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A B S T R A C T

A power management controller for a DC MicroGrid containing renewable energy sources, storage elements and
loads is presented. The controller ensures power balance and grid stability even when some devices are not
controllable in terms of their power output, and environmental conditions and load vary in time. Power balance
and desired voltage level for the DC MicroGrid are considered as constraints for the controller. Simulations and
an experimental setup are implemented to show the effectiveness of the proposed control action.

1. Introduction

MicroGrids are increasingly being considered in distributed power
generation given their ability to reduce the physical and electrical
distance between sources and loads (Farhangi, 2010; Lasseter, 2010)
and to improve grid resilience and stability when run in islanded mode.
In particular, being able to connect DC power sources such as solar
plants to DC loads such as LEDs and electrical vehicles (see Zubieta
(2016)) improves substantially power losses. Hence, a large effort
has been placed into the development of a efficient controllers dedi-
cated to operate DC MicroGrids (Bidram, Davoudi, Lewis, & Guerrero,
2013; Carrizosa, Navas, Damm, & Lamnabhi-Lagarrigue, 2015; Drag-
icevic, Lu, Vasquez, & Guerrero, 2016; Dragicevic, Vasquez, Guerrero,
& Skrlec, 2014; Guerrero, Vasquez, Matas, Vicuna, & Castilla, 2011;
Meng, Shafiee, Trecate, Karimi, Fulwani, Lu, & Guerrero, 2017). In this
framework, a multilevel scheme is adopted, where economic aspects
and energy or power requirements are treated at different time scales
(see Meng et al. (2017)). The power management problem is formulated
as a nonlinear set of equations describing a permanent steady-state
regime, neglecting the transient state (Delfino, Minciardi, Pampararo,
& Robba, 2014; Jimenez, Carrizosa, Benchaib, Damm, & Lamnabhi-
Lagarrigue, 2016; Kundur, Balu, & Lauby, 1994). However, dynamic
power management considering load variability and weather forecasts
should be more efficient (Bracco, Delfino, Pampararo, Robba, & Rossi,
2015; Garulli, Paoletti, & Vicino, 2015; Greenwell & Vahidi, 2010;
Prodan & Zio, 2014).
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The development of high-level controllers for MicroGrids has been
the focus of recent research, where all the sources are supposed to
be controllable in power, i.e. the controller provides a desired power
output reference to each device assuming that the devices can achieve
this target power output (see Almassalkhi & Hiskens, 2015a,b; Farina,
Guagliardi, Mariani, Sandroni, & Scattolini, 2015; Olivares, Canizares,
& Kazerani, 2014; Olivares, Lara, Canizares, & Kazerani, 2015). Unfor-
tunately, not all MicroGrids have direct controllability of each node
and the related power output. For example, in case of dealing with
different storage devices in an islanded configuration, the different
characteristics of each device lead to different targets: the one in charge
of controlling uncertainties and unmodeled problems has not its power
output imposed a priori, since it depends on the real-time perturbations
taking place with respect to the ones calculated by the nominal power
flow model. Nevertheless, this power output needs to be monitored and
controlled, since it clearly impacts the state of charge of the device. A
management controller needs to take it into account in a different way.
It must to be noticed that to select the right reference for a device means
to properly select the needed amount of power such device must provide
or absorb.

In this paper, we consider a DC islanded MicroGrid that includes a
battery, a supercapacitor, a photovoltaic system and a load. The battery
acts as a reservoir of energy, while the supercapacitor counterbalances
transients and unmodeled disturbances, as in Iovine, Jimenez Carrizosa,
Damm, and Alou (2018), Iovine, Siad, Damm, Santis, and Di Benedetto
(2017b). As a consequence, the supercapacitor power output is not
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Fig. 1. The adopted hierarchical control on two levels and the corresponding time scales.

directly controllable. We propose a hierarchical control architecture
to optimize the power efficiency of the MicroGrid where a higher-
level power management controller provides power references to the
elements of the MicroGrids while taking into account the limitations
of each device and the available degrees of freedom. Indeed, since the
supercapacitor has not a power reference to follow, the battery has
to be controlled such to indirectly control the state of charge of the
supercapacitor to never be either completely charged nor discharged.
This paper extends the preliminary results described in Iovine, Damm,
De Santis, and Di Benedetto (2017a), by considering power losses and
converter efficiency. This extension results in a non linear optimization
problem that can be solved with Mixed Integer Quadratic Programming
(MIQP), or a Mixed Integer Second Order Conic Programming (MISOCP)
by using a Model Predictive Controller (MPC) (Camacho & Bordons,
2007).

Our hierarchical scheme involves a high-level controller that deals
with an optimization problem on a power management model, while
the low level controller translates the power reference provided into a
voltage or current level. This approach yields a fast power management
controller so that it can be used for adapting the power references
to time-varying conditions. Our approach has a significant advantage
over present solutions that use droop control to adapt to real-time
conditions, since they are inefficient in terms of optimization of the
available resources and their management. Having a high update rate,
the proposed scheme allows for an optimization of both the capacity of
the storage devices and their stored energy (Meng et al., 2017). Indeed,
available optimization techniques operate with long time steps for the
high-level controller, while the adaptation to real time conditions are
left to non optimized techniques as the droop control. The references
for the power management controller are supposed given by an higher
Energy Management System (EMS), which is not modeled here.

Further, comparing to Iovine et al. (2017a), we provide simulation
results for a realistic power electronics setup using SimPowerSystems
(see Perelmuter (2012)) to simulate the DC MicroGrid with the proposed
controller. The controller is implemented in embedded hardware for
low-budget applications, such as home-owned photovoltaics and battery
sets.

The paper is organized as follows. Section 2 describes the considered
hierarchical control levels and in Section 3 the mathematical model
for the power management is introduced. In Section 4 the optimization
problem is formulated and the optimal solution is derived. Simulation
and experimental results are offered in Section 5.

2. Hierarchical control structure

In this paper, we propose a hierarchical control architecture:

(𝐋) a distributed low level control system is developed for each device
composing the DC grid. The control laws operate according to the
device mathematical model in order to obtain the desired level of
power, which is a given reference.

(𝐇) a centralized high level controller, which is the considered Power
Management Controller, provides the power references for the
local low level controllers. According to a power management
model, it uses receding horizon techniques to predict the future
states and calculates the optimal references for ensuring power
balance.

The EMS at the top of the proposed hierarchical structure, which is in
charge of providing the references for the lower levels, is not considered
in this paper.

The two levels 𝐋 and 𝐇 have different time scales, as shown in Fig. 1.
The low level controller (𝐋) operates in a range varying from 10−6 to
10−3 s, while the high level one (𝐇) has a range from 100 to 101 s. At
each high level sampling time, denoted 𝑘𝑇 , the controller 𝐇 provides
the references for all low level sampling times {𝑘𝑇 , 𝑘𝑇 + 𝜏,… , 𝑘𝑇 +
𝑛𝜏,… , 𝑘𝑇 +𝑁𝜏}. Note that 𝑇 = 𝑁𝜏.

