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Abstract: The standalone microgrids with renewable energy resources (RERs) such as a photovoltaic
(PV) system and fast changing loads face major challenges in terms of reliability and power manage-
ment due to a lack of inherent inertial support from RERs and their intermittent nature. Thus, energy
storage technologies such as battery energy storage (BES) are typically used to mitigate the power
fluctuations and maintain a power balance in the system. This paper presents a model predictive
control (MPC) based power management strategy (PMS) for such standalone PV/battery systems.
The proposed method is equipped with an autoregressive integrated moving average (ARIMA) pre-
diction method to forecast the load and environmental parameters. The proposed controller has the
capabilities of (1) effective power management, (2) minimization of transients during disturbances,
and (3) automatic switching of the operation of the PV between the maximum power point tracking
(MPPT) mode and power-curtailed mode that prevents the overcharging of the battery and at the
same time maximize the PV utilization. The effectiveness of the proposed method has been verified
through a comprehensive simulation-based analysis.

Keywords: power management; model predictive control; dc microgrid; photovoltaic; battery
energy storage

1. Introduction

Recently, distributed generators (DGs) with the integration of renewable energy re-
sources (RESs) such as photovoltaic (PV) systems have been widely considered to reduce
the dependency on conventional power generation systems along with the enhancement
of the quality and sustainability of the power systems [1]. Solar photovoltaic (PV) is a
promising and fast-growing power generation system due to its special features such as
clean energy, wide availability, technological advancement, and cost reduction. In the U.S.,
17% of the total electricity is projected to come from solar by 2050 [2].

PVs alone cannot establish a self-sustaining supply system (standalone mode) due
to their stochastic nature. Therefore, they are coupled with other reliable sources and/or
energy storage systems (ESSs). The ESSs filter the stochastic nature by storing excess energy
during over-generation and supplying energy during under-generation. The PV systems
coupled together with ESSs make PV microgrid systems more flexible and reliable. Battery
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energy storage (BES) is a widely adopted storage technology due to its high energy density
and quick response. The BES can be used to address both the abrupt disturbances and daily
profile of the PV power [3–5].

A proper power management strategy (PMS) is important in a microgrid to main-
tain the power balance and ensure the stability of the system. In a standalone mode,
the PMS is critical due to the absence of the main grid that compensates the power dis-
turbances originating from the environmental conditions and the load changes. When
multiple sources are inter-connected, it is desired to share the power among the generators
in proportion to their capacities to avoid circulating currents, over-stressing conditions,
and stability issues [6]. In [7], power is shared among the sources and the storages by
controlling the DC bus voltage. However, the objective of effective power management
becomes a challenge if the renewable generators are operated at maximum power point
(MPP), and the storage devices are in full charged/discharged conditions. This requires
consideration of power-curtailment and load-shedding strategies [8]. Power-frequency
droop based PMSs are used in the ac microgrid to share power among different units [9,10].
The power-frequency based droop is not feasible in the dc microgrid where frequency is
absent. A centralized power management is presented in [11] for a PV/battery hybrid
microgrid considering both grid-connected and islanded operation. The methods in [9–11]
are based on conventional PI-based control. Though the PI controllers are easy to design
and implement in linear systems, the PI design becomes complicated as the system size
increases and involves highly nonlinear coupled multi input multi output (MIMO) systems
with operational constraints. Model predictive control (MPC) has shown to be better at
dealing with such systems.

Recently, model predictive control (MPC) has gained considerable attention and has
been realized in many practical applications such as aerospace [12], electric vehicles [13],
and water treatment [14]. This controller has the capability of explicitly handling compli-
cated phenomena, such as handling multiple control objectives and actuator constraints,
considering possible forecasts about time delays and disturbances in system dynamics,
and responding robustly to a wide range of uncertainties.

The MPC-based controller is gaining popularity for the coordinated control of multiple
converters in microgrids. MPC-based strategies are introduced to reduce the operating
costs of a microgrid in [15] and to schedule power exchanges among DGs and storage
in [16]. MPC-based energy management approaches are presented in [17] for hybrid wind
and BES for economic BES dispatch, and in [18] for a standalone microgrid. In [19], an MPC-
based control approach is employed to optimize power flow in a microgrid by maximizing
the utilization of RESs and minimizing micro gas turbines. However, the aforementioned
strategies are designed at the system level and ignore the structures of microgrid and power
converters dynamics. In [20], a supervisory secondary control for a standalone hybrid
AC/DC microgrid to adjust the set-points of RESs, BESs, and an interlinking converter
has been introduced with an aim to restore the voltage and frequency near to the nominal
value and reduce the total generation cost. However, the study ignores the dynamics of the
RESs and their converters.

