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Abstract— In this paper, the aggregation and implementation of a new energy management method in a microgrid
power system is presented. Energy management is based on the use of a hybrid storage system. The Ultra
Capacitors are used for facing high frequency variation of the load, such as in transient state, while batteries are in
charge of slow load /source variations. Early ageing of the batteries is therefore avoided. The advanced control
system proposed in this study allows choosing a suitable storage element in order to face the
production/consummation variation correctly. The whole system, including a PV generator, hybrid storage system
and realistic load, all connected to a common DC-bus, is first modeled. The simulations using Matlab are then
carried out to confirm the good performances of the proposed energy management and associated control system.
Keywords— Energy management, hybrid power system, microgrid, photovoltaic.

I.

INTRODUCTION

The last generation of power systems consists of large power plants that are usually located
far from consumption points. The generated power must be transferred through long and
expensive transmission lines. In this case, control centers are required to continuously ensure
the quality of the power, voltage and frequency [1]. Nevertheless, in the near future, this
procedure will be changed because of the increasing number of interconnected microgrids [2].
A microgrid is a small grid with multiple Distributed Generators (DGs), Energy Storage
System (ESS) and loads. In practice, microgrids can operate either in a grid-connected or
islanded mode, with a possibility of seamless transitions between them [3].
Nowadays, islanded microgrids have been used in applications like avionic, automotive,
marine, residential and rural areas [4], [5]. In these applications, generally different sources
and loads are connected to a common bus. In such embedded or safety critical applications, a
high level of system reliability is mandatory [6]. One of the most important issues affecting
the reliability of the system is the energy balance of the common bus. To ensure energy
balance between sources and loads in a system, an effective energy management strategy is
required.
Several papers have studied energy management methods in microgrids [4], [5], [7]-[10]. In
these works, different types of energy sources, such as wind energy, fuel cell, photovoltaic
and micro turbine are considered. But, due to the decrease in its installation cost in recent
years, photovoltaic (PV) generation has emerged as one of the major DG sources and is
widely used in microgrids [1], [11]-[13]. However, the intermittent behavior of the sun
irradiation makes the PV generation an uncertain power source. The major challenge to use
the photovoltaic system as a main power supply is that PV power is not available during night
and cloudy days. That is why the integration of the ESS is needed to reduce the uncertainty of
the renewable generation and to enhance the stability and reliability of such microgrids [7].
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On the other hand, DC microgrids are more efficient and interesting because DC generators
and storages do not need AC-DC converters for being connected to dc microgrids.
In this paper, an energy management strategy is studied and verified by means of simulation
on a DC microgrid. The studied power system consists of a PV source, a battery pack, an ultra
capacitor and some different loads, which are also connected to a common DC bus.
In the following section, the studied microgrid is first introduced. In section III, the system
modeling is explained and detailed. The energy management strategy and system control are
presented in section IV. Simulation results, which validate the performances of the proposed
method, are presented in section V. The paper is finalized by some conclusions in section VI.
II.

SYSTEM DESCRIPTION

The studied DC microgrid is shown in Fig. 1. This system consists of a photovoltaic (PV
source) and hybrid storage system and some loads, which are connected to a common DC
bus. A mono-directional boost converter is used in order to connect the PV source to the DC
bus. This converter has two roles in the system: first, it steps the voltage of the PV up to the
DC bus voltage; and secondly it allows achieving the maximum produced power by applying
a MPPT (Maximum Power Point Tracking) algorithm. The Ultra Capacitor (UC) has fast
dynamics, so it can be added to smooth fast fluctuations of the PV power and the loads in
short-term (from seconds to minutes). The UCs are connected to the DC bus through a bidirectional DC-DC converter to ensure the DC bus voltage stability. The dynamic of the
battery pack is slower than that of the UC. Therefore, batteries are used to smooth the
difference between the PV produced power and load demand in long-term (from minutes to
hours).
Battery
B
at
.