At time 𝑘 − 1 the controller 𝐇 implements a receding horizon
optimization problem of a power management model in order to predict
what will be the needed power at time 𝑘 from all branches of the
MicroGrid in order to comply with power balance. At time 𝑘, 𝐇 sends
the optimal reference values to the local controllers, so that they can
physically let the devices obtain the requested amount of power. The
value at time 𝑘 is based on a power management model, on the actual
values of the system at time 𝑘− 1, which is provided to the higher level
controller by the devices operating local control and sent through a
communication channel, and on the calculated system evolution over
the considered prediction horizon of  time steps. Obviously, the
iteration provides the references for 𝑘 + 1, 𝑘 + 2, etc.

The controllers do not share the state variables. Since 𝐇 deals with
a power management model, its state and control input are composed
by energy and power levels. On the contrary, the model of 𝐋 deals with
voltages and currents. The outputs of 𝐇 will be the references for 𝐋;
indeed, given a power reference, the low level controller translates it
into a voltage or current reference according to the device conditions.

2.1. Low-level control system

We consider a DC microgrid composed by a renewable source (a
photovoltaic array — PV), two storages acting at different time scales,
a capacitor representing the DC grid and a load (an electric vehicle for
example), since this kind of structure composed of a combination of
renewables, loads and different types of storage is presently attracting
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Fig. 2. The low-level control systems.

much interest (see Bastos, Dragicevic, Guerrero, & Machado; Iovine,
Siad, Damm, De Santis, & Di Benedetto; Iovine et al., 2017b). The model
of the grid is depicted in Fig. 2.

Given the specification for the bounds of the voltage of the capacitor
𝐶9 and some desired reference values for the voltages of the capacitors
𝐶1 and 𝐶4, in Iovine et al. (2017b) a stabilizing controller was designed,
which ensures the asymptotic convergence to the desired reference
values in the nominal case. In this paper, the high level controller is in
charge of computing the low level reference values, which are therefore
updated at each step 𝑘.

3. Power management model

In this section, the dynamic power management model is introduced,
which is composed by equations describing energy variations in the
devices and the power flow in the DC grid (see Almassalkhi & Hiskens,
2015a; Olivares et al., 2014, 2015; Sandoval-Moreno, Besançon, &
Martinez).

Fig. 3 depicts the MicroGrid as a set of energy nodes and power
edges, from the Power Management perspective: 𝐸𝐵 , 𝐸𝑆 , 𝐸𝐷𝐶 are the
energies stored in the battery, supercapacitor and DC grid respectively,
while 𝐷𝑃𝑉 −𝑃𝑃𝑉 , 𝐷𝐿 −𝑃𝐿, 𝑃+

𝐵 , 𝑃−
𝐵 , 𝑃+

𝑆 , 𝑃−
𝑆 , are the exchanged powers.

The two storages, a battery and a supercapacitor, have different
targets. The battery can be viewed as a reservoir that acts as a buffer
between the flow requested by the network and the flow supplied
by the production sources: its voltage is directly controlled by the
DC/DC current converter (highlighted in yellow in Fig. 2) applying
the reference provided by the high level controller. On the contrary,
the supercapacitor maintains grid voltage around a desired value: the
reference value for the local controller is then not a consequence of the
optimization problem but is dynamically calculated by the low level
controller as a consequence of the microgrid values. The power coming
in/out the supercapacitor is a consequence of the mismatch between the
power produced and the power consumed. Therefore, the optimization
problem will consider also the energy quantity in the supercapacitor,
since the role of the supercapacitor is essential for the whole grid
stability and if it is fully charged or discharged, it cannot continue its
operations.

3.1. Energy equations

The considered models for the battery and the supercapacitor are
standard and represent them as capacitors (see Almassalkhi & Hiskens,
2015a; Olivares et al., 2014; Parisio, Rikos, & Glielmo, 2014); they
result in a simple impulse response model which is broadly due to its
simplicity and consequently to the low computational effort needed
for its solution (see Farina et al., 2015). The objective is to make an

Fig. 3. The considered framework in a Power Flow scheme represented as a set of nodes.

approximation to deal with the energy variation in three capacitances:
battery, supercapacitor and DC grid.

Then a dynamical model can be used to describe the power flow
generating the energy variations in the devices. In particular, according
to the scheme in Fig. 3, the stored energy into the DC grid, the battery
and the supercapacitor will vary depending on the power flow needed
for supplying the load. As described by the following equations, the
energy variations in the battery and the supercapacitor depend only on
the power coming in or out of the devices, while for the DC grid they
depend on the power balance between the produced and the demanded
power. Terms representing the efficiency of the physical devices are also
introduced. The dynamical system obtained is:

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝐸𝐷𝐶 (𝑘 + 1) = 𝐸𝐷𝐶 (𝑘)

+𝑇
[

𝜂𝑃𝑉 (𝐷𝑃𝑉 (𝑘) − 𝑃𝑃𝑉 (𝑘)) −
1
𝜂𝐿

(𝐷𝐿(𝑘) − 𝑃𝐿(𝑘))
]

+𝑇
[

𝜂𝑑𝐵𝑃
+
𝐵 (𝑘) − 1

𝜂𝑐𝐵
𝑃−
𝐵 (𝑘) + 𝜂𝑑𝑆𝑃

+
𝑆 (𝑘) − 1

𝜂𝑐𝑆
𝑃−
𝑆 (𝑘)

]

𝐸𝐵(𝑘 + 1) = 𝐸𝐵(𝑘) + 𝑇
[

−𝑃+
𝐵 (𝑘) + 𝑃−

𝐵 (𝑘)
]

𝐸𝑆 (𝑘 + 1) = (1 − 𝑇𝛼𝑆 )𝐸𝑆 (𝑘) + 𝑇
[

−𝑃+
𝑆 (𝑘) + 𝑃−

𝑆 (𝑘)
]

(1)

where 𝐸𝐵 , 𝐸𝑆 , 𝐸𝐷𝐶 are the energies stored in the battery, supercapacitor
and DC grid respectively. 𝐷𝑃𝑉 − 𝑃𝑃𝑉 is the power produced by the
PV array, where 𝐷𝑃𝑉 is the current available power and 𝑃𝑃𝑉 is the
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calculated quantity to be neglected for stability purposes; according to
the same reasoning, 𝐷𝐿−𝑃𝐿 is the power demanded by the load, with 𝐷𝐿
the current demanded power and 𝑃𝐿 the quantity to be disconnected to
ensure effective feasibility of the optimization problem (load shedding).

𝑃+
𝐵 , 𝑃−

𝐵 , 𝑃+
𝑆 , 𝑃−

𝑆 , are the powers exchanged by the battery and the
supercapacitor, respectively, where the power absorbed by the storages
are 𝑃−

𝐵 and 𝑃−
𝑆 , while the ones provided are 𝑃+

𝐵 and 𝑃+
𝑆 . This difference

is needed to take into account the efficiency and the losses due to the
power flow and the power constraints, which could result in different
values in the charge or discharge case. The parameters 𝜂𝑃𝑉 , 1

𝜂𝐿
, 𝜂𝑑𝐵 , 1

𝜂𝑐𝐵
,

𝜂𝑑𝑆 and 1
𝜂𝑐𝑆

describe the loss in efficiency and the losses due to 𝐷𝑃𝑉 −𝑃𝑃𝑉 ,
𝐷𝐿 − 𝑃𝐿, 𝑃+

𝐵 , 𝑃−
𝐵 , 𝑃+

𝑆 , 𝑃−
𝑆 , respectively. The 𝛼𝑆 parameter allows one to

consider the self-discharge ratio of the supercapacitor taking place in the
considered 𝑇 time interval; the really small self-discharge ratio of the
battery is neglected because of the relative short time span considered
in these two control levels.