An MPC-based control strategy for the BES to smooth the PV power and stabilize the
DC-bus voltage is presented in [21] without the details of the operation of the microgrid
and PMS. An ultracapacitor-battery hybrid DC microgrid with MPC-based PMS is pre-
sented in [22] that utilizes ultracapacitors for fast response and battery for a slow response.
However, the study considered the voltage of the DC-link as constant and ignores its
dynamics. In [23], the combination of the MPC approach with the droop controller for
parallel inverters in the AC microgrid is introduced. A supervisory centralized MPC strat-
egy for the operation and power-sharing of parallel inverters is presented in [24]. In [25],
an MPC-based control strategy is introduced that uses multiple buck converters and a
virtual capacitor in a DC microgrid. A decentralized MPC-based controller combined with
the slide-mode controller is used in [26] for multiple DGs in islanded mode to control the
voltage and current under uncertainties in load parameters, unbalanced phase conditions,
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and transients. However, the methods in [21–27] did not consider the intermittent nature
of renewable energy resources.

An MPC-based control for bi-directional DC/DC converters and an interlinking
DC/AC converter for a wind-PV-battery microgrid is introduced in [28]. An MPC-based
power-sharing approach among multiple wind generators is presented in [29] without
considering the storage device. The study only considers the case where the generation
exceeds the load. A multi-variable MPC-based control for battery and supercapacitor con-
verter is considered in [30] to mitigate the effect of pulsed power loads (PPL). The works
in [29,30] are limited to the linearized model of the system which degrades the performance
of the controller during large transients. Since MPC-based controller is flexible and can
handle both linear and non-linear system models, the control technique can be utilized
for power management considering the non-linear model of the system [31]. However,
the study in [31] assumes that the controller has precise knowledge of the environmental
and load disturbances which is practically limited. In [32], the MPC-based controller uses a
non-linear model of the system along with ARIMA prediction to predict environmental
and load disturbances. However, the PV operates at MPPT all the time and ignores the
over/under charging scenario of the BES.

The stochastic nature of PV makes the task of power management and maintaining
stability difficult in a PV microgrid system. The situation becomes more challenging in
standalone systems where the main grid is absent, and minor disturbances can cause
significant voltage fluctuations leading to stability issues. Continuous load changes add
further complications. The main contributions of this paper are summarized as follows,

• A detailed mathematical model for the study system is developed. The model in-
cludes the complete mathematical model of the PV panels, battery system, converter
dynamics and the dc bus.

• A nonlinear MPC based on the ARIMA algorithm has been proposed to effectively
manage the power flow in a standalone dc microgrid with a PV-BESS-load system that
has fast variations in the load and environmental conditions.

• The paper considers the various operational modes in the power management strategy
such as power curtailment of the PV and proper charging/discharging of the battery.
The maximum and minimum state of charge of the battery is considered to prevent it
from over/under charge conditions.

The remainder of this paper is organized as follows. Section 2 describes the standalone
DC microgrid study system and its mathematical model. Section 3 presents the proposed
PMS. A supervisory control based on the MPC approach is developed in Section 4 to meet
the PMS objectives. Simulation results for different operational modes are presented in
Section 5 with concluding remarks in Section 6.

2. Study System

The study system is shown in Figure 1. It is a standalone DC microgrid that consists
of a PV, a battery, and a load, all connected to a common DC bus. The PV and battery
are connected to a common bus via unidirectional and bidirectional boost converters,
respectively. Each DC/DC converter is controlled by the standard PWM that generates the
switching signal. The detailed circuit diagram, along with the proposed control structure,
is shown in Figure 2. In this study, the PV, BES and the load are residing nearby to form
a DC microgrid, for example, a residential building and an electric shipboard. Therefore,
the proposed controller has direct access to all the sensors, and does not require high
bandwidth communication channels. However, the number of distributed proposed small
entities (each entity includes a PV, a BES, and load with proposed control) can interconnect
to form a larger DC microgrid. In such cases, either a centralized supervisory control
can give commands to these entities or decentralized MPC-based controllers generate
commands locally to achieve effective power management. The proposed method can be
implemented in such cases with minor changes in the cost function. This study is focused
on the development of PMS for a small scale PV-BES-load system in standalone mode.
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Development of PMS for a larger system that consists of a large number of interconnected
small distribution systems can be a potential future direction of the research.