DC-DC

DC bus

Ultracapacitor
DC-DC

Converter

Loads

PV Source
DC-DC

Fig. 1. Studied microgrid

As it is mentioned earlier, the stability of the system can be affected by losing the
instantaneous balance between supply and load. Therefore, an energy management algorithm
is needed. System modeling and system control are detailed in the following sections.
III.

SYSTEM MODELING

A. Photovoltaic Module
A real PV generator consists of the whole assembly of solar cells, connections, protective
parts and supports. This paper only focuses on the cell/module/array modeling. Solar cells are
based on a p-n junction fabricated in a thin wafer or layer of semiconductor (usually silicon);
and its I-V output characteristic is exponentially similar to that of a diode. Therefore, the
simplest equivalent circuit of a solar cell which many papers address is a current source in
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parallel with a diode. The output of the current source is directly proportional to the light
falling on the cell (photocurrent (Iph)). The increasing sophistication, accuracy and complexity
can be introduced to the model by adding such parameters as the temperature dependence of
the diode saturation current and the photo current (Iph), series resistance Rs, shunt resistance
Rsh and diode quality factor n [14]-[16]. In this paper, a model of moderate complexity was
used as shown in Fig. 2a. The net current I is the difference between the photo current Iph and
the normal diode current ID:
1

(1)

where m is the idealizing factor, k is the Boltzmann’s gas constant, Tc the absolute
temperature of the cell, q the electron charge and I0 the dark saturation current, which strongly
depends on temperature. A PV module is made of some PV cells, which are encapsulated
with various materials to protect cells and electrical connectors from the environment.
Normally, manufacturers propose PV cells in modules consisting of NMP parallel branches,
each with NMS solar cells in series. A series-parallel composition of some PV modules makes
a PV array.
B. Ultra Capacitor
Among the models presented in the scientific literature, the model proposed by Zhang and Yu
in [17] is used in this paper. Fig. 2b shows this model. In this model, the current iUC is used as
an input; and it limits the UC operation in safe area (between the high and low voltage limits).
This model consists of three parameters: a capacitance CUC, an equivalent series resistance
RUCS representing the charging and discharging resistance, and an equivalent parallel
resistance RUCP representing self-discharging losses. The voltage vUCi over the capacitance
CUC is the open-circuit voltage.
C. Battery Pack
Various battery models are published in the literature. A commonly used one was proposed in
[7], [17] and [18] as shown in Fig. 2c. The relationship among the battery terminal voltage
vbat, open-circuit voltage Vemf, charge/discharge current ibat, internal resistance R1 and a
parallel RC circuit which illustrates charge transfer and the diffusion between the electrode
and the electrolyte [7], [18] is expressed by (2):
(2)
In (3), the battery SOC (State Of Charge) as a function of SOC0, Abat and ibat, the initial value
of battery SOC, the battery capacity and current is provided.
(3)
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Fig. 2. a) Equivalent circuit of a solar cell, b) ultra capacitor model, c) battery model

IV.

