-
works [10], [11] have found greater acceptance among re-
searchers due to the ability to take optimal action while
satisfying operational constraints over a prediction horizon. In
particular, MPC solves a multistage optimization problem in a
receding horizon manner, which enables it to incorporate the
latest system state information and updated forecast in each
interval while computing the control action.

However, there are certain constraints of FC and electrolyzer
that a conventional MPC is not equipped to handle. Manufac-
turers define these specific operational conditions for the FC
and electrolyzer due to their peculiar constructions [12], which
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TABLE I
COMPARISON OF VARIOUS METHODS WITH HYBRID MPC FOR ENERGY

MANAGEMENT OF DC MICROGRIDS

Methods Disadvantages Advantages
Droop con-
trol [14]

Inefficient power sharing, no
guarantee on constraint sat-
isfaction, and frequent power
imbalance.

Simple implementa-
tion with fast re-
sponse.

Hysteresis
band control
[15]

Lack of optimality and ro-
bustness, no guarantee on
constraint satisfaction.

Fast response.

Fuzzy logic
control [3]

No guarantee of constraints
satisfaction and optimality.

Provides feasible so-
lutions.

Particle
swarm
optimization
[4]

Lack of convergence guar-
antee, no guarantee of con-
straints satisfaction.

Possible handles
nonlinear systems.

Conventional
MPC [10]

Provides suboptimal solution
for mixed logical dynamical
systems

Guarantees on con-
straint satisfaction.

Hybrid
MPC

Higher computational bur-
den for larger prediction
horizon.

Provides optimal so-
lution with guaran-
teed constraint satis-
faction.

need to be imposed to avoid device failure. Specifically, these
conditions give rise to the MG operating in multiple modes,
where switching from one mode to another depends on the rules
defined by the manufacturers. A similar kind of challenge was
addressed by authors in [13] by a rule-based MPC (RB-MPC)
approach. In RB-MPC, integer variables (that represent a mode
of operation) are updated outside of the optimization problem
by some predefined (if-then-else) rules, which might result
in suboptimal/infeasible solutions. Therefore, a hybrid MPC
framework is proposed in this article to capture such mixed
logical dynamical systems (where both continuous and dis-
crete dynamics co-exist). The advantages of hybrid MPC com-
pared to other energy management strategies are highlighted in
Table I.

In the context of integrating PV generation with storage
systems, multiport converters are increasingly being preferred
as they offer fewer conversion stages, compact size, cost-
effectiveness, and ease of control [16], [17]. Among the three
main topological classifications of multiport converters (noniso-
lated, fully isolated, and partially isolated), the partially isolated
structure stands out for its higher efficiency, greater number
of ports, and superior performance in high-power applications.
Since this work is intended for application in dc microgrid-
based residential buildings, a partially isolated medium to high-
power dc-dc five-port converter system proposed in [18] has
been chosen to integrate solar PV, batteries, fuel cells, and
supercapacitors into a 380 V dc bus.

There are a few studies [19], [20], [21] which presented com-
bined experimental operation of converter interfaced multiple
renewable energy sources (RESs) with advanced energy man-
agement strategies. Authors in [19], [20] used rule-based and
fuzzy logic-based energy management schemes, respectively,
which fail to guarantee optimal operation. Furthermore, the
converter architecture employed in the dc microgrid section in
[19] increased the number of power conversion stages due to
the cascaded transformer structure, which leads to a reduction

of overall efficiency. In [21], authors considered an MPC-based
energy management strategy for microgrid operation; however,
the implemented system was based on separate converters and
does not include solar PV operation.

To the best of our knowledge, no prior work has reported
experimental implementation of a hybrid MPC-based energy
management strategy in a dc microgrid with multiport converter
integrated RESs. Considering the above research gap, the novel
contributions of this article are as follows.

1) A novel energy management framework based on a hierar-
chical control structure with a hybrid MPC-based supervi-
sory controller and PI compensator-based local controllers
is proposed.

2) The hybrid MPC is formulated for efficient power shar-
ing among PV, battery, fuel cell, supercapacitor, and elec-
trolyzer while incorporating user-defined rule-based oper-
ational constraints of electrolyzer operation.

3) Experimental validation of the proposed framework is car-
ried out with an in-house developed 2 kW five-port con-
verter and real RESs and storage systems. In order to
regulate the dc bus voltage in the presence of stochastic
PV generation and load, a supercapacitor is used, and an
intelligent charging/discharging scheme is developed for
its operation. The performance of the proposed framework
is found to be superior to that of the RB-MPC framework
[13] in terms of minimizing load curtailment and satisfying
constraints.

II. HYBRID MODEL PREDICTIVE CONTROL FRAMEWORK

The overall schematic description of the system is shown in
Fig. 1. The operation of the multiport converter is controlled
by the dedicated control unit, which consists of the proposed
hybrid MPC-based supervisory controller and PI compensator-
based local controllers. In this section, the formulation of the
supervisory controller is described.