The model in (1) is used to calculate the optimal amount of power
to be demanded from the battery to correctly feed a load, considering
the powers as bounded control inputs or disturbances. In particular, the
load demanded power and the one coming from the renewables are seen
as disturbances, and extra degrees of freedom are introduced to allow
modifications on them in case of unfeasible problems. Our target is to
examine a situation where it is possible to deal with the capability to
operate on both such powers, taking into account future prediction of
their values and physical limitations of the different storage devices.

3.2. Assumptions

Proper sizing of each component in a DC microgrid is an important
feasibility requirement. In order to always satisfy the power requested
by the load, the sizing of the PV array, battery and supercapacitor fits
some conditions related to the produced power by the photovoltaic array
𝐷𝑃𝑉 , the 𝑃+

𝐵 , 𝑃−
𝐵 , 𝑃+

𝑆 , 𝑃−
𝑆 , power coming from the storages, and the 𝐷𝐿

power absorbed by the load:

(i) Assumption 1. the sizing of the photovoltaic array is performed
according to total energy needed in a whole day;

∫

𝐷

0
𝜂𝑃𝑉 𝐷𝑃𝑉 (𝑡) 𝑑𝑡 ≥ ∫

𝐷

0

1
𝜂𝐿

𝐷𝐿(𝑡) 𝑑𝑡 (2)

where 𝐷 is equal to daytime (24 h) and the quantities represent
the worst case scenario that is considered in this framework, based
on previous collected data;

(ii) Assumption 2. the sizing of the battery and the supercapacitor
are performed according to the energy balance in the 𝑇 time step,
needed for selecting a new reference;
‖

‖

‖

‖

‖

∫

(𝑘+1)𝑇

𝑘𝑇

[

𝜂𝑃𝑉 𝐷𝑃𝑉 (𝑡) + 𝜂𝑑𝐵𝑃
+
𝐵 (𝑡) − 1

𝜂𝑐𝐵
𝑃−
𝐵 (𝑡) − 1

𝜂𝐿
𝐷𝐿(𝑡)

]

𝑑𝑡
‖

‖

‖

‖

‖

≤ (3)

≤ 1
2 ∫

(𝑘+1)𝑇

𝑘𝑇
[𝜂𝑑𝑆𝑃

+
𝑆 (𝑡) − 1

𝜂𝑐𝑆
𝑃−
𝑆 (𝑡)] 𝑑𝑡 ∀ 𝑘

The last condition can be seen as the ability of the supercapacitor to
fulfill the request to provide enough amount of power in the considered
time interval; for sizing the supercapacitor the worst scenario due to
current load variations is considered, i.e. the case where the superca-
pacitor needs to provide/absorb the maximum available current for all
the time steps.

The exact sizing of the components is considered out of the scope of
this work.

3.3. Constraints

Here state and input constraints are defined, which represent either
physical constraints (hard constraints) or targets (soft constraints):

• to ensure a certain level of power quality and to avoid problems
related to the connection with the physical devices, the energy
stored in the DC grid must be kept between an interval;

𝐸𝑚
𝐷𝐶 ≤ 𝐸𝐷𝐶 (𝑘) ≤ 𝐸𝑀

𝐷𝐶 , ∀ 𝑘 (4)

where 𝐸𝑚
𝐷𝐶 , 𝐸

𝑀
𝐷𝐶 ≥ 0;

• the energy in the battery and the supercapacitor must remain in a
range of values, in order not to damage the devices;

𝐸𝑚
𝐵 ≤ 𝐸𝐵(𝑘) ≤ 𝐸𝑀

𝐵 , ∀ 𝑘 (5)

𝐸𝑚
𝑆 ≤ 𝐸𝑆 (𝑘) ≤ 𝐸𝑀

𝑆 , ∀ 𝑘 (6)

where 𝐸𝑚
𝐵 ≥ 0, 𝐸𝑀

𝐵 ≥ 0, 𝐸𝑚
𝑆 ≥ 0, 𝐸𝑀

𝑆 ≥ 0;

The match between power in and power out which represents power
balance is already introduced by the equation describing the energy in
the DC grid.

Moreover, each control law has different constraints:

• the unavailability to provide more power than the available one
from the PV and the storages is introduced, and the choice not to
arbitrarily increase the load if needed;

𝑃𝑃𝑉 (𝑘) ≥ 0, ∀ 𝑘 (7)

𝑃𝐿(𝑘) ≥ 0, ∀ 𝑘 (8)

• also, the power coming from the PV array and the one consumed
by the load are bounded and cannot be negative;

𝐷𝑃𝑉 (𝑘) − 𝑃𝑃𝑉 (𝑘) ≥ 0, ∀ 𝑘 (9)

𝐷𝐿(𝑘) − 𝑃𝐿(𝑘) ≥ 0, ∀ 𝑘 (10)

• the power absorbed/provided by the battery and the supercapac-
itor are bounded;

0 ≤ 𝑃+
𝐵 (𝑘) ≤ 𝑃+

𝐵 , ∀ 𝑘 (11)

0 ≤ 𝑃−
𝐵 (𝑘) ≤ 𝑃−

𝐵 , ∀ 𝑘 (12)

0 ≤ 𝑃+
𝑆 (𝑘) ≤ 𝑃+

𝑆 , ∀ 𝑘 (13)

0 ≤ 𝑃−
𝑆 (𝑘) ≤ 𝑃−

𝑆 , ∀ 𝑘 (14)

where 𝑃+
𝐵 ≥ 0, 𝑃−

𝐵 ≥ 0, 𝑃+
𝑆 ≥ 0, 𝑃−

𝑆 ≥ 0;
• saving the battery life time is a priority and to this purpose

limitations on its power variation are imposed;

‖𝑃+
𝐵 (𝑘 + 1) − 𝑃+

𝐵 (𝑘)‖ ≤ 𝛥𝑃+
𝐵 , ∀ 𝑘 (15)

‖𝑃−
𝐵 (𝑘 + 1) − 𝑃−

𝐵 (𝑘)‖ ≤ 𝛥𝑃−
𝐵 , ∀ 𝑘 (16)

where 𝛥𝑃+
𝐵 ≥ 0, 𝛥𝑃−

𝐵 ≥ 0;
• the power entering and leaving the battery and the supercapacitor

cannot take place at the same time. Conditions similar to the ones
in Olivares et al. (2015) are then implemented as

𝑃+
𝐵 (𝑘) × 𝑃−

𝐵 (𝑘) = 0, ∀ 𝑘 (17)

𝑃+
𝑆 (𝑘) × 𝑃−

𝑆 (𝑘) = 0, ∀ 𝑘 (18)

So, to avoid the simultaneous charging and discharging of the
battery and the supercapacitor, the following binary variables 𝑆𝐵
and 𝑆𝑆 are introduced, such to modify the limitations on the power
as

𝑆𝐵(𝑘) ∈ {0, 1}, ∀ 𝑘 (19)

𝑆𝑆 (𝑘) ∈ {0, 1}, ∀ 𝑘 (20)