ENERGY MANAGEMENT STRATEGY AND CONTROL

To stabilize the DC bus voltage and control the studied microgrid (presented in Fig. 1), a
global control loop for system energy management is proposed. This control is based on DC
bus energy balancing. Since the PV source of the system has a slow dynamic and uncertainty
in energy production, a fast load variation may lead to a high under/over voltage in the DC
bus and affect the controllability of the system. Therefore, applying a suitable control on the
UC efficiently controls DC bus voltage during fast load variations.
To control and optimize energy management in DC networks, some methods have been
presented in the literature [3], [7], [13], [19] and [20]. In this paper, classic ProportionalIntegral (PI) controllers are used to control the system. To optimally manage the energy flows
between various components in a DC microgrid, the following basic requirements should be
considered:
 The instantaneous algebraic sum of all powers in and out of the DC bus must be zero.
 The PV source is connected to DC bus via a boost converter controlled by a MPPT
algorithm.
The strategy of energy management and related control system proposed in this paper will be
explained in the following sections.
A. DC Bus Voltage Control
A synoptic of the studied microgrid and the DC bus voltage control is shown in Fig. 3. The
energy of the DC bus (ydc) varies according to the power consumed or supplied by the
connected subsystems. If we maintain constant ydc, the DC bus voltage can be regulated to its
set value (Vdcref). Recall that the power of the PV source depends on irradiation and
temperature which are controlled by MPPT. The control strategy used for the battery pack and
the UC has different dynamics and objectives:
 The UC, which is the fastest energy storage element, is responsible for regulating the
DC bus when a rapid change appears in the load.
 The battery pack is supposed to regulate the energy stored in the UC.
As Fig. 3 shows, DC voltage control consists of two loops. The outer loop’s role is to regulate
the energy ydc, while the inner loop regulates the current iuc of the UC (see Fig. 3). The stored
energy in the DC bus capacitor is defined by the following equation:

© 2016 Jordan Journal of Electrical Engineering. All rights reserved ‐ Volume 2, Number 1

5

(4)
As we have already mentioned, the sum of all powers in and out of the DC bus must be zero
at any time. The derivative of the ydc may be expressed by (5). The ppv, pbat, puc and pL are
powers provided (or absorbed) by the PV, the battery, the UC and the load respectively.
(5)
The reference value of the UC’s power (pucref), which compensates rapid load variations, can
be expressed as in (6), where the puc/dc is the power that must be provided (or stored at a given
time) by the UC. This assures the DC bus energy (ydc) regulation.
(6)

/

To calculate the reference of the UC’s current (iucref), puc/dc is divided by the voltage measured
at the UC.
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Fig. 3. Detailed HDCPS with the converters control

B. Ultra Capacitor Energy Control
According to the control strategy previously established, the battery pack regulates the energy
of the UC as follows:

6

© 2016 Jordan Journal of Electrical Engineering. All rights reserved ‐ Volume 2, Number 1

(7)
For this, a control architecture including two loops is proposed. The outer loop is responsible
for the regulation of energy yuc stored in the UC, whereas the inner loop is used to regulate the
current of the battery at its set-point value. The control method is similar to that used for the
control of the ydc. Fig. 3 shows the control strategy.
C. PV Maximum Power Extraction and Control
In order to optimize the operation of a PV source, it is important to follow the maximum
power by a MPPT algorithm. The search for the optimal operating point of a PV by
optimization techniques is relatively complex because the characteristic of the cells is highly
dependent on solar irradiation and ambient temperature. In recent years, several MPPT
methods have been published [7], [21]-[25]. Among these methods is the P&O algorithm
(Perturb and Observe). This method is based on the principle of a small amplitude voltage
disturbance vpv of its initial value, which directly influences the duty cycle of the PV’s DCDC converter. This method is described by the flowchart shown in Fig. 4.
Start
Measured vpv(k) & ipv(k)

ppv(k)=vpv(k) *ipv(k)
Yes

ppv(k)=ppv(k-1)
No

No

Yes

ppv(k)-ppv(k-1)>0

vpv(k)-vpv(k-1)>0

Decrease Vpv-ref
Vpv-ref=Vpv-ref -ΔVpv

vpv(k)-vpv(k-1)>0
No

No

Increase Vpn-ref
Vpv-ref=Vpv-ref +ΔVpv

Yes

Yes

Increase Vpv-ref
Vpv-ref=Vpv-ref +ΔVpv

Decrease Vpn-ref
Vpv-ref=Vpv-ref -ΔVpv

ppv(k-1)=ppv(k)
vpv(k-1)=vpv(k)

Fig. 4. P&O method for the MPPT [25]

As illustrated in Fig. 3, after setting the reference value of the vpv by MPPT algorithm, the PV
converter control system is generated through a PI controller and a PWM block. To determine
the controller parameters by using average modeling for each part of the system, a transfer
function is defined. Then, the controller parameters are found through Bode diagram of the
closed loop control.
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SIMULATION RESULTS BASED ON A RESIDENTIAL LOAD PROFILE