At a given time k, the goal of the supervisory controller-
is to determine the input vector u[k] = [Pbat,ch[k]
Pbat,dis[k] Pfc[k] Pload,curt[k] Ppv,curt[k]]

� ∈ R
5, where Pbat,ch[k]

and Pbat,dis[k] represent the charging and discharging power of
battery, Pfc[k] is the operating power of fuel cell, Pload,curt[k]
denotes load curtailment and Ppv,curt[k] denotes the curtailment
in PV generation. PV curtailment is implemented by operating
the PV controller in an OFF-MPPT zone. Positive values
indicate power flowing into the dc bus from the DER. These
inputs determine the evolution of the continuous state defined
at time k as x[k] = [SoC[k] LoH[k]]� ∈ R

2 where SoC[k]
denotes the state-of-charge of the battery and LoH[k] denotes
the level of hydrogen (LoH) of the fuel cell.

While the operation of PV, battery, fuel cell, and supercapac-
itor can be controlled by the proposed controller, the operation
of the electrolyzer is predetermined by the manufacturer. The
electrolyzer turns on when the LoH in the fuel cell reservoir is
smaller than a specified lower bound LoHlb, and it turns OFF

when LoH exceeds a specified upper bound LoHub. Let δF be
a binary variable with δF [k] = 1 when the electrolyzer is on at
time k, and 0 otherwise. Then, the above criteria can be stated
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Fig. 1. Overall schematic of multiport converter operation.

formally as

δF [k] = 0→ δF [k + 1] = 1 if LoH[k] ≤ LoHlb (1a)

δF [k] = 1→ δF [k + 1] = 1 if LoH[k] ≤ LoHub (1b)

δF [k] = 0→ δF [k + 1] = 0 if LoH[k] ≥ LoHlb (1c)

δF [k] = 1→ δF [k + 1] = 0 if LoH[k] ≥ LoHub. (1d)

Therefore, the MG operates in one of two possible modes: one
where the electrolyzer is turned on and the other when the
electrolyzer is turned off. Since the operation of the electrolyzer
is determined by the LoH, which is a continuous state, the
resulting system belongs to the class of hybrid systems [22].
Conventional MPC techniques are not equipped for this class
of systems, and thus, a hybrid MPC framework [22] is devel-
oped in this article. The dynamics of the discrete (δF [k]) and
continuous (x[k]) states are described next.

A. Dynamics of Electrolyzer Mode

The evolution of electrolyzer mode δF [k] (described above)
requires the generation of two events: LoH exceeding the upper
bound and reducing below the lower bound. To capture these
two events, two binary variables are defined as

δ1[k] = 1 ⇐⇒ LoH[k]≤ LoHlb (2a)

δ1[k] = 1 ⇐⇒ LoH[k]≥ LoHub. (2b)

The above logical relations are expressed in terms of mixed
integer linear inequalities at time k as

LoH[k]− LoHlb ≤M1(1− δ1[k]) (3a)

LoH[k]− LoHlb ≥m1δ1[k] + ε (3b)

LoH[k]− LoHub ≥M2(1− δ2[k]) (3c)

LoH[k]− LoHub ≤m2δ2[k]− ε (3d)

where M1 = (LoHmax − LoHlb), m1 =−(LoHlb), M2 =
(εLoHlb − LoHub), m2 = (LoHmax − LoHub), LoHmax being
the maximum value of LoH and ε is a small positive constant.
The constraints in (3a)–(3d) ensure that the binary variables

TABLE II
TRUTH TABLE FOR STATE TRANSITION
EQUATION (1) WHERE THE SYMBOL ‘×’

IMPLIES EITHER 0 OR 1

δF [k] δ1[k] δ2[k] δF [k + 1]

0 0 0 0
0 0 1 1
0 1 0 1
0 1 1 ×
1 0 0 1
1 0 1 0
1 1 0 0
1 1 1 ×

δ1[k] and δ2[k] are assigned according to (2). The evolution of
the binary variable δF [k] can now be stated as

δF [k + 1]⇐⇒ (δF [k]∧ ∼ δ2[k]) ∨ δ1[k] (4)

which is derived using the Karnaugh map (K-map) reduction
technique on the truth Table II. The microgrid operator can
conveniently customize such truth tables to include other types
of operational characteristics of the system as well.

Using the techniques given in [23], [24], the above expression
can be reformulated in terms of the following mixed integer
linear inequalities:

(1− δF [k + 1]) + δ1[k] + δF [k]≥ 1 (5a)

(1− δF [k + 1]) + δ1[k] + (1− δ2[k])≥ 1 (5b)

δF [k + 1] + (1− δ1[k])≥ 1 (5c)

δF [k + 1] + δ2[k] + (1− δF [k])≥ 1. (5d)

The above constraints together with (3) ensure that the binary
variables evolve over time according to (1).