T

G

Ppv
DC Bus

Pb

+
Battery

-

Load

PLoadvdc

Power management strategy based on MPC
T G Ipv vpv Ppv iLpv PbiLb

P L
oa

d

Ib vbSoC

dpv db

Figure 1. Power management architecture for standalone PV-battery system.

2.1. Mathematical Modeling

The mathematical model of the studied system is developed by considering the
dynamic model of each subsystem.

2.1.1. Model of PV Subsystem

The nonlinear current-voltage (I-V) characteristic for a PV module [31] can be ex-
pressed as

Ipv = Nsh Iph − Nsh Io

[
exp

(
vpv + IpvRseq

aNsVt

)
− 1
]
−

vpv + IpvRseq

Rsheq
(1)

where Ipv, Io, Iph, vpv, Vt are the PV output current, the saturation current, PV current, PV
voltage, and thermal voltage, respectively. The Rseq and Rsheq are the equivalent values of
series and shunt resistors that are calculated as

Rseq =
Ns

Nsh
Rs, Rsheq =

Ns

Nsh
Rsh (2)

where Ns and Nsh are the number of PV cells in series and parallel in a module. The param-
eters Iph, Io, Ion, and Vt depend on the temperature (T) and solar irradiance (G), and they
can be expressed as follows.

Iph =
G

1000
(ISC + ki(T − Tn)),

Io = Ion

(
T
Tn

)3
exp

{
qEgap

ka

(
1

Tn
− 1

T

)}
Ion =

ISC

exp
(

Vocn
aVt Ns

)
− 1

, and Vt =
NskT

q
.

(3)

In (3), ISC is short circuit current, Vocn is PV open circuit voltage, Tn is nominal temper-
ature, Egap is band gap energy of the semiconductor, ki is temperature coefficient, k is boltz-
mann constant, q is electron charge, and a is diode ideality factor. The expression for the PV
current (Ipv) in (1) is non-linear, and it can be solved by using Newton–Raphson method.

The dynamic equations of the PV boost converter, see Figure 2, can be derived using
KVL and KCL as

Lpv
diLpv

dt
= −rLpv iLpv + vpv − (1− dpv)vdc

Cpv
dvpv

dt
= Ipv − iLpv

(4)
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where Lpv is the inductance of the filter, and Cpv is a capacitor on PV side, iLpv is filter
current, and vdc is the DC bus voltage. The control input is the duty cycle, dpv(t) ∈ (0, 1).

2.1.2. Model of Battery Energy Storage Subsystem

The BES maintains power balance in the system by proper absorption/supply of
power. This absorption and supply of power alter the state-of-charge (SoC) of the BES
as following

SoC(t) = SoC(0)− 1
3600Q

∫ t

0
Ib(t) dt (5)

where Q is the battery capacity in Ah, Ib is the battery current. The parameter Q is
multiplied by factor 3600 in the above equation to convert its unit to SI unit as As (Ampere-
seconds). For the proposed controller discussed in this paper, we have assumed that the
SoC of the BES is estimated by using the method in [33] and readily available for feedback
without delay.

The expression for Ib is

Ib =
Ebat
Rbat

− vb
Rbat

(6)

where Ebat, Rbat, and vb are the internal voltage, internal resistance, and the terminal voltage
of the battery. The Ib is considered positive in the discharging mode, and negative in the
charging mode of the BES. The term Ebat depends on the charging and discharging mode
of operation of the battery. In this study, lithium-ion battery has been considered and its
internal voltage can be written as [33,34]

ECharge
bat = Eo − K

Q
Q− it

it − K
Q

it − 0.1Q
Ib + A exp(−Bit)

EDischarge
bat = Eo − K

Q
Q− it

it − K
Q

Q− it
Ib + A exp(−Bit)

(7)

where A, B, and K are exponential voltage, exponential capacity, and polarization voltage
of the battery, respectively. The term it =

∫ t
0 Ibdt is the total charge flow from the battery.

