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Abstract

This paper presents a two-layer control strategy designed for easy integration of supercapacitors in a
grid-integrated solar photovoltaic-battery hybrid renewable system, initially controlled by a typical model
predictive control method. To operate the upgraded energy system, either without or with little modifications
of the pre-existing architecture, an additional control layer is applied at the bottom of the original control
system. Considering the complementary characteristics of batteries and supercapacitors, the design of the
new model predictive control layer and its coordination with the original one help to deliver a stable power
flow between the hybrid renewable system and the utility grid, and remove fast variations from the battery
power. Actual measurements of solar radiation in South Africa are used to test the effectiveness of the
proposed strategy. Simulations carried out on a 1-MW photovoltaic plant confirm the benefits in terms of
adherence to power quality regulations, improved conditioning of the power generated by the intermittent
renewable sources, and lifetime extension of the battery.

Keywords: Power smoothing, hybrid energy storage system, supercapacitor, model predictive control,
renewable energy.

1. Introduction

For more than a decade, grid-integration of intermittent renewables such as wind turbines and solar
photovoltaics (PVs) has proven to be an effective means to achieve progressive decarbonization of power
systems [1, 2, 3]. However, the increasing penetration of weather-dependent generation poses risks to the
reliability, stability, and economy of power supply [4, 5]. Among the proven solutions to this concern is
the inclusion of energy storage systems (ESSs) such as a battery, flywheel, supercapacitor, superconducting
magnetic energy storage, fuel-cell and pumped hydro [6, 7, 8].

Until recently, batteries were one of the most popular ESS due to their high energy density, flexibility and
scalability [8, 9]. Accordingly, a multitude of control strategies for grid-integrated hybrid renewable systems
(HRS) with a battery ESS were proposed in the literature. Besides the routine energy and power constraints
applied to batteries, a few models were also presented to reduce wear of battery caused by the current flow.
This includes minimizing a battery aging factor [10], penalizing the charge and discharge operations [11],
keeping the state of health of batteries above a threshold [12], and implementing state of charge (SoC)-
oriented control of the battery current [13]. The battery wear process can be hastened through fast/large
variations of current flow that generate excessive heat and increase the internal resistance of the battery,
causing further heating by the Joule’s effect [14, 15, 16]. Presently, owners of grid-integrated renewable
energy systems are being increasingly required by regulatory authorities to maintain a stable power profile
at the point of common coupling (PCC) to the power grid [17, 18]. Therefore, despite the existence of
wear control schemes, must handle the fluctuations introduced by intermittent renewable sources such as
PV panels.
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A cost-effective method to address the need for an EES that features fast response and long-term energy
support is to combine two or more energy storage technologies into a hybrid ESS. Among the various possible
options, the battery-supercapacitor (SC) association is presently preferred for power supply due to feasibility
and maturity reasons [19, 20, 21, 22]. Batteries have a high energy density, but low power density and slow
response speed. These characteristics are well balanced by the high power density, rapid response speed and
low energy density of SCs. The power peak enhancement, internal losses reduction and lifetime extension
achieved by a passive battery-SC hybrid ESS (energy storage devices directly mounted in parallel) were
previously established under pulsed load [23] and pulsed charging sources [24]. However, in these works, the
current sharing between the two energy storage devices is only determined by their internal voltages and
internal resistances. The power flows of the battery and the SC cannot be controlled separately since their
terminal voltages are forced to be equal at all times.

Various control strategies for power sharing between the energy storage components of a battery-SC ESS
have been proposed in the literature. DC-bus voltage-based control schemes that use the battery to regulate
the power balance in the DC grid and the SC to handle fast DC-bus voltage dynamics were presented in
[25]. A model predictive controller (MPC) for battery-SC ESS that aims at supplying/absorbing the power
allocated to the hybrid ESS, while directing the fast and slow current components to the SC and battery,
respective, was proposed in [26]. Energy losses in the SC result in increased stress levels for the battery
during power supply. An MPC scheme that minimizes the magnitude/fluctuation of the battery current and
the energy loss seen in the SC was provided in [14]. A heuristic algorithm using a modified active parallel
hybrid ESS, with SC-only connected through the DC/DC converter, was presented in [27]. In this strategy,
the paths and directions of power flow within the battery-SC ESS are determined by a number of factors,
including the power balance requirement, the terminal voltages of energy storage devices and the battery
SoC. A variable two-stage rate-limit scheme for batteries was presented in [28]. Two different rate-limits are
designed to optimize the charge/discharge rates and the amount of energy stored/released by the battery,
taking the load requirement and the settling time into account. The SC is used to complement the battery
during the transient period. Because only a few components of the energy system were involved in the
design, these controllers achieve local energy management.