B. Dynamics of Battery and Fuel Cell

The dynamical model of battery as given in [10], [25] is
considered here. The state-of-charge (SoC) of the battery is
considered to be the state variable that evolves in discrete time
as

SoC[k + 1] = SoC[k]− TsC
−1

[
Pbat,dis[k]

ηdis
− Pbat,ch[k]ηch

]

(6)

where C is the battery energy capacity, Ts is the sampling time
of the model, ηch/dis is the charging/discharging efficiency, and
Pbat,ch/dis[k] ∈ R≥0 refers to charging or discharging power of
the battery at time k, respectively.

Following [26], [25], the evolution of the LoH in the fuel cell
reservoir is expressed as

LoH[k + 1] = LoH[k]− c1Ts

Pfc,maxVmax

[
Pfc[k]ζfc,max

− δF [k]Pelsζels,max

]
(7)

where Pels is the constant operating power of the electrolyzer.
Pfc,max is the maximum operating power of the fuel cell system,
Vmax is the maximum volume of the hydrogen fuel reservoir,
ζfc,max and ζels,max are the maximum the rates at which LoH
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decreases and increases with time, and c1 is a proportionality
constant; see [25] for a more detailed discussion about the above
dynamics. The electrolyzer is not shown separately in Fig. 1 as
it is considered as a part of the load; whenever the electrolyzer
is turned on, it draws Pels power from the load bus as specified
by the manufacturer. Thus, the evolution of LoH depends on
the discrete state δF .

C. Operational Constraints

While the dynamics of the discrete state and the continuous
states are discussed above, the state and input variables need
to satisfy several operational constraints defined below. First,
power balance needs to be ensured, which is formulated as

Ppv[k]− Ppv,curt[k] + Pbat,dis[k] + Pfc[k]

= Pload[k]− Pload,curt[k] + Pbat,ch[k] + δF [k]Pels. (8)

To avoid simultaneous charging and discharging commands in
(6), mixed integer constraints

0≤ Pbat,ch[k]≤ PBat,ubδ3[k] (9a)

0≤ Pbat,dis[k]≤ PBat,ubδ4[k], (9b)

δ3[k] + δ4[k]≤ 1 (9c)

are introduced, where δ3[k], δ4[k] are binary variables with at
most one of them active at a given k. Finally, bounds on system
states and control inputs are expressed as

xlb ≤ x[k]≤ xub, (10a)

ulb ≤ u[k]≤ uub (10b)

where xub, xlb ∈ R
2 and ulb, uub ∈ R

5.

D. Cost Function

The operational cost of the system at time k is defined as

C(u[k]) := cbat(Pbat,dis[k]− Pbat,ch[k]) + cfcPfc[k]

+ ccurt(Pload,curt[k] + Ppv,curt[k]) (11)

where the penalty factors cbat, cfc signify the relative cost of op-
erating the battery, fuel cell, and the cost of curtailing load. Past
works, such as [27, Table 7], have estimated that the normalized
cost of operating a battery is smaller than that of a fuel cell. In
addition, since satisfying load demand is the primary objective
of a microgrid together with renewable energy integration, we
have chosen a larger penalty for curtailment by setting cbat <
cfc < ccurt. The function C(u[k]) can be compactly stated as
c�u[k], and the cumulative cost over a prediction horizon length
of Np is stated as

J(u[k], u[k + 1], . . . , u[k +Np − 1]) =

k+Np−1∑
i=k

c�u[i]. (12)

E. Multistage Optimization Problem

The hybrid MPC controller solves the following multistage
optimization problem to minimize the cumulative cost defined
above subject to hybrid dynamics and operational constraints

min
{u[k],x[k+1],
z[k]}k∈[Np]

J(u[k], u[k + 1] . . . u[k +Np − 1]) (13a)

s.t. Hxx[k + 1] +Huu[k] +Hzz[k]≤ h (13b)

Gxx[k + 1] +Guu[k] +Gzz[k] = 0 (13c)

where the constraints hold for k ∈ {1, 2, . . . , Np}, z[k] =
[δF [k] δ1[k] δ2[k] δ3[k] δ4[k]]

� is the vector of binary
variables, and Hx, Hu, Hz, Gx, Gu, Gz are matrices and h is
a vector of suitable dimensions. Note that (13b) is a com-
pact representation of constraints associated with discrete state
(electrolyzer mode) dynamics (3), (5), mixed integer constraints
of battery in (9), and the bounds on systems states and inputs
in (10). Similarly, (13c) encodes continuous state dynamics (6),
(7) and power balance (8). The above problem is an instance of
a mixed-integer linear program.