In this section, simulation results are provided to verify the validity of the proposed energy
management approach. The system is emulated under MATLAB-SimPowerSystems
environment. The system parameters are given in Table 1.
TABLE 1
SYSTEM PARAMETERS

Ultra
Capacitor

Photovoltaic

Battery

LUC
RUC
CUC
RUCS
RUCS
LPV
RPV
CPV
Number of PV panels
Lbat
Rbat
Vemf
R1
R2
Cb
Number of batteries

2mH
0.5Ω
165F
3.85mΩ
100kΩ
9mH
0.8Ω
40mF
3(serie)*6(parallel)
2mH
0.7Ω
20.15V
94.2Ω
73.6mΩ
4581F
4

First, the PV modeling and the MPPT algorithm performances are validated. Fig. 5 shows the
P-V and I-V characteristics of the modeled PV with different solar irradiation. The obtained
results correspond to the BP 3170 photovoltaic module of the BP solar company. P&O MPPT
is applied to a 170W module; and the obtained PV module voltage and output power can be
seen in Fig. 6. In this example, the solar irradiation is 1000W/m2 and the temperature is 25°C.
As this figure shows, the algorithm is initiated at 31V and progressively converges towards
the power peak. Once the Maximum power point (MPP) is attained, the Vpv oscillates around
the MPP voltage.
I(A)

P(W)
1000 W/m²

1000 W/m²
800 W/m²

1000 W/m²
800 W/m²

800 W/m²
400 W/m²

400 W/m²

V(V)

400 W/m²

V(V)

Fig. 5. (Right) P-V (Left) I-V output characteristics with different solar irradiations

Secondly, to validate the proposed energy management strategy for the studied microgrid, the
DC bus voltage reference is fixed to 200V. The implemented profile of the residential load is
focused on the summer season as it is presented in the first curve (iload) of Fig. 7. This figure
presents the hourly average power consumption by domestic appliances during 24 hours. DC
bus voltage is presented in the top of Fig. 8. It is the same as the reference voltage regardless
of the load’s variations.
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Vpv(V)
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t(s)

Fig. 6. Evaluation of P&O MPPT voltage and power

iLoad(A)

iuc(A)

ibat(A)

ipv(A)

t(h)
Fig. 7. From up to down: summer residential load profile, UC, battery pack and PV current

In reality, the daily solar irradiation has the general shape of a curve called "bell", which is
modeled here by a Gaussian curve of (8). That is why the PV panel current is null from 17h00
to 6h00 in Fig.7. Out of this time interval, the PV provides the possible maximum power and
supplies the DC bus as shown in Fig.9. Corresponding to solar energy variation, Pmax of PV
has been also varied. As Fig. 8 illustrates, the MPPT algorithm increases progressively Vpv
and converges towards the MPP voltage to achieve the power peak.
1000

(8)
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vdc(V)

vuc(V)

vbat(V)

vpv(V)

t(h)
Fig. 8. From up to down: DC-bus, UC, battery pack and PV voltage

pLoad(W)

puc(W)

pbat(W)

ppv(W)

t(h)
Fig. 9. From up to down: power of load, DC-bus, UC, battery pack and PV

As it has been already mentioned, the UC is responsible for the rapid load and PV energy
variations. Fig. 7 shows that, the UC current perfectly compensated the rapid variation either
from the load profile or from the PV. This action of the UC allows having a constant DC bus
voltage. The battery pack which has a slower dynamic compared to the UC supplies or
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absorbs the required energy to smooth the difference between the PV produced power and
load demand in longer time, as shown in Fig. 7 and Fig. 9. From 10h00 to 14h00, the PV
production is more than the load demand; thus, the battery absorbs and stocks energy. That is
why the ibat and Pbat are negative in this time interval (in Fig. 7 and Fig. 9). The battery also
controls the UC voltage around its nominal voltage (see Fig. 8).
Finally, the simulation results show the performances of the proposed energy management
approach. The DC bus voltage is fixed at its reference; the PV maximum power is extracted;
and the UC is perfectly replayed to rapid energy variations.
VI.