From (5)–(7), we get

ECharge
bat =

Rbat(0.9− SoC)
K + Rbat(0.9− SoC)

(
Eo − K

1− SoC
SoC

Q − K
Rbat(0.9− SoC)

vb + A exp(−BQ(1− SoC))
)

EDischarge
bat =

RbatSoC
K + RbatSoC

(
Eo − K

1− SoC
SoC

Q +
K

RbatSoC
vb + A exp(−BQ(1− SoC))

) (8)

From (5), the dynamics of the SoC can be re-written as

dSoC
dt

= − 1
3600QRbat

(Ebat − vb). (9)

By applying KVL and KCL, the dynamics of the battery converter can be written as

Lb
diLb

dt
= −rLb iLb + vb − (1− db)vdc

Cb
dvb
dt

= Ib − iLb

(10)

where db(t) ∈ (0, 1), and iLb are the duty cycle of BES converter, and the inductor current,
respectively. The rLb , Lb are resistance and inductance of the filter; Cb is capacitor across
the battery.

2.1.3. Model of the DC Bus

The DC bus voltage, vdc, depends on the amount of PV power injected from the
PV/BES system and power consumed by the load. The dynamics can be written by
applying KCL as

Cdc
dvdc
dt

= (1− dpv)iLpv + (1− db)iLb −
vdc

RLoad
(11)



Energies 2022, 15, 4100 6 of 16

where Cdc is a DC capacitor and RLoad is a DC load.

T
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−
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Lpv rLpv
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+

−
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-
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+
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vb
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Lpv rLb
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SW
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(ARIMA)
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PV current
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(eq. 6)
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ECharge
bat (eq. 7) or

EDischarge
bat (eq. 8)
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Space
Model
(eq. 13)
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Figure 2. Circuit diagram of the PV-battery system along with MPC controller.

2.2. State Space Model of the Considered System

From (4), (9)–(11), the overall state space model of the study system of Figure 1 (details
in Figure 2) is

ẋ1 =
1

Cpv
Ipv −

1
Cpv

x2

ẋ2 = −
rLpv

Lpv
x2 +

1
Lpv

x1 −
(1− u1)

Lpv
x6

ẋ3 =
1

RbatCb
(Ebat − x3)−

1
Cb

x4

ẋ4 = −
rLb

Lb
x4 +

1
Lb

x3 −
(1− u2)

Lb
x6

ẋ5 = − 1
3600QRbat

(Ebat − x4)

ẋ6 =
(1− u1)

Cdc
x2 +

(1− u2)

Cdc
x4 −

1
CdcRLoad

x6

(12)

where x = [x1, x2, x3, x4, x5, x6]
T = [vpv, iLpv , vbat, iLbat , SoC, vdc]

T ∈ R6, u = [u1, u2]
T =

[dpv, db]
T ∈ R2, and w = [w1, w2, w3]

T = [T, G, RLoad]
T ∈ R3.

3. Power Management Strategy

The PMS maintains power balance in the system, keeps the transients on DC bus
voltage within the acceptable limits during disturbances, and prevents the battery from
over/under charged conditions. Figure 3 shows the PMS algorithm. The proposed con-
troller has direct access to all the system state variables, and it executes particular control
actions based on the circumstances and measured data from the system.

In this study, the PV is a primary source of electricity and normally operates at MPP to
maximize its utilization. The MPPT algorithm based on perturb and observe [35] is used to
generate the reference bias voltage for the PV. An MPC-based voltage controller regulates
the PV voltage to its reference. The battery maintains power balance by regulating the
common DC bus voltage at its nominal value. However, when the battery is fully charged
and the available PV power is greater than the load, the PV system cannot operate at MPP.
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Under such circumstances, the battery current is set to zero to prevent it from over-charging,
and the PV power is curtailed.

Standalone Mode

Measurement SoC, Is and Vs

Estimation: Ppv , PL , SoC

Ppv≥PL

SoC≥SoCmax SoC≤SoCminSoC≥SoCminSoC<SoCmax

Battery
Disharging

Battery
Charging

Power
Curtailment

Load
Shedding

Yes NoNoYes

Figure 3. Power management strategy for standalone PV/battery.

Operational Modes

Based on the available PV power (PPV), load demand (PLoad), and SoC of the BES,
the following are the operational modes of the proposed PMS:

• Mode I (PPV > PLoad and SoC < SoCmax): In this mode, the available power from
the PV is greater than the load demand, and the battery can absorb extra power.
The PV operates at MPP while the battery regulates the common DC bus voltage at its
nominal value.