It is assumed that load (Pload[k]) and PV generation (Ppv[k])
forecast are available to the controller over the prediction hori-
zon which is required for the power balance constraint. The
above optimization problem is solved in a receding horizon
fashion, i.e., the problem is solved at each sampling time, only
the first input is applied to the system, the states are allowed
to evolve, and the problem is again solved at the next sampling
time with the current measured value of the state variables as
input to the problem. Repeatedly solving the problem improves
robustness against model uncertainty as well as PV and load
forecast error. The proposed hybrid MPC includes both con-
tinuous as well as discrete decision-variables, and hence it is a
combination of continuous control set (CCS) and finite control
set (FCS) MPC frameworks.

III. INTEGRATION WITH MULTIPORT CONVERTER

The supervisory control framework proposed in Section II
works in closed-loop with the local level controller as shown in
Fig. 1, which in turn generates pulse width modulation (PWM)
signals for the multiport converter, which interfaces with the
DERs and storage systems. The topology of the multiport con-
verter and its (local) control are now presented.

1) Multiport Converter Topology: Fig. 2(a) shows the cir-
cuit diagram of a five-port dc–dc converter, as introduced in
[18]. This converter comprises of four distinct subconverters,
specifically subconverters 1, 2, 3, and 4, along with three high-
frequency three-winding transformers (HFT). Port-1 is desig-
nated for the connection of a battery bank, while port-3 is
intended for integrating a fuel cell stack. Port-5 serves as a
direct connection point for solar PV, linking it to the series
configuration of subconverter 1 and subconverter 3. As a result,
photovoltaic (PV) power has the capability to be directed to
the load terminal (i.e., port-2) via the same converters utilized
by the battery and the fuel cell. The power handled by each
converter is determined by their respective dc link capacitor
voltages (v1 and v3). Additionally, a portion of the PV power
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Fig. 2. (a) Circuit diagram of the five-port dc–dc converter. (b) Its key operating waveforms.

can be channeled to charge the battery bank through subcon-
verter 1. With the exception of port-3 and port-5, all ports
support bidirectional operation.

Subconverter 2 enables two-stage integration of the low volt-
age supercapacitor bank at port-4 with common ground to the
load terminal via subconverter 4 to ensure tight regulation of the
load bus voltage. In addition, the switch node points on each leg
of subconverter 2 create a high-frequency ac link to connect the
windings of every single phase three winding HFT. Thus, this
converter channels the power flowing from PV, battery, fuel cell,
and supercapacitor to the load terminal.

It is to be noted that this converter structure is proposed
for medium to high power applications where each source can
deliver up to 10 kW power. Fuel cells up to 10 kW typically
operate below 70 V [28], while higher capacitance supercapac-
itor modules operate below 60 V [29]. To supply 10 kW power,
these sources will be required to supply a current close to 200 A.
Therefore, a multiphase structure is necessary. In particular, the
six-leg structure for subconverters 3 and 4 reduces the current
stress on the switches, filter inductors, and transformer wind-
ings below 50 A. Moreover, to reduce ripple current flowing
through the sources, each port has a multiphase interleaved
boost structure. Six interleaved phases of subconverter 3 natu-
rally make provision for the connection of one set of three wind-
ings of a three-phase HFT, which are magnetically coupled to
two other sets of three-phase windings supplied by subconvert-
ers 1 and 2. As the input voltages of these two sub-converters are
considerably high, three-leg interleaved structures are sufficient
for them. This causes an increase in the number of switches in
the selected topology. However, due to the use of multiwinding
HFT, the selected five-port dc-dc converter still uses a smaller
number of switches, gate driver circuits, and magnetic cores
compared to the separate converter structure based three-phase
DAB [30], [31] as shown in Table III.

TABLE III
COMPARISON OF NUMBER OF COMPONENTS REQUIRED FOR THE
SEPARATE CONVERTER BASED STRUCTURE AND THE SELECTED

FIVE-PORT CONVERTER

Topology No. of
Transformer

Core

No. of
Inductor

Core

No. of
Switches

Separate converter
structure based

three-phase DAB [30],
[31]

12 18 60

Selected five-port
converter [18]

3 18 36

Fig. 2(b) displays a representative set of waveforms for the
voltages across and current through the transformer windings
as well as filter inductor currents. The current through the filter
inductor of one leg of each subconverter (specifically, subcon-
verters 1, 2, and 3) is depicted for simplicity. These waveforms
are obtained for a fixed value of phase shift angles (φ1 and
φ2) and a duty ratio of 50%. In this context, the notations
d1, d2, and d3 denote the duty ratios associated with the top
switches of subconverters 1, 2, and 3, respectively, while d4
denotes the duty ratio of the bottom switches of subconverter
4. The phase shift angles φ1 and φ2 play a pivotal role in
determining the distribution of power through the HFT among
subconverters 1, 2, and 3. This calculation is based on taking the
phase voltage (van) of the winding on the subconverter 2 side
as the reference waveform. The convention used here considers
φ1 and φ2 as positive when vrm leads van and when vx1x2