CONCLUSION

This paper presents the energy management in a stand-alone DC microgrid. The studied
system consists of a photovoltaic as a main renewable energy source. In order to smooth the
load and PV production variations, an ultra capacitor and a battery pack are used. The UC,
due to its rapid dynamic, is responsible for regulating DC bus voltage during fast power
variations. The battery pack compensates the difference between PV production and load
demanded power in the long term. An energy management based on energy balance on DC
bus capacitor is proposed in this paper. Proportional-Integral controllers are used in order to
control the system and achieve energy management objectives. Finally, the performances of
the proposed method are validated by simulations.
REFERENCES
[1] P. Quintana, J. Guerrero, T. Dragicevic and J. Vasquez, "Control of single-phase islanded
pv/battery minigrids based on power-line signaling," Multi-Conference on Systems, Signals
Devices (SSD), pp. 1-6, 2014.
[2] J. Guerrero, M. Chandorkar, T. Lee and P. Loh, "Advanced control architectures for intelligent
microgrids-part I: decentralized and hierarchical control," IEEE Transaction on Ind. Electronics,
vol. 60, no. 4, pp. 1254-1262, 2013.
[3] K. Rahbar, J. Xu and R. Zhang, "Real-time energy storage management for renewable integration in
microgrid: An off-line optimization approach," IEEE Transaction on Smart Grid, vol. 6, no. 1, pp.
124-134, 2015.
[4] S. Dusmez, A. Hasanzadeh and A. Khaligh, "Comparative analysis of bidirectional three-level dcdc converter for battery/ultracapacitor automotive applications," IEEE Transaction on Industrial
Electronics, vol. 62, no. 5, pp. 3305-3315, 2014.
[5] P. Thounthong, A. Luksanasakul, P. Koseeyaporn and B. Davat, "Intelligent model-based control of
a standalone photovoltaic/fuel cell power plant with supercapacitor energy storage," IEEE
Transaction on Sustainable Energy, vol. 4, no. 1, pp. 240-249, 2013.
[6] E. Jamshidpour, B. Nahid-Mobarakeh, P. Poure, S. Pierfederici, F. Meibody-Tabar and S. Saadate,
"Distributed active resonance suppression in hybrid dc power systems under unbalanced load
conditions," IEEE Transaction on Power Electronics, vol. 28, no. 4, pp. 1833-1842, 2013.
[7] A. Tani, M. Camara and D. Brayima, "Energy management in the decentralized generation systems
based on renewable energy-ultracapacitors and battery to compensate the wind/load power
fluctuations," IEEE Transaction on Industry Applications, vol. 51, no. 2, pp. 1817-1827, 2014.

© 2016 Jordan Journal of Electrical Engineering. All rights reserved ‐ Volume 2, Number 1