𝑃+
𝐵 (𝑘) ≤ 𝑆𝐵(𝑘) ⋅ 𝑃+

𝐵 , ∀ 𝑘 (21)

𝑃−
𝐵 (𝑘) ≤ (1 − 𝑆𝐵(𝑘)) ⋅ 𝑃−

𝐵 , ∀ 𝑘 (22)

𝑃+
𝑆 (𝑘) ≤ 𝑆𝑆 (𝑘) ⋅ 𝑃+

𝑆 , ∀ 𝑘 (23)

𝑃−
𝑆 (𝑘) ≤ (1 − 𝑆𝑆 (𝑘)) ⋅ 𝑃−

𝑆 , ∀ 𝑘 (24)
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Since the supercapacitor has to ensure voltage stability with respect to
the variations taking place on the grid, its power variations over time
are not considered to be bounded. Indeed, even if in reality they are
bounded, these bounds may be established in a worst case scenario,
and according to the considered assumptions they do not impact our
problem. This is the reason why there are no conditions for 𝑃+

𝑆 and 𝑃−
𝑆

as (15) and (16) for 𝑃+
𝐵 and 𝑃−

𝐵 .
Considering (1), it is then possible to rewrite the whole discrete time

dynamical system as

𝑥(𝑘 + 1) = 𝐴𝑥(𝑘) + 𝐵𝑢(𝑘) +𝐷𝑑(𝑘) (25)

where the state is

𝑥 = [𝐸𝐷𝐶 𝐸𝐵 𝐸𝑆 ]
′ = (26)

= [𝑥1 𝑥2 𝑥3]′

and the input and disturbance vectors are

𝑢 =[𝑃𝑃𝑉 𝑃𝐿 𝑃+
𝐵 𝑃−

𝐵 𝑃+
𝑆 𝑃−

𝑆 ]′ = (27)
= [𝑢1 𝑢2 𝑢3 𝑢4 𝑢5 𝑢6]′

𝑑 = [𝐷𝑃𝑉 𝐷𝐿]
′ = (28)

= [𝑑1 𝑑2]′

The discrete time matrices 𝐴, 𝐵, 𝐷 are

𝐴 =
⎡

⎢

⎢

⎣

1 0 0
0 1 0
0 0 1 − 𝛼𝑆𝑇

⎤

⎥

⎥

⎦

(29)

𝐵 = 𝑇

⎡

⎢

⎢

⎢

⎣

−𝜂𝑃𝑉
1
𝜂𝐿

𝜂𝑑𝐵 − 1
𝜂𝑐𝐵

𝜂𝑑𝑆 − 1
𝜂𝑐𝑆

0 0 −1 1 0 0
0 0 0 0 −1 1

⎤

⎥

⎥

⎥

⎦

𝐷 = 𝑇

⎡

⎢

⎢

⎢

⎣

𝜂𝑃𝑉 − 1
𝜂𝐿

0 0
0 0

⎤

⎥

⎥

⎥

⎦

(30)

4. Power management controller

Once the mathematical model of the dynamical system has been
defined, it is possible to define an optimal control problem to formalize
the way the Power Management Controller 𝐇 computes online targets
for 𝐋.

Since the Microgrid control architecture is supposed to be able to
control the system anytime without knowing in advance the future
disturbances, the objective function should be in infinite horizon.
Moreover, since the solar power production and the power demand have
a random component, the optimization problem should be supposed to
minimize an infinite sum of random instantaneous costs, denoted 𝑓 ,
with respect to a chosen risk measure. In this paper, the selected risk
measure is the expectation: this choice is explained in Section 5.2. Then,
given the initial state, the problem would result in a stochastic optimal
control one, as

min
𝑢(⋅)

E
∞
∑

𝑘=0
𝑓 (𝑥(𝑘), 𝑢(𝑘)) (31a)

s.t (4)–(25) (31b)

In the studied case, it is reasonable to assume that, over a finite
and sufficiently short time horizon, the high-level system 𝐇 is able to
compute good forecasts of the demand and solar power. For this reason,
a deterministic Model Predictive Control (MPC) (see Camacho, Samad,
Garcia-Sanz, and Hiskens) strategy seems adequate to compute control
policies for problem (31). We could consider other methods such as
Stochastic Dynamic Programming, scenario tree based Stochastic Pro-
gramming or Stochastic MPC (see Parisio, Rikos, and Glielmo (2016)).
However, they all lack of simplicity. Indeed, the first one would suffer
the curse of dimensionality and would require Approximate Dynamic
Programming techniques (see Shuai, Fang, Ai, Tang, Wen, and He
(2018)) that are computationally expensive in the presence of binary
variables. Nevertheless, the second and third methods require to solve
a large scale (many decision variables) deterministic problem at each
time step, which could be too computationally expensive as well in the
considered time window of 1 s.

4.1. Target

The target of the Power Management Controller 𝐇 is to compute
setpoints for the low level controller while receiving targets from an
another upper level EMS.

In reality, a desired voltage level for the DC grid is selected; it is then
translated into a desired energy level, 𝐸𝑟

𝐷𝐶 = 𝑥𝑟1. The same reasoning
applies to the energy in the battery and supercapacitor, i.e. there exist
desired levels 𝐸𝑟

𝐵 = 𝑥𝑟2 and 𝐸𝑟
𝑆 = 𝑥𝑟3. These targets are supposed to be

computed by the EMS, but, since it is out of the scope of this paper, the
following considerations are done:

(1) the desired state for the battery is to be fully charged, i.e. 𝑥𝑟2 = 𝑥𝑀2 ;
(2) the reference for the supercapacitor has to be selected to ensure

the maximum capability to operate on the system; it means that it
must be able to absorb/provide the maximum amount of power,
and the adopted best trade-off is 𝑥𝑟3 =

1
2

(

𝑥𝑚3 + 𝑥𝑀3
)

.

The target vector for the state is therefore

𝑥𝑟 = [𝐸𝑟
𝐷𝐶 𝐸𝑟

𝐵 𝐸𝑟
𝑆 ] (32)

and the error state is defined as �̃� = 𝑥 − 𝑥𝑟.

4.2. Deterministic problem: mixed integer quadratic program

Given the initial state 𝑥0(𝑘), which depends on the state of the low
level system at time 𝑘𝑇 , the online deterministic problem addressed by
the MPC strategy at each step 𝑘 is the following

min
𝑢(⋅)

1
2

⎡

⎢

⎢

⎣

�̃�(𝑘 + )𝑇 𝑃 �̃�(𝑘 + ) +
𝑘+−1
∑

𝑖=𝑘
�̃�(𝑖)𝑇𝑄�̃�(𝑖) + 𝑢(𝑖)𝑇𝑅𝑢(𝑖)

⎤

⎥

⎥

⎦

(33a)

s.t �̃�(𝑖) = 𝑥(𝑖) − 𝑥𝑟(𝑖), ∀ 𝑖 (33b)

𝑥(𝑖 + 1) = 𝐴𝑥(𝑖) + 𝐵𝑢(𝑖) +𝐷𝑑(𝑖), ∀ 𝑖 (33c)

𝑥(𝑘) = 𝑥0(𝑘), (33d)

𝑥𝑚1 ≤ 𝑥1(𝑖) ≤ 𝑥𝑀1 , ∀ 𝑖 (33e)