leads van, respectively. Reference [18] provides an in-depth
description of the operational principles and theoretical analysis
of this converter for application towards hybrid energy sources
and storage systems. Subconverter 4 is described in details in
reference [32].
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Fig. 3. Master–slave control schematic with focus on the local level control diagram of five-port dc–dc converter. (a), (b) Current controllers of
subconverter 1 and 3. (c), (d) Nested loop structures of subconverters 2 and 4. (e) Decoupled phase shift controller. The dashed lines indicate the
signals that flow to the local controller from the hybrid MPC and MPPT algorithms.

2) Local Level Controller: It is desired that the multiport
converter operates by effectively and seamlessly allocating
power among various energy sources and energy storage de-
vices while maintaining precise control of the converter bus
voltages. In this context, Fig. 3 shows an overview of the control
structure for the five-port dc-dc converter. It employs a nested
loop structure consisting of outer voltage loops and inner cur-
rent loops for both subconverters 2 and 4, as depicted in Fig.
3(c) and 3(d). These control loops are instrumental in tightly
regulating the load bus voltage (v2) and the output terminal
voltage (v4) of subconverter 4.

The current loops are illustrated in Fig. 3(a) and 3(b), and
are responsible for tracking the current commands [provided
by converting the optimal input found by solving (13) into
reference current values] for the battery and fuel cell, generating
appropriate duty ratio commands, and subsequently producing
PWM pulses for the insulated gate bipolar transistor (IGBT)
switches of their respective subconverters. Since subconverters
1, 2, 3, and the HFT together constitute a three phase triple
active bridge [33] (TP-TAB), a decoupled phase shift controller
[Fig. 3(e)] is employed which generates the necessary phase
shift angle commands to facilitate smooth power flow through
the high-frequency transformer while also regulating the bus
voltages v1 and v3 to the reference values which are generated
from the maximum power point tracking algorithm. In this con-
text, the variables e11, e12, e21, and e22 represent the elements
of the decoupling matrix [33].

3) Role of Supercapacitor in Balancing Power Mismatch:
The supercapacitor bank is utilized as a slack source to compen-
sate for power imbalance, which occurs due to the difference be-
tween actual PV generation/load and forecast. The cascade con-
figuration of subconverters 2 and 4 necessitates the deviation in
dc bus voltage (vsc,2 = v4) of subconverter 4 during power im-
balance in load bus voltage (v2). The controller of subconverter
4 takes the difference of v4 from its nominal value (190 V) as
input and provides the necessary charging/discharging current
command to the supercapacitor. Further, it is necessary to keep

Fig. 4. Communication between Raspberry Pi and FPGA.

the voltage of the supercapacitor (input voltage of subconverter
4, denoted by vsc) within permissible upper bound (Vub) and
lower bound (Vlb). It is proposed that if vsc hits Vlb (or Vub), the
supercapacitor is charged (discharged) at a constant rate Psc till
the voltage hits 0.5(Vlb + Vub). Thus, an artificial load demand
(Psc) is added/removed from the system to charge/discharge the
supercapacitor when vsc hits the bounds.

4) Communication Between Supervisory and Local Level
Controller: Fig. 4 illustrates the bi-directional communication
between the supervisory and local level controller via univer-
sal asynchronous receiver/transmitter (UART) communication
protocol. After the conversion of data types, the serial data is
encrypted by adding suitable buffers in its sequence and sent
to the TX terminal. Data separation takes place following the
decryption of the received data at the RX terminal. In each
interval, the updated data from both controllers are exchanged
in redundancy so that the decryption algorithm can identify
inconsistencies between two consecutive series of identical data
chains. In addition to using shielding wires, this security patch
shields the data from getting corrupted by external noises such
as electromagnetic interference (EMI).

5) Practical Implementation Challenges: To maintain a
smooth operation of the converter-based dc microgrid, it is
important to consider the following practical challenges.

a) Computational Requirements: The optimization problem
in (13) is a mixed integer linear program, which is solved in
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an embedded controller. Since the total number of decision
variables is smaller than 100, the problem can be solved
within a minute by an industry-standard solver. Typically,
(13) is supposed to be solved repeatedly every 15 min,
which is an adequate duration for the computation to take
place.

b) Sensor Accuracy: The signals sensed from different cur-
rent and voltage sensors of the power converter decide the
system states, which are fed back to the hybrid MPC. Any
error in the system states due to the inaccuracy of sensors
might result in a power imbalance in the dc bus. However,
the supercapacitor can tackle such minor power imbalances
efficiently to maintain safe and reliable operation of the dc
microgrid.

c) Delay Compensation: The hybrid MPC implemented on
the embedded controller communicates with an FPGA-
based local level controller through serial UART commu-
nication protocol where the typical delays are in the order
of milliseconds to a few seconds [34]. To reduce the impact
of delays, one could adopt compensation techniques such
as step-ahead prediction while formulating the MPC prob-
lem. In the worst case, there could be a sustained power
imbalance in the dc bus due to delayed communications
for a few hundred milliseconds, which can be comfortably
handled by the supercapacitor.

d) Model Uncertainties: One of the key strengths of hybrid
MPC is to repeatedly update the problem in (13) with
the latest system state information. Such policy inherently
induces robustness against model uncertainties. However,
one could use nonlinear MPC in case there is a significant
error in the linearized model.