11

[8] J. Torreglosa, P. Garcia, L. Fernandez and F. Jurado, "Predictive control for the energy management
of a fuel-cell-battery-supercapacitor tramway," IEEE Transaction on Industrial Informatics, vol.
10, no. 1, pp. 276-285, 2014.
[9] R. J. Wai, S. J. Jhung, J. J. Liaw and Y. R. Chang, "Intelligent optimal energy management system
for hybrid power sources including fuel cell and battery," IEEE Transaction on Power
Electronics, vol. 28, no. 7, pp. 3231-3244, 2013.
[10] I. B. Salah, B. Bayoudhi and D. Diallo, "EV energy management strategy based on a single
converter fed by a hybrid battery/supercapacitor power source," International Conference on
Green Energy, pp. 246-250, 2014.
[11] D.Wu, F. Tang, T. Dragicevic, J. Vasquez and J. Guerrero, "Autonomous active power control for
islanded ac microgrids with photovoltaic generation and energy storage system," IEEE
Transaction on Energy Conversion, vol. 29, no. 4, pp. 882-892, 2014.
[12] D. Lu, T. Zhou, H. Fakham and B. Francois, "Design of a power management system for an active
pv station including various storage technologies," Power Electronics and Motion Control
Conference, pp. 2142-2149, 2008.
[13] A. Dizqah, A. Maheri, K. Busawon and A. Kamjoo, "A multivariable optimal energy management
strategy for standalone dc microgrids," IEEE Transaction on Power Systems, vol. 30, no. 5, pp.
2278 - 2287, 2014.
[14] D. Jena and V. Ramana, "Simple and accurate method of modeling photovoltaic module: a
different approach," International Conference on Green Computing, Communication and
Conservation of Energy, pp. 465-469, 2013.
[15] P. Suskis and I. Galkin, "Enhanced photovoltaic panel model for matlabsimulink environment
considering solar cell junction capacitance," Annual Conference of the IEEE Industrial
Electronics Society, pp. 1613-1618, 2013.
[16] A. Durgadevi, S. Arulselvi and S. Natarajan, "Photovoltaic modeling and its characteristics,"
International Conference on Emerging Trends in Electrical and Computer Technology, pp. 469475, 2011.
[17] H. Yu, R. Lu, T. Wang and C. Zhu, "Battery ultra-capacitor hybrid energy storage system used in
HEV," Journal of Asian Electric Vehicles, vol. 8, no. 1, pp. 1351-1356, 2010.
[18] J. Jang and J.-Y. Yoo, "Equivalent circuit evaluation method of lithium polymer battery using
bode plot and numerical analysis," IEEE Transaction on Energy Conversion, vol. 26, no. 1, pp.
290-298, 2011.
[19] D. Velasco de la Fuente, C. Rodriguez, G. Garcera, E. Figueres and R. Gonzalez, "Photovoltaic
power system with battery backup with gridconnection and islanded operation capabilities," IEEE
Transaction on Industrial Electronics, vol. 60, no. 4, pp. 1571-1581, 2013.
[20] H. Yin, C. Zhao, M. Li and C. Ma, "Utility function-based real-time control of a battery
ultracapacitor hybrid energy system," IEEE Transaction on Industrial Informatics, vol. 11, no. 1,
pp. 220-231, 2015.
[21] E. Bianconi, J. Calvente, R. Giral, E. Mamarelis, G. Petrone, C. Ramos-Paja, G. Spagnuolo and M.
Vitelli, "A fast current-based mppt technique employing sliding mode control," IEEE Transaction
on Industrial Electronics, vol. 60, no. 3, pp. 1168-1178, 2013.

12

© 2016 Jordan Journal of Electrical Engineering. All rights reserved ‐ Volume 2, Number 1

[22] H. Renaudineau, F. Donatantonio, J. Fontchastagner, G. Petrone, G. Spagnuolo, J. P. Martin and S.
Pierfederici, "A pso-based global mppt technique for distributed pv power generation," IEEE
Transaction on Industrial Electronics, vol. 62, no. 2, pp. 1047-1058, 2015.
[23] R. Alonso, E. Roman, A. Sanz, V. Santos and P. Ibanez, "Analysis of inverter-voltage influence on
distributed mppt architecture performance," IEEE Transaction on Industrial Electronics, vol. 59,
no. 10, pp. 3900-3907, 2012.
[24] J. Raj and A. Jeyakumar, "A novel maximum power point tracking technique for photovoltaic
module based on power plane analysis of i-v characteristics," IEEE Transaction on Industrial
Electronics, vol. 61, no. 9, pp. 4734-4745, 2014.
[25] M. S. Ngan and C. W. Tan, "A study of maximum power point tracking algorithms for stand-alone
photovoltaic systems," IEEE Applied Power Electronics Colloquium, pp. 22-27, 2011.