𝑥𝑚2 ≤ 𝑥2(𝑖) ≤ 𝑥𝑀2 , ∀ 𝑖 (33f)

𝑥𝑚3 ≤ 𝑥3(𝑖) ≤ 𝑥𝑀3 , ∀ 𝑖 (33g)

𝑆𝐵(𝑖) ∈ {0, 1}, ∀ 𝑖 (33h)

𝑆𝑆 (𝑖) ∈ {0, 1}, ∀ 𝑖 (33i)

0 ≤ 𝑢1(𝑖) ≤ 𝑑1(𝑖), ∀ 𝑖 (33j)

0 ≤ 𝑢2(𝑖) ≤ 𝑑2(𝑖), ∀ 𝑖 (33k)

0 ≤ 𝑢3(𝑖) ≤ 𝑆𝐵(𝑖) ⋅ 𝑃+
𝐵 , ∀ 𝑖 (33l)

0 ≤ 𝑢4(𝑖) ≤ (1 − 𝑆𝐵(𝑖)) ⋅ 𝑃−
𝐵 , ∀ 𝑖 (33m)

0 ≤ 𝑢5(𝑖) ≤ 𝑆𝑆 (𝑖) ⋅ 𝑃+
𝑆 , ∀ 𝑖 (33n)

0 ≤ 𝑢6(𝑖) ≤ (1 − 𝑆𝑆 (𝑖)) ⋅ 𝑃−
𝑆 , ∀ 𝑖 (33o)

‖𝑢3(𝑖 + 1) − 𝑢3(𝑖)‖ ≤ 𝛥𝑃+
𝐵 , ∀ 𝑖 (33p)

‖𝑢4(𝑖 + 1) − 𝑢4(𝑖)‖ ≤ 𝛥𝑃+
𝐵 , ∀ 𝑖 (33q)

where 𝑃 ,𝑄,𝑅 ≥ 0 are weight matrices, and the matrices 𝐴,𝐵,𝐷 are
introduced in (29) and (30).  is the considered prediction horizon,
and it is chosen in a reasonable way as a trade-off between a better
performance using more data and the required computational time.
Penalizations on the inputs are explained with the willing not to waste
solar power or curtail load demand in case of unnecessary conditions.

The problem above is an input-state constrained optimization prob-
lem. Since we are considering a microgrid in islanded mode, Assump-
tions 1 and 2 are necessary, but in general not sufficient for the existence
of a solution. However, it is clear that an appropriate sizing of the
components always exists such that the constraints can be fulfilled over
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an infinite horizon of time. In fact, the PV generation induces a daily
periodicity in the system. Hence, if we consider an oversizing for the
battery and the supercapacitor, it is always possible to control the system
in such a way that, for example, at each sunrise there is sufficient energy
stored to cover the mismatch between the power coming from the PV
and the power required by the load (supposed constant, but affected
by a bounded additional disturbance). The question of optimizing the
design of the grid, which minimizes a suitable cost functional, is of
great importance and is the object of future work. Here we will assume
feasibility of the optimization problem.

The resulting problem is a Mixed Integer Quadratic Program (MIQP).
This kind of problem is becoming the classical one to be addressed
when dealing with energy management controller, as can be seen by the
numerous papers implementing it, for example (Almassalkhi & Hiskens,
2015a; Farina et al., 2015; Olivares et al., 2014; Parisio et al., 2014).

To the purpose of implementing the optimization above in a low
cost hardware, it is useful to remark that the MIQP problem can be
reformulated as a Mixed Integer Second Order Cone Program (MISOCP),
as presented in Lobo, Vandenberghe, Boyd, and Lebret (1998). This is
motivated by the use of a conic solver for embeddable applications for
the Hardware In the Loop simulation presented in Section 5.3.

The reference values for the low level controller at step 𝑘 are
computed based on the value 𝑢𝑜(𝑘), where 𝑢𝑜(.) is the optimal sequence of
inputs for the above problem. We are considering negligible with respect
to 𝑇 the time required for the computation of the optimal solution.

5. Simulations

In this section, simulations for the proposed model and the applied
optimal control are introduced. The considered sampling time 𝑇 is one
second, while the simulation time is 180 s. A prediction horizon of 10
time steps is utilized.

5.1. Low level controller implementation

The output obtained by the optimal control problem at each time 𝑘
will be sent from 𝐇 to 𝐋 to let it operate grid stability. In particular,
the optimal values of 𝑃𝑃𝑉 , 𝑃+

𝐵 or 𝑃−
𝐵 and 𝑃𝐿 must be respected: the low

level controller will obtain its reference values from them. As explained
before, the target of the supercapacitor is to maintain a fixed grid voltage
level: then it does not really need a reference power value, since it
automatically operates the needed action as a response to what the other
devices do, and any uncertainty or disturbance on the system. Then the
value of 𝑃+

𝑆 and 𝑃−
𝑆 are calculated only to let the other devices take

them into account. The reference for the voltage level of the DC grid is
supposed to be fixed a priori, in general by technological reasons, and
as a consequence the reference coming from 𝐸𝐷𝐶 is not needed.

The considered DC MicroGrid described in Section 2.1 and depicted
in Fig. 3 has been simulated in SimPowerSystems, a dedicated Matlab
toolbox for modeling and simulating electrical power systems. The
nonlinear control algorithms introduced in Iovine et al. (2017b) are
executed, with a time step of 10−5 s, according to the description of the
𝐋 controller in Section 2. Based on such realistic implementation, the
DC microgrid is structured as composed by a 300 kWh battery, a 8 kWh
supercapacitor and a PV power plant of 50 solar panels with installed
power of 1 MW. The battery has the capability to move from 30% to
90% of State Of Charge (SOC) in 90 minutes and from 90% to 30% in 30
minutes. The limit boundaries of 30% and 90% of SOC are considered in
order not to reduce its lifetime.

The PV power productions are based on solar scenarios which has
been generated using the python library PVLIB (see Stein, Holmgren,
Forbess, and Hansen), based on interpolated real measured hourly solar
radiation scenarios.1 One of the PVLIB referenced solar panel models

1 Radiation scenarios of Zambia, obtained on the open data website:
https://energydata.info/dataset/zambia-solar-radiation-measurement-data-
2015-2017.

has then been used to simulate realistic solar power scenarios with a
time step of one second. The load resistance is considered constant, but
the power load suffers of variations due to DC grid voltage variations,
since it is directly connected to it. Then, also a simulation with a more
complex power profile is introduced.

5.2. Forecast strategy

The MPC control method requires a proper forecast strategy for the
near future disturbances. At any given time step 𝑘, knowing the last
solar production and load, our forecast strategy is straightforward. Both
future solar and load power disturbances over the MPC rolling horizon
are replaced by their last observed value. Hence we consider solar and
load as constant over the next few time steps. More clever forecasting
strategies based on statistical models could be used, but this naive
approach provides satisfactory results. With this forecast strategy, that
depends only on the last observed disturbances, MPC produces current
state and last disturbances feedbacks, which are simpler than the general
full disturbances history feedbacks mentioned in Section 4.