Remark 1: The hybrid MPC framework developed in Sec-
tion II has no dependence on the topology of the multiport
converters. The problem in (13) is solved in an embedded
controller, which propagates control inputs to the local level
controllers. All these local-level controllers can be designed in
various ways with appropriate adjustments for a specific topol-
ogy of the converters. For instance, the power-sharing strategy
among the ports in Fig. 3 is embedded in the structure of the
local level controller, which might change with the topology of
the converter without changing the hybrid MPC formulation.
On the other hand, increasing/decreasing the number of energy
storage systems will respectively add/remove additional con-
straints [similar to (6) or, (7)] and penalty terms in the objective
function of (13). In addition, one can also consider a hybrid ac–
dc microgrid by adding an inverter-integrated ac load to port 2
of Fig. 2(a). In that case, Pload in (8) needs to be updated as the
combination of dc and ac load.

IV. RESULTS AND DISCUSSION

This section illustrates the effectiveness of the proposed
framework via numerical and experimental case studies.

A. Numerical Simulation Results

The proposed hybrid MPC-based framework is compared
with a rule-based MPC [13] (RB-MPC) scheme to show that

Fig. 5. (a) 24-h long past data of real PV generation and load.
(b) Solution profiles of system components under RB-MPC [13] method.
(c) Solution profiles under the proposed hybrid MPC. (d) Profiles of states
of the storage elements (battery and fuel cell) under both methods.

the proposed framework is better suited to deal with the user-
defined operation of the electrolyzer. The multistage optimiza-
tion problem in (13) is modeled using Pyomo and solved by
the MOSEK solver. The prediction horizon (Np) and the values
of relevant parameters related to problem (13) are given in
Table IV. Note that a large value of Np increases the computa-
tional burden, whereas a small Np results in poor performance.
Therefore, a judicious value of Np should be chosen by the
designer depending on the compute platform devoted to solve
the optimization problem (13). The computation time is of the
order of a few seconds. As a result, a small sampling time can
be chosen, which will be beneficial in tackling uncertainty in
PV generation and load.

In this case study, the dc microgrid is simulated with real
PV generation and load data, as shown in Fig. 4(a). Under RB-
MPC, the battery and fuel cell fails to meet the load demand
between 23−24 h, as shown in Fig. 4(b). Fig. 4(d) shows that
the FC reservoir quickly runs out of stored energy as the LoH
hits the lower bound of 30%, which leads to the turning on
of the electrolyzer operation. The battery alone can not sup-
ply the required energy for the load and electrolyzer opera-
tion throughout the horizon Np due to its low SoC level. To
maintain the feasibility of the RB-MPC based solution, 2.54%
of total load (here, total load implies the aggregated load of
24 h) had to be curtailed during 23−24 h. as shown in Fig.
4(b). Furthermore, the operation of the electrolyzer ceases for
the same reason. Under the proposed hybrid MPC framework,
FC does not operate between 23−24 h as shown in Fig. 4(c),
which results in LoH > 30%. The electrolyzer remains turned
off. As a result, no load curtailment is required in the hybrid
MPC solution as the battery continues to supply the load during
23− 24 hrs.

The difference in the results is because RB-MPC does not
anticipate that the electrolyzer is going to turn on within the
prediction horizon if the fuel cell is used. RB-MPC formula-
tion does not consider the evolution of the discrete modes of
operation. In contrast, the proposed hybrid MPC framework
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Fig. 6. Experimental setup of five-port dc–dc converter.

TABLE IV
PARAMETER VALUES USED IN EXPERIMENTAL STUDY

Parameter Value Parameter Value
Np 10 v2 380 V
vbat 200−240 V Lf4 704μH
vfc 43−54V PV voltage 485−560 V
vsc 36−56V v1 398−460 V
C1, C2, C4 676 μF Lf1 , Lf2 3mH
v3 86−100V Lf3 380μH
C3 3016 μF Ca, Cb, Cc 117 μF
vsc2 190V cbat 1
cfc 1.5 ccurt 5

considers the implications of turning on the electrolyzer which
may lead to serious load curtailment if done at an improper time
of the day, and avoids using the fuel cell.