• Mode II (PPV < PLoad and SoC ≥ SoCmin): In this mode, the power from the PV is
not enough to meet the load demand. Therefore, the battery discharges to meet the
extra load. Similar to Mode I, the PV operates at MPP and the battery regulates the
voltage of the DC bus.

• Mode III (PPV > PLoad and SoC ≥ SoCmax): If the battery is fully charged and the
available PV power exceeds the load demand, the battery current is set at zero to
prevent it from overcharging, and the PV power is curtailed. The power curtailment is
achieved by operating the PV to regulate the DC bus voltage at its nominal value.

• Mode IV (PPV = 0 and SoC ≥ SoCmin): During cloudy days and at night, the PV
power is not available. The PV, in this mode, is disconnected, and the battery regulates
DC bus voltage to meet the load demand.

Whenever PPV < PLoad and SoC ≤ SoCmin, the battery should cease the supply of
power and the extra non-critical load should be disconnected from the system. The load-
shedding mode of operation is beyond the scope of this paper.

4. The Proposed MPC-Based Control Method
4.1. Model Predictive Control Approach

The proposed control is based on the MPC approach, which is shown in Figure 4.
For each time instance, the MPC uses feedback from the actual plant as initial states and
solves the dynamic model of the system to predict future states. Based on these predicted
states and the desired trajectories, the control sequence is generated over a given horizon
by solving an optimization problem. As a part of the optimization problem, a cost function
is defined based on the desired behavior of the system, forecasted disturbances, and system
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constraints. Once the optimization problem is solved, only the first obtained control signals
from the control sequence are applied to the system.

For the purpose of the control and the prediction, the continuous-time dynamic model
described in (12) can be discretized using a forward Euler method as

x(k + 1) = f (x(k), u(k), ω(k)), x(0) = x0 (13)

where k, x(k), u(k), and ω(k) represent sample step, state variables, control inputs, and envi-
ronmental parameters, respectively. The chosen sampling time should be small enough to
observe the nonlinearity in the system model, but large enough to avoid computation burden.

The MPC-based controller solves the dynamic model to predict the future behavior
of the system. The temperature, solar irradiance, and the load variation are part of the
system dynamics that have a significant impact on the control performance. Therefore,
the controller requires the future values of these non-deterministic parameters. A suitable
forecasting technique that utilizes the historical and currently measured signals can be
used to estimate the future values of these parameters which are then used in solving
the dynamic model. The optimization is then performed on the basis of the estimated
disturbances and the currently measurement system states over a given time horizon. This
paper incorporates ARIMA prediction [36] along with the proposed MPC-based controller.

time = tk

Feedback (current
states and disurbances)

Forcast disterbances
over time horizon (ARIMA)

Use measured states and
disturbances to initialize

the system model

Solve Optimization problem
to generate input control

sequence

Apply first control
signal from the control
sequence to the plant

time = tk+1

R
ep

ea
to

ve
r

ho
ri

zo
n

Figure 4. Proposed MPC based on PMS.

4.2. Control Problem Formulation

The mathematical model of the studied system of Figure 2 is derived in Section 2.
The duty cycles, dpv and db, of the DC/DC converters act as control inputs. The objective of
the MPC controller is to maintain the DC bus voltage at its nominal value and perform the
MPPT of the PV during normal operation. The optimization problem can be formulated as

min
u(·)∈Rm

J(x(·), u(·)) = min
u(·)∈Rm

N−1

∑
k=0

L(x(k), u(k)) (14)

where J(x(·), u(·)) is a cost function. The function L(·) is

L(x(k), u(k))=F
∥∥∥Vre f

dc −vdc(k)
∥∥∥+Qα

∥∥ILb

∥∥+P(1−α)
∥∥∥Vre f

pv −vpv(k)
∥∥∥+ 2

∑
i=1

Ri‖∆ui‖ (15)
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subject to
x(k + 1) = f (x(k), u(k), ω(k)) ∀k ∈ [0, .., N − 1]

SoCmin ≤ SoC ≤ SoCmax

umin
i ≤ ui ≤ umax

i .