Control strategies that aim to coordinate the power flow across the entire renewable energy system
have been proposed in the literature. A rule-based power management scheme for the dispatch of a PV
power plant in compliance with the Australian grid regulation was proposed in [18]. An improved model,
more robust against forecasting errors, was presented in [29]. A model predictive heuristic control that
regulates the charge/discharge power of the battery was presented in [30]. In this study, wavelet theory is
used to achieve a multi-layer decomposition of the power output of a wind generator. A control scheme
with dynamic rate limiter designed for grid-connected wave energy park was provided in [31]. The dynamic
rate limiter allows direct control over the magnitude of power variations of the battery. [32] proposed an
energy management framework for a grid-integrated concentration photovoltaic plant. A second-order filter
is developed for power allocation between the hybrid ESS components. A hierarchical dynamic optimal
model for real-time tracking of the grid power reference was proposed in [33]. These strategies mainly focus
on the control of utility-scale renewable plants, with little attention paid to the case of smaller systems,
where the presence of local demand plays a significant role in the definition of operational objectives.

Among the previous research on this topic, a hierarchical energy management framework for multiple
distributed PV-SC-load HRS with a centralized battery ESS was developed in [34]. First-order filters allow
to allocate the high-frequency power components of the net power to the SC on site, while the low-frequency
power components are direct to the centralized battery ESS. This ESS component also helps to maintain the
power balance at the PCC. [35] proposed a heuristic designed to regulate the DC-bus voltage and smooth the
power profile at the PCC. The power allocation between the ESS components is mainly determined by their
SoC. A heuristic algorithm that regulates the DC-bus voltage, and the grid voltage and frequency, taking
the grid availability and the electricity price into consideration, was presented in [36]. A heuristic algorithm
that realizes the automatic selection of the operation mode of the battery among the pre-set modes was
presented in [37]. While the SC is directly connected on the DC bus, the suitable operation mode, which
depends on the direction and amplitude of the battery current, is chosen on the basis of the PV power
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output, load demand and the battery SoC. A dynamic power sharing of excess and deficit powers between
the grid and the EES components of a PV-based HRS be means of a heuristic algorithm was proposed in
[38]. The power allocation considers the sign and magnitude of the net power, the SoC of the battery and
the SC.

The main drawback of the various methods presented so far is that, in the case of pre-existing HRS
equipped with batteries, a complete restructuring of the control system is required in order to implement
the new controller for battery-SC ESS. This may raise concerns from plant owners with respect to technical
(shut-down, decommissioning process), financial (decommissioning and disposal costs) and environmental
(disposal of material) implications. In the literature, available to the authors, only a filtration-based control
strategy for hybrid ESS retrofit in autonomous PV/battery domestic HRS was proposed in [39]. In this
control model, the high-frequency components filtered from the measured battery current are used as the set-
point for the SC, which absorbs from/feeds into the common bus through a DC-DC converter. Immediate
benefits, particularly, decreased fluctuations in the battery current and reduction in battery health cost,
were reported in this study. While the proposed solution can be also applied to grid-integrated PV-battery
HRS, significant fluctuations remained in the battery current profile despite the presence of SC. The failure
to account for the predictions of the battery current during the control of the SC can be cited among the
reasons for this situation. Moreover, no control was conducted over the current flow and the energy level of
the SC. Finally, by focusing on the battery alone, the SC provides no substantial advantage at the system
level.

This paper presents a hierarchical predictive control of a grid-integrated PV/battery HRS retrofitted
with SC. Under the existing system considered in this study, the control strategy presented in this paper
has the following advantages: (1) no re-programming is required on the existing controller, since the SC is
supervised by a new controller added in the control system; (2) reduces sudden variations in the power flow
of the battery; (3) increased utilization rate of the renewable energy; (4) Stable power flow at the PCC; and
(5) better tracking of the grid power reference.