B. Experimental Validation

An experimental prototype of a 2 kW five-port converter has
been developed to validate the proposed energy management
framework. The prototype is shown in Fig. 6. The subconverters
1 and 2 use IKW40N120T2FKSA1 IGBT switches, and sub-
converters 3 and 4 use IKW20N65ET7XKSA1 IGBT switches
from Infineon Technology. The subconverters 1, 3, and 4 are
rated for 1 kW power, and subconverter 2 is designed to process
maximum 2 kW power. The operating switching frequency of
the system is 20 kHz.

In this design, the nine-winding HFT is realized by three
single-phase three-winding HFTs. Every single phase three-
winding HFT is designed by using EE 65/32/27 Ferrite core
having a number of turns 38, 33, and 17 corresponding to wind-
ing 1, 2, and 3 respectively (where winding 1, 2, and 3 denotes
the transformer winding of each single phase three-winding
transformer connected to subconverter 1, 2, and 3 respectively).
The litz wire of 38 SWG 50 strands is used for windings 1 and 2,
whereas winding 3 uses 38 SWG 100 strands litz wire. The kVA
ratings of respective windings are 0.613, 0.905, and 0.642 kVA.
The design of these three-winding HFT is done according to the
standard design procedure given in [35].

The control unit uses AMD Artix 7 FPGA (XC7A50T-
1FGG484C) as the local level controller and Raspberry Pi 4B

TABLE V
SPECIFICATIONS OF THE ENERGY STORAGE

ELEMENTS

Storage Specifications
Battery 5 kWh/220 V

Fuel cell (emulator) 1.2 kW/48 V
Supercapacitor 650 F/36 Wh/(36−56) V

Fig. 7. Response of battery, fuel cell, and supercapacitor current for a
step change in load current.

micro-controller as the supervisory controller (Fig. 1). In addi-
tion, two MAX1304ECM 8-channel ADC from Analog Devices
are employed to convert various sensor data into digital signals.
The values of different system parameters are given in Table IV.
Similar to design procedure mentioned in [36], the filter capaci-
tance (C1, C2, C3, and C4) and series capacitance (Ca, Cb, and
Cc) of subconverter 4 are selected by considering < 1% ripple
voltage of the respective rated values. Whereas, filter inductors
Lf1 , Lf2 are chosen based on < 15% ripple current and Lf3 ,
Lf4 are designed by considering < 2% ripple current of the
respective rated values. This ensures the proper suppression of
ripple voltage across the dc link capacitors as well as a reduction
in the ripple currents of different current-fed ports (ports 1, 3,
and 4). It is to be noted that to avoid excessive filter inductance
value due to the higher voltage and lower current rating, the
percentage ripple current is deliberately chosen higher at port
1 (< 15%) compared to port 3 and 4 (< 2%).

As depicted in Fig. 6, port 1 connects to an HBL VRLA
battery bank. At port 4, a 650F, 56V supercapacitor bank is
provided. Port 5 is connected to an array of 12 STION 140 Wp
solar panels arranged in series. For dc loading, an IT8800
Programmable dc electronic load is used at port 2. Port 3 is
equipped with an EPS-9200-25T programmable unidirectional
power supply to emulate a fuel cell stack. Table V presents the
specifications of the energy storage elements used in this work.
In general, fuel cells possess higher energy density compared
to batteries and supercapacitors but lack power density. On the
other hand, the supercapacitor is superior in terms of power den-
sity, but shows poor energy density. This comparison is often
depicted via a Ragone plot; see [37] for a detailed discussion.
Therefore, unlike batteries and fuel cells, supercapacitors are
suitable to handle high amounts of power for a shorter period
of time. Four case studies are presented below to evaluate the
performance of the proposed framework.
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Fig. 8. (a) Preemptive power delivery by fuel cell. (b) LoH profile of fuel
cell computed using (7).

1) Tracking and Transient Responses of Subconverters: In
order to analyze the transient behavior of the battery current,
fuel cell current, and supercapacitor current, the system is sub-
jected to a step load change of 200 watts at time instances t1,
t2, and t3, as depicted in Fig. 7. Additionally, at t1 and t2, the
reference current for the battery and fuel cell are also changed
to maintain power balance. It is to be noted that these reference
current signals are given just to test each converter’s response
and are not a solution of (13). It is observed that the transition
of the battery current in response to the change in the reference
value is smooth and swift, settling within 20 ms. In contrast, the
fuel cell current loop is deliberately designed to respond slowly,
with a settling time of 60 ms, to mimic the sluggish response
characteristics of the fuel cell stack. Given that subconverters
2 and 4 operate within a nested loop control structure, the
supercapacitor reacts quickly enough (with settling time 50 ms)
to regulate the load bus voltage (v2). It is worth mentioning
that there is an unavoidable delay in load changes, resulting
in a brief period during the transitions at t1 and t2 where the
supercapacitor current briefly goes negative to maintain power
balance.