5.3. Power management controller implementation

We compared two different technical implementations of the high
level controller. Both involve deploying a REST API developed in Julia
language (see Bezanson, Karpinski, Shah, and Edelman (2012)) reach-
able through HTTP GET requests. For the first one, the server runs on an
office computer with 16Go of RAM and a Intel i7-7700k @4.2 GHz CPU.
The deterministic problem (33) is modeled using the Julia optimization
modeler JuMP (see Dunning, Huchette, and Lubin (2017)) and solved
using the commercial IBM solver CPLEX (see Section 5.4). In the second
implementation, the MIQP (33) is converted into its Mixed Integer
Second Order Cone Program (MISOCP) equivalent formulation and
modeled using JuMP. This allows to use the open source embeddable
conic solver ECOS which possesses a basic implementation of a branch
and bound algorithm (ECOS BB) to solve MISOCP problems. Using an
ARM compatible version of Julia it is possible to deploy the REST API
into a Raspberry Pi 2B (RPi) with an ARM Cortex A7 @900MHz CPU
and 1GO SDRAM. We added a time limit feature to ECOS branch and
bound algorithm so as to return the best found admissible suboptimal
solution when a time limit is exceeded.2 This functionality ensures that
an admissible control is computed and transmitted by the RPi to the
simulation computer, through ethernet, in less than one second (see
Section 5.5).

Fig. 4 shows the utilized configuration for the tests: the model
describing the single components of the grid is implemented in SimPow-
erSystems, while the one dealing with the power flow is implemented
in Julia (both in the pc or in the Raspberry Pi), and they exchange
information by the aforementioned ethernet connection.

To the purpose of imitating real conditions in the best way, errors in
the efficiency coefficients values are introduced between the two models
and control levels.

5.4. Simulations scenarios

Four cases will here be introduced and discussed, in order to consider
all the possible interesting scenarios. A prediction horizon of 10 time
steps is utilized for the case studies 1, 2 and 3, while a horizon of
5 time steps is used for case study 4, both for state variables and
control inputs. Small slack variables have been used in order to relax
constraints. Case study 1 describes the evolution of a situation where
initially the supercapacitor has a level of charge which is higher than
its reference, and the introduced controller properly perform in order
to discharge it. Case study 2 is similar to case study 1, but will compare

2 This feature is available in the ECOS github fork: https://github.com/
trigaut/ecos.
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Fig. 4. Test configuration.

Table 1
References.

Reference Value Reference Value

𝐸∗
𝐷𝐶 1.39 𝑒−5 kWh

𝐸∗
𝐵 270 kWh 𝑆𝑂𝐶∗

𝐵 90%
𝐸∗

𝑆 5 kWh 𝑆𝑂𝐶∗
𝑆 62.5%

Table 2
Constraints for the states variables.

Constraint Value

𝐸𝑚
𝐷𝐶 90% 𝐸𝑟

𝐷𝐶
𝐸𝑀

𝐷𝐶 110% 𝐸𝑟
𝐷𝐶

𝐸𝑚
𝐵 90 kWh

𝐸𝑀
𝐵 270 kWh

𝐸𝑚
𝑆 1.41 kWh

𝐸𝑀
𝑆 8 kWh

Table 3
Constraints for the control inputs.

Constraint Value Constraint Value

𝑃 +
𝐵 240 kW 𝑃 −

𝐵 180 kW
𝑃 +

𝑆 1000 kW 𝑃 −
𝑆 1000 kW

𝛥𝑃 +
𝐵 20 kW 𝛥𝑃 −

𝐵 20 kW

the evolution of the system in case there is no possibility to reduce the
power coming from the PV panels. Case study 3, as opposed to the other
two, will introduce a situation where the supercapacitor has a level
of charge lower than the desired one. Finally, case study 4 considers
a situation where the supercapacitor has a higher than desired initial
state of charge, with a time varying load. For every case, the possibility
to reduce the power demanded by the load if needed is considered.
As mentioned in Section 5.1, the used battery and supercapacitor have
300 kWh and 8 kWh of energy, respectively, and their references and
constraints are introduced in Tables 1–3.

5.4.1. Case study 1
Here a situation where initially the supercapacitor has a level of

charge which is higher than its reference is considered, as can be seen
in Fig. 9. The power management controller successfully let it reach
the desired value acting on the other components of the power flow,
as it is shown in Fig. 5, 7 and 8. Fig. 5 describes the behavior of
𝑃𝐵 , which is the difference of 𝑃+

𝐵 and 𝑃−
𝐵 . In particular, it is worth

noticing that the control algorithm combines two actions to let the
supercapacitor discharge in the fastest possible rate: indeed, with respect
to the constraints of the battery, the power management controller
selects both the possibility to charge more the battery and not to let
the renewables produce their maximum available power. The figures

clearly describe how the power management controller allows PV power
reduction in the meanwhile of a good charge rate for the battery in
order to discharge the supercapacitor and to let it arrive at the desired
reference of SOC (and voltage). Then, considering also the smaller
availability of power from renewables, the controller 𝐇 describes a
situation of discharge for the battery in order to provide the power
for the load. It has to be noticed that the battery discharge and charge
limits are reached; due to the small errors in the modeling of converters
between the two control levels, there can be a steady state error between
the desired battery power flow and the obtained one. The effectiveness
of the proposed controller is verified in Fig. 6: indeed, even with an
error due to the wrong modeling of the converter efficiency, the real
power output of the supercapacitor follows the predicted optimal value
even if this one is not directly implemented as reference in the low level
controller. Then, the desired level of energy in the supercapacitor is
reached as first target of the power management controller.

5.4.2. Case study 2
Here the same initial situation as in Case study 1 is considered, but

to better highlight controller robustness, the possibility to reduce power
produced by the PV is taken into consideration in the 𝐇 controller
calculation but it is not implemented in the 𝐋 controller. Then, the
remarkable difference introduced here is depicted in Fig. 13, where the
desired value of 𝐷𝑃𝑉 −𝑃𝑃𝑉 is not tracked by the real value of 𝐷𝑃𝑉 −𝑃 𝑟

𝑃𝑉 .
As a consequence, the battery will need to take more power for more
time with respect to the case 1, as depicted in Fig. 10 compared to Fig. 5.
Obviously, Fig. 11 describing the power output of the supercapacitor
will show an error between its expected value and the calculated one.
Nevertheless, the loss of such degree of freedom does not impact the
capability of the system to bring the level of energy of the supercapacitor
to the desired one, as can be seen in Fig. 14.

5.4.3. Case study 3
Here a situation where initially the supercapacitor has a level of

charge which is lower than its reference is considered, as can be seen
in Fig. 19. With such initial conditions, the supercapacitor has to be
charged; there is no need to curtail power from the PV array, as shown by
Fig. 18. For the same reasons, the battery will move to discharge mode
and then, once the level of energy into the supercapacitor is the desired
one, it will recharge itself to reach its desired level of energy. Therefore,
it moves to a discharge mode as a consequence of the decrease of the
PV power (see Fig. 15). Fig. 16 shows the effective tracking of the
supercapacitor power output with respect to its reference, and it ends
up on the reaching and the keeping of the desired level of energy (see
Fig. 19).
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Fig. 5. Case 1—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃 𝑟
𝐵 implemented by the low level controller in the SimPowerSystems simulation

(blue line).

Fig. 6. Case 1—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃 𝑟
𝑆 implemented by the low level controller in the SimPowerSystems simulation

(blue line).