(16)

In this optimization problem, Vre f
dc is the reference value of the DC bus, and Vre f

pv is
the reference PV voltage obtained from the MPPT algorithm. The parameters, F, P, R,
and Q are the weighting factors for each term in the cost function. The parameter α is
set at zero in normal operation (Mode I & II), and it is set at one in Mode III operation.
In the cost function of (15), the first term regulates the DC bus voltage at its reference value.
The second term is activated only in Mode III that sets BES current to zero. The third term
is activated only in Mode I and II operation (α= 0) that operates PV at MPP. The fourth
term minimizes the variation of the control input.

The system constraints in the optimization problem are the system dynamic equations,
the limits on the battery SoC, and the limits on the control inputs. In this paper, the min-
imum and the maximum values of SoC are defined as 20% and 90%, respectively. Since,
the control inputs, uis, are the duty cycles of PV and battery converter, their values should
be within the range of zero and one. The above optimization problem can be solved directly
using the fmincon solver in MATLAB.

5. Simulation Results

Figure 2 shows the complete schematic circuit diagram of the study system, along
with the proposed controller. The microgrid consists of a PV system with a rated power of
9.5 kW, a lithium-ion battery system of 20 Ah capacity, and varying load. The nominal DC
bus voltage is Vre f

dc =600 V. The system parameters are shown in Table 1.

Table 1. System Parameters.

Parameter Symbol Value

PV Capacitor Cpv 300 µF
PV Inductor Lpv 10 mH

Resistance of Inductance rLpv 10 mΩ
Battery Capacitor Cb 300 µF
Battery Inductor Lb 10 mH

Resistance of Inductance rLb 10 mΩ
DC bus Capacitor Cdc 1500 µF
Switch Frequency fsw 10 kHz

PV Parameters

Maximum Power MP 213.15 W
MP, OC Voltage VMP, Voc 29 V, 36.3 V
SC, MP Current Isc, IMP 7.84 A, 7.35 A

battery parameters

Battery Voltage Vb 300 V
Battery Capacity Q 20 Ah

The simulation of the study system was conducted in the Matlab platform to verify
the performance of the proposed control strategy. The sample time (Ts) is 10 µs, the control
interval time (tc) is 10 ms, and the prediction horizon is one. The nonlinear optimization
problem formulated in Section 4 is solved in Matlab using fmincon solver. In this simulation
study, the weighting factors, F, P, R and Q, in the cost function are 0.75, 0.15, 0.1, and 0.15,
respectively. The responses of the proposed system and their performances are studied for
varying environmental and load conditions.
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5.1. Mode I Operation

Figure 5 shows the response of the system in Mode I operation where the available
PV power is larger than the load demand, and the battery SoC is below its maximum
limit. Therefore, the battery absorbs extra power from the system and maintains power
balance in the system. Initially, the load demand is slightly greater than the available
power, see Figure 5. The battery discharges to provide the deficit power and regulates
DC bus voltage at 600 V. At t = 4 s, due to the changes in the environmental parameters
and the load demand, the load falls below the available PV power. The PV continues to
operate at MPP, and the battery absorbs the extra power to maintain a power balance in
the system. The system with the proposed MPC-based PMS has smooth transients during
the disturbances.
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Figure 5. Response of the proposed system in Mode I operation.

5.2. Mode II Operation

The response of the system in Mode II operation is shown in Figure 6. Initially,
the available PV power is greater than the load demand. Therefore, the battery absorbs
extra power from the system and regulates DC bus voltage at 600 V. At t = 4 s, due to the
changes in the environmental parameters and the load demand, the load demand exceeds
the available PV power and the SoC of the battery is above its minimum limit. Therefore,
the PV continues to operate at MPP, and the battery provides the deficit power to meet the
load demand. The DC bus voltage is regulated at 600 V with smooth transients during
system disturbances.
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Figure 6. Response of the proposed system in Mode II operation.

5.3. Mode III Operation

The response of the proposed system in the Mode III operation is shown in Figure 7.
The load demand is initially less than the power generated by PV system, and the battery
absorbs the extra power. At t = 4.2 s, the SoC of the BES reaches its upper limit (90%).
Therefore, the battery stops absorbing power from the DC bus, and the power from the
PV is curtailed to maintain DC bus voltage at 600 V. At t = 12.2 s, the load demand is
above the available PV power. Therefore, the PV operation is switched to MPPT mode,
and the battery discharges to supply the extra load demand. Figure 7 shows that the system
with proposed control responds to the disturbances with smooth transients between the
power-curtailment mode and MPPT mode.
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Figure 7. Response of the proposed system in Mode III operation.
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5.4. Mode IV Operation

Figure 8 shows the Mode IV operation of the proposed system. Initially, the PV power
is slightly greater than the load demand, and the SoC of the battery is below 90%. Therefore,
the battery absorbs extra power. At t = 4.2 s, the PV power drops to zero. Since the battery
SoC is above its lower limit, the BES supplies total power to meet the load demand.
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Figure 8. Response of the proposed system in Mode IV operation.