2) Preemptive Operation of Fuel Cell : In this study, the tran-
sition between fuel cell and electrolyzer operation is demon-
strated with intelligent preemptive power delivery by the fuel
cell. In Fig. 8(a), a ramping down load reference is given to
the system at t1. The battery alone is capable of serving the
load from t1, however, the fuel cell also delivers power between
t2 and t3 to drive the initial LoH level (i.e. 36%) down to
LoHlb (i.e., 30%) as shown in Fig. 8(b). As the initial LoH

Fig. 9. Current profiles of PV, battery, fuel cell and supercapacitor (top),
voltage profiles of load bus and supercapacitor port (bottom). As the
supercapacitor suddenly discharges, the dc bus voltage sees a sharp
undershoot. A similar overshoot of dc bus voltage occurs at the start of
supercapacitor charging.

level is very close to the lower bound, it is expected to hit
LoHlb soon. However, the look ahead nature of hybrid MPC
helps to realize that turning on the electrolyzer will not result
in infeasible solution, rather it is a good opportunity as the
load profile is ramping down in near future. Such a preemptive
power delivery showcases the positive impact of having a large
prediction horizon (Np), which allows the system to adapt and
benefit from the continuously varying future load profile. At
t4, the LoH level hits the lower bound, and the electrolyzer
turns on according to the user-defined criteria explained in
Section II. With the turning on of the electrolyzer, the net load
of the system increases by 200 W from t4, which gets supplied
by the battery. From t4, the LoH level gradually increases,
as shown in Fig. 8(b). Thus the proposed framework ensures
the timely operation of the electrolyzer without disturbing the
power balance.

3) Tackling Uncertainty of PV Generation: In this study,
the efficacy of the supercapacitor tackling uncertainty in PV
generation is demonstrated in Fig. 9 for a constant load of
400 Watts. At t1, the PV power is suddenly reduced to zero
to emulate sudden weather changes to cause a large error in
the PV forecast. The hybrid MPC solver is not aware of this
information until the next sampling interval at t2. Therefore, the
supercapacitor starts providing the required power to mitigate
power imbalance and regulates the dc bus voltage around the
rated value. The dip in the dc bus voltage at t1 is observed to
be −7.21% of the rated value. At t2, the measured PV power is
updated to zero, and the optimization problem at (13) recom-
putes the solution, which restores the power balance in the MPC
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Fig. 10. Current profiles of PV, battery, fuel cell, and supercapacitor
bank (top), load bus voltage and load current profile (bottom).

solution. Thus, it is no longer necessary for the supercapacitor
to provide any power to the dc bus. A similar incident takes
place at t3 when PV power suddenly jumps from zero, which
was not anticipated by the hybrid MPC. Consequently, the su-
percapacitor rescues the system from probable power imbalance
by absorbing additional PV generation. The overshoot in the dc
bus voltage at t3 is +5.26% of the rated value. In addition to
such discrete jumps, smooth variation in PV generation is also
handled by the supercapacitor, as seen after t5 in Fig. 9. Thus,
the key role of the supercapacitor in maintaining dc bus voltage
despite uncertainty in PV generation is illustrated.

4) Tackling Natural Intermittency in PV Generation and
Varying Load Demand: In this study, a realistic scenario of
dc microgrid operation is considered where intermittent PV
and varying load demand interact with different energy storage
systems. In Fig.10, PV delivers power with significant natural
intermittency between t1 and t3 while the load power is vari-
able throughout the operation. The battery, supercapacitor, and
fuel cell jointly manage the power balance of the microgrid
and smoothly handle the natural intermittency of the RESs. In
particular, the natural variation of PV power between t1 and t2
is adjusted by the proportionate actions of the supercapacitor,
and the sustained low generation of PV during t2 and t3 is
adequately compensated by increased power delivery of the
battery. Finally, the well-regulated profile of load bus voltage
(v2) in Fig. 10 (bottom) throughout the operation confirms the
power balance in the system showcasing a testament to the
robustness of the proposed framework.

V. CONCLUSION

In this article, a hybrid MPC-based energy management
framework is proposed for a dc microgrid consisting of solar PV

generation, battery, supercapacitor, fuel cell, and electrolyzer
to mitigate the rule-based operational challenges of the elec-
trolyzer. A dedicated control unit based on the proposed frame-
work has also been developed for the smooth operation of a
five-port converter that integrates the above DERs. Simulation
results showed the superiority of the hybrid MPC over RB-MPC
methodology in handling complex rule-based operations. Ex-
perimental results verified the feasibility of the power-sharing
scheme computed by the hybrid MPC scheme, and the effec-
tiveness of the supercapacitor in regulating the dc bus voltage.
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