Fig. 7. Case 1—The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.
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Fig. 8. Case 1—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 −𝑃𝑃𝑉 (dotted red line with circles) and the 𝐷𝑃𝑉 −𝑃 𝑟
𝑃𝑉

implemented by the low level controller in the SimPowerSystems simulation (blue line).

Fig. 9. Case 1—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).

Fig. 10. Case 2—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃𝐵 implemented by the low level controller in the SimPowerSystems
simulation (blue line).
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Fig. 11. Case 2—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃𝑆 implemented by the low level controller in the SimPowerSystems
simulation (blue line).

Fig. 12. Case 2 - The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.

Fig. 13. Case 2—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 − 𝑃𝑃𝑉 (dotted red line with circles) and the
𝐷𝑃𝑉 − 𝑃 𝑟

𝑃𝑉 implemented by the low level controller in the SimPowerSystems simulation (blue line).
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Fig. 14. Case 2—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).

Fig. 15. Case 3—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃𝐵 implemented by the low level controller in the SimPowerSystems
simulation (blue line).

Fig. 16. Case 3—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃𝑆 implemented by the low level controller in the SimPowerSystems
simulation (blue line).
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Fig. 17. Case 3—The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.

Fig. 18. Case 3—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 − 𝑃𝑃𝑉 (dotted red line with circles) and the
𝐷𝑃𝑉 − 𝑃 𝑟

𝑃𝑉 implemented by the low level controller in the SimPowerSystems simulation (blue line).

Fig. 19. Case 3—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).
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Fig. 20. Case 4—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃𝐵 implemented by the low level controller in the SimPowerSystems
simulation (blue line).

5.4.4. Case study 4
Case study 4 has initial conditions similar to the ones of case studies

1 and 2, with the state of charge of the supercapacitor which is higher
than its desired reference. To better validate the proposed optimization
strategy, a more complex scenario is introduced. Indeed, both the
profiles for PV power and load power are time-varying, and a pulse
of about 50% of the current value is introduced in the load profile.
To better underline the effectiveness of the proposed approach, the
prediction horizon for state variables and control inputs is reduced to 5
time steps. Moreover, a higher penalization is given to the possibility to
curtail the PV power. The proposed load profile is depicted in Fig. 22;
in the same figure, it is shown that also in this case study there is no
need to partially cut the demanded load. Figs. 20, 21 and 23 complete
the description of the power profiles of the devices. Fig. 24 shows that
the proposed optimization strategy fulfill the target to provide power to
the load and in the meanwhile maintain a desired state of charge in the
supercapacitor, even when the profiles of PV and load power generates
more complex scenarios. Indeed, the energy level is not the desired one
only when a high power unbalance takes place and the battery is forced
not to have high variations. However, the optimization strategy succeeds
to restore the desired set of circumstances.

5.4.5. Case studies comparison
All the considered cases show the capability of the system to perform

well in the possible range of situations, even in case of errors due to
modeling of parameters, as the efficiency, or of the available degrees of
freedom, as in the case of unavailability to curtail PV power. Figs. 25
and 27 show the stability of the DC grid, which is ensured by the low
level controllers in each case study: the variations on the value of the
power load depends on the voltage DC grid variations. Except for the
start-up, the voltage values are always inside an accepted limits for the
variations, i.e. the expected values plus or minus 10%.

It must to be noticed that the peaks taking place for the power 𝑃𝑆
in transient time are due to the fast reply of the implemented low level
controllers, simulated in detailed switched models, with no filters acting
to reduce them. A comparison with respect to the behavior of 𝑃𝐵 can
better highlight how the target to enlarge battery lifetime is reached,
since no overshoot or undershoot that can harm it are introduced in
such curves due to the limitations on power variations. In real situations,
other electronic devices acting as filters will be introduced in case the
physical properties of the materials could not support such spikes.

A point that has to be highlighted is that, thanks to the hypothesis
on the correct sizing of the different components of the DC MicroGrid,

there is no need to shut down a part of the load (see Figs. 6, 11, 16 and
21).

Finally, the last comparison among the proposed power management
controllers is the needed computation time. As explained in Section 5.3,
the above described simulations have been implemented in a rather
powerful computer, in charge of both simulations of the low and the
high levels of control. Figs. 26 and 27 describe the time needed by the
power management to solve the optimization problem at each call. As
it is possible to see, such problem is almost everywhere solved with a
computational time that can be neglected with respect to the considered
step time.

5.5. Experimental results

As described in Section 5.4, the proposed power management con-
troller performs well when it is implemented in a computer with good
performances. Target here will be to show that it can be implemented
also in a low cost hardware, with a reasonable loss of performances with
respect to the challenging considered time steps. As already described,
the Raspberry Pi in Fig. 28 has been chosen to check such controller
feasibility. Fig. 28 depicts the whole experimental setup: the Raspberry
Pi implements the high level controller, and it is connected through a
LAN and an ethernet cable to another computer performing simulations
of the electrical grid using SimPowerSystems. The low level controllers
are calculated according to the set points received from the higher
controller. As mentioned in Section 4.2, a MIQP equivalent MISOCP
problem is coded for allowing the Raspberry Pi utilization.

The optimization in the Raspberry Pi is performed in real time, while
the simulation of the electrical grid in Simulink SymPowerSystems is
10 to 100 times slower than the real time. Except for the initialization
step, where the high level controller values are supposed to be given,
in Simulink time (hence 10 to 100 real time seconds) for each step
k of the Raspberry Pi time the measurements of the state are sent to
the Raspberry Pi and a clock timer is launched. The optimization is
performed in the Raspberry Pi and the obtained reference values are
transmitted back to Simulink: as a consequence, the aforementioned
timer is stopped and its value is stored. Using delay blocks, the provided
references are then applied only after a Simulink time equivalent to the
value of the clock timer, which considers the Raspberry Pi computa-
tional and transmission time. The obtained system is then emulating a
real-time one. The choice to let the lower level system use the references
as if the higher level controller was instantaneous has been done to
the purpose to operate a proper comparison among the simulations
(where the high level controller can be considered as instantaneous)
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Fig. 21. Case 4—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃𝑆 implemented by the low level controller in the SimPowerSystems
simulation (blue line).

Fig. 22. Case 4—The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.

Fig. 23. Case 4—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 − 𝑃𝑃𝑉 (dotted red line with circles) and the
𝐷𝑃𝑉 − 𝑃 𝑟

𝑃𝑉 implemented by the low level controller in the SimPowerSystems simulation (blue line).
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Fig. 24. Case 4—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).

Fig. 25. The DC grid voltage (blue lines) with respect to its reference (dotted red lines) in the case studies 1, 2 and 3, respectively.

Fig. 26. The power management controller response time for the case studies 1, 2 and 3, respectively, when it has been implemented in a computer with 16Go of RAM and a Intel
i7-7700k @4.2 GHz CPU.
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Fig. 27. The DC grid voltage (blue lines) with respect to its reference (dotted red lines) in the case study 4 and power management controller response time.

Fig. 28. The experimental setup; a Raspberry Pi implementing the high level controller connected through LAN and an ethernet cable to another computer performing simulations of
the electrical grid using SimPowerSystems and implementing the low level controllers according to the set points received from the higher controller.

and the experimental test. The choice to impose a maximum value of
0.5 s for the computational time has been done to relax the constraints
on the transmission time, and for allowing not to consider bandwidth
problems since the data exchanged are few bytes through an ethernet
connection and the missing 0.5 s are sufficient to ensure a successful
data transmission.