5.5. Comparison of the Proposed Controller with PI Controller

In this section, the performance of the proposed control is compared with the PI
controller of [7]. The gains of the PI for the study system of Figure 2 are designed optimally
using the linear quadratic regulator (LQR) technique [37]. The PV operates at MPP, and the
battery regulates the DC bus voltage at 600 V. The PV and battery controllers can be treated
independently and the control gains are designed separately. The PV system and the battery
control gains are kpv

1 =−1000, kpv
2 =−21.3, kpv

3 = 1.7, kb
1 = 13,300, kb

2 =−16, kb
3 =−42.2,

and kb
4=0.223.

Figures 9 and 10 show the response of the considered system with the proposed MPC
and the PI control to the same disturbances. At t=1 s, the irradiance increases from 500 to
1000 W/m2, the temperature reduces from 35 ◦C to 25 ◦C, and the load remains at 7.2 kW.
At t = 2 s, the load rises to 14.4 kW. The results show that both control methods regulate
the DC bus voltage at 600 V. However, the proposed MPC has smoother transients, see
Figure 9. Moreover, the deviation of the DC voltage from its nominal value is quantified

using the voltage regulation index (VRI) which is defined as VRI % =

∥∥∥∥ vdc−Vre f
dc

Vre f
dc

∥∥∥∥×100.

Figure 10 shows that the proposed MPC-based control approach has low voltage deviation
and better control over the DC bus voltage. The average error in DC bus voltage is 0.001356
for proposed MPC and 0.011267 for conventional PI control.
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Figure 9. Response of DC bus voltage with proposed MPC and PI control.
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Figure 10. Voltage regulation index (VRI) of DC bus voltage for MPC and PI.

5.6. Response of the Proposed Control to the Real-World Environmental and Load Profile

Figure 11 shows the 24-h load, temperature, and irradiance profile. The solar irradi-
ance and temperature were measured at Lowery Range Solar Station in Colorado, USA,
on 13 August 2013 [38], and the load profile is obtained and modified for residential and
commercial consumers [39]. For the simulation study, the 24-h profile has been scaled
down to 300 s. Figure 12 shows the response of the DC bus voltage. The PV power and
the battery power profiles are shown in Figure 13. Figure 14 shows the SoC of the battery.
It is observed that the proposed MPC control effectively regulates the DC bus voltage
at the desired level of 600 V and manages the power balance in the system. During the
daytime (here between t = 30 s and t = 120 s), the PV power generation exceeds the load
demand, and the battery absorbs extra power. In the morning (before t = 30 s) and in
the late afternoon (after t = 120 s), the PV and the battery supply the power to meet the
load demand.

Figure 11. Real-world disturbances profile: (a) Load Demand, (b) temperature, (c) solar irradiance.



Energies 2022, 15, 4100 14 of 16

0 50 100 150 200 250 300

time (s)

595

600

605

610

615

v
o
lt
a
g
e
 (

V
)

DC Bus Voltage

Figure 12. DC bus voltage in response to the real-world disturbances data.
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6. Conclusions

This paper presents a model predictive control (MPC) approach for the power man-
agement in a DC microgrid system with a PV generator, a load, and a battery. The proposed
controller manages power balance by operating PV at maximum power point (MPP) and
controlling the battery to regulate the common DC bus voltage. However, when the avail-
able PV power exceeds the load and the battery is fully charged, the proposed controller
smartly sets the battery current to zero and operates the PV at power-curtailed mode.
The proposed PMS effectively deploys the PV and battery to meet the load demand. The
ARIMA prediction method is incorporated in the proposed MPC to forecast the environ-
ment and load variations. The effectiveness of the proposed controller has been verified
through extensive simulation, a comparative study with PI control approach, and system
responses to real-world environmental and load disturbances. Consequently, this paper
can be extended to develop PMS in such a larger microgrid with many distributed entities,
which can be considered for the future direction of this research.
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