The considered scenarios here are the Case Studies 1 and 3, respec-
tively for the Experimental setup 1 and 2, in order to cover both the case
of need of charge and discharge for the supercapacitor. Upper discharge
bounds for the battery are set to 360 kW.

Fig. 29 depicts the response time of the power management; as it
is possible to see, most of the time it is below the threshold of 0.5 s (in
violet), which has been set as the maximum limit for the calculations. In
case it is reached, the controller then sends one of the feasible solutions
it has found at that time; it is important to be noticed that it probably
is not the optimal one. Taking a look together at Fig. 29, 32 and 37, the
correlation between the high step variation in the load power demand
and the related higher computational time clearly appears. As for the
simulation results described in Section 5.4.5, the peaks taking place for
the power 𝑃𝑆 in Figs. 31 and 36 in transient time are due to the fast
reply of the implemented low level controllers, simulated in detailed
switched models, with no filters acting to reduce them. The choice not
to implement such filters has been done to better validate the proposed
power management controller, which results robust to the fast variation
due to the secondary effects as parasitic currents or perturbation acting
on the DC grid. The same small perturbations acting on the DC grid and
creating its voltage variation generate the perturbations on the DC load,
as depicted in Figs. 32 and 37.

Then, as a consequence, the solution provided in correspondence of
such requests are not optimal, as seen for example in Figs. 30 and 33,
where, around the 40 s, the controller chooses to curtail PV power while
a better option would have been not to do it in order to increase the
power charge ratio. Also, that generates a discharge power output for
the supercapacitor, which then stops its energy level reference tracking
(see Fig. 34). Similar error rises in Experimental test 2.

In the considered conditions, for both the experimental tests the
power management controller is still able to manage the optimiza-
tion problem such to recover energy from the renewable source, to
charge/discharge the supercapacitor in order to have the desired level
of energy to ensure the highest degree of controllability for the system,
and to charge the battery in case of available power.

Tables 4 and 5 help the reader in making a proper comparison
among the results obtained in the different proposed tests. Since the
proposed situations differ in initial condition and acting disturbances,
a numerical comparison is not possible: however, Table 4 allows for
an easier comparison of the developed test on each single variable, and
Table 5 describes how the whole targets are successfully reached in each
test.

6. Conclusions

In this paper, a dynamic power management controller for a DC
MicroGrid is introduced, to the purpose to calculate the references to
be given to the lower level controllers of the real devices in charge of
physically acting on the system ensuring grid stability, both in voltage
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Fig. 29. The power management controller response time for the considered cases, respectively, when it has been implemented in the Raspberry Pi.

Fig. 30. Exp 1—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃𝐵 implemented by the low level controller in the SimPowerSystems simulation
(blue line).

Fig. 31. Exp 1—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃𝑆 implemented by the low level controller in the SimPowerSystems simulation
(blue line).
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Fig. 32. Exp 1—The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.

Fig. 33. Exp 1—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 −𝑃𝑃𝑉 (dotted red line with circles) and the 𝐷𝑃𝑉 −𝑃 𝑟
𝑃𝑉

implemented by the low level controller in the SimPowerSystems simulation (blue line).

Fig. 34. Exp 1—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).
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Fig. 35. Exp 2—The calculated optimal value of 𝑃 +
𝐵 and 𝑃 −

𝐵 is represented by 𝑃𝐵 (dotted red line), and the 𝑃𝐵 implemented by the low level controller in the SimPowerSystems simulation
(blue line).

Fig. 36. Exp 2—The calculated optimal value of 𝑃 +
𝑆 and 𝑃 −

𝑆 is represented by 𝑃𝑆 (dotted red line), and the 𝑃𝑆 implemented by the low level controller in the SimPowerSystems simulation
(blue line).

Fig. 37. Exp 2—The power 𝐷𝐿 demanded by the load and the calculated power 𝑃𝐿 to be shut down from it.

77



A. Iovine, T. Rigaut, G. Damm et al. Control Engineering Practice 85 (2019) 59–79

Fig. 38. Exp 2—The available power 𝐷𝑃𝑉 from the renewables (yellow dotted line with stars), the calculated optimal reference 𝐷𝑃𝑉 −𝑃𝑃𝑉 (dotted red line with circles) and the 𝐷𝑃𝑉 −𝑃 𝑟
𝑃𝑉

implemented by the low level controller in the SimPowerSystems simulation (blue line).

Fig. 39. Exp 2—The SOC and voltage of the supercapacitor (blue line) with respect to their reference values (dotted red line).

Table 4
A summary of the proposed tests with respect to the figures describing them.

Test 𝑃 𝐵 𝑃 𝑆 𝑃 𝐿 𝑃 𝑃𝑉 SOC CPU

Sim1 Fig. 5 Fig. 6 Fig. 7 Fig. 8 Fig. 9 Fig. 26
Sim2 Fig. 10 Fig. 11 Fig. 12 Fig. 13 Fig. 14 Fig. 26
Sim3 Fig. 15 Fig. 16 Fig. 17 Fig. 18 Fig. 19 Fig. 26
Sim4 Fig. 20 Fig. 21 Fig. 22 Fig. 23 Fig. 24 Fig. 27
Exp1 Fig. 30 Fig. 31 Fig. 32 Fig. 33 Fig. 34 Fig. 29
Exp2 Fig. 35 Fig. 36 Fig. 37 Fig. 38 Fig. 39 Fig. 29

Table 5
A summary of the reached targets in the different proposed tests.

Sim1 Sim2 Sim3 Sim4 Exp1 Exp2

Problem feasibility ✓ ✓ ✓ ✓ ✓ ✓

PV: stored power ✓ ✓ ✓ ✓ ✓ ✓

DC load correctly fed ✓ ✓ ✓ ✓ ✓ ✓

Supercap: reached reference ✓ ✓ ✓ ✓ ✓ ✓

DC grid stability ✓ ✓ ✓ ✓ ✓ ✓

and power balance sense. A receding horizon technique is utilized in
order to use prediction of the disturbances acting on the system and to
make the state variables reach the desired values.

The developed controller allows to take into account the different
characteristics and constraints of several physical devices composing the

grid and to use current and predicted information about power flowing
to load or from renewables. The results show that the control strategy
correctly fits the target to describe and predict the power flow of a DC
MicroGrid and then that the obtained optimized power references can be
used by the low level controller to ensure grid stability. The developed
controller is shown to perform well even when it is implemented in
a low cost hardware, which makes it interesting for a large variety of
applications. The obtained good performances allow for a revisiting
of the nowadays adopted primary level controllers, envisaging the
possibility to obtain better results using the optimal control approaches
that are only used at higher level.

The proposed scheme fills an important gap of intermediate level
controllers happening now. Most solutions found in literature are based
on simple heuristic solutions for power management that satisfies the
power flow, and in general the lifespan of the battery is neglected,
leaving most of the power equilibrium duty to it. The proposed scheme
is fast enough to be implemented between the EMS and the low level
controllers, and then it avoids current oversizing of components that
is a consequence of such poor heuristic schemes. Moreover, 𝐇 and 𝐋
controllers together present a stable framework for the EMS that can
then just deal with economic and communicating aspects, without any
concern about physical ones.
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