2. Modelling of the grid-integrated hybrid power system

The HRS evaluated in this paper is illustrated in Figure 1, where the shaded area indicates the retrofitted
equipment. It comprises solar PV panels, a battery bank, a supercapacitor bank and loads. Electric power
can be absorbed from or fed into the utility grid at the PCC. Before the retrofit, the power management
unit 1 (PMU-1) ensures the control of the solar PV and the battery via their respective DC-DC converters
and the utility grid via an AC-DC inverter. A circuit breaker (CB) allows PMU-1 to connect and disconnect
the power network. After the addition of the new equipment, the command signal of the PV and the grid
is transferred to PMU-2, while the measurements are sent to both control units. Only the battery remains
under control of PMU-1. Both PMUs are supplied with forecast data of the load demand and the PV
generation. In practice, a single PMU, with sufficient computing power and memory resources, can play
the role of PMU-1 and PMU-2. In that case, no modification is required to the architecture of the original
control system.

In this study, we assume that the original HRS is controlled by an MPC scheme, designed for the purpose
of either the minimization or the maximization of an objective. An example might be to increase the self-
sufficiency and to encourage the use of solar energy, which implies minimizing the power consumption from
the grid and maximizing the power supply by the PV system. In this context, because of both the relatively
“large” control step (affecting the sampling rate of forecast data), necessary to prevent rapid variations of
the battery power, and the limited degree of freedom offered by the HRS at this stage, little attention can
be paid to the actual power quality at the PCC and the battery. The proposed retrofit with the SC aims to
address this problem and to further increase the use of solar energy. The mathematical models of the HRS
components are presented below.

2.1. Solar photovoltaic system

The solar PV system consists of solar arrays that harvest solar radiation and convert it into DC power.
The solar radiation that strikes the surface of collectors of a solar panel has three components: direct-beam
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Figure 1: Layout of the grid-integrated HRS

radiation, diffuse radiation and reflected radiation.
The PV power output Ppv,BC due to beam radiation IBC(k) that strikes the active surface of the PV

panel at sample time k is given by [40]:

Ppv,BC(k) = ηpvIBC(k)Ac, (1)

where ηpv denotes the conversion efficiency of the solar panels, and Ac denotes the total active area of the
panels. Beam radiation is translated from the direct-beam radiation IB(k) (normal to the rays) by

IBC(k) = IB(k) cos θ(k), (2)

with the incident angle θ(k) given by

cos θ(k) = cosβ(k) cos(φS(k)− φC(k)) sinψ + sinβ(k) cosψ. (3)

In (3), β(k) denotes the altitude angle, φS(k) denotes the solar azimuth angle, φC(k) denotes the azimuth
angle of the panels, and ψ denotes the tilt angle of the PV panels as shown in Figure 2.

In the absence of actual measurements of diffused radiation, an estimation of the PV power output
Ppv,DC due to this component is given by [40]

Ppv,DC(k) = ηpvCIB(k)

(
1 + cosψ

2

)
Ac, (4)

with the sky diffuse coefficient C is approximated by [40]

C = 0.095 + 0.04sin

[
360

365
(n− 100)

]
, (5)

where n denotes the number of the day in the year.
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Figure 2: Collector azimuth angle φS(k), tilt angle ψ, solar azimuth angle φS(k) and altitude angle β(k)

In the absence of actual measurements of reflected radiation, an estimation of the PV power output
Ppv,RC(k) due to this component is given by [40]

Ppv,RC(k) = ηpvρIB(k) (sinβ(k) + C)

(
1− cosψ

2

)
Ac, (6)

where ρ denotes the ground reflectance.
The total power generation of the PV panel at sample time k, denoted by Ppv(k), can be obtained by

the summation of the components given in (1), (4) and (6):

Ppv(k) = Ppv,BC(k) + Ppv,DC(k) + Ppv,RC(k). (7)

Depending on the operating conditions, the net power supply of the solar panels to the power system,
denoted by P1 in Figure 1, can vary between zero and the generated power

0 ≤ P1(k) ≤ η1Ppv(k), (8)

where η1 denotes the efficiency of the DC-DC converter of the PV system. The excess portion of Ppv is
dumped in a dissipative load (not shown in the Figure 1) whenever the set-point sent to the converter of
the PV system is such as Ppv(k) > P1(k)/η1.

2.2. Battery bank

The battery power P2 can be decomposed into charging power P+
2 and discharging power P−

2 . The
variation of the battery SoC induced by charging and discharging operations can be approximated by

SoCb(k + 1) = SoCb(k) + η2ηb,cP
+
2 (k + 1)∆T − 1

η2ηb,d
P−
2 (k + 1)∆T, (9)

where SoCb(k+1) and SoCb(k) denote the battery SoC at, respectively, sample times k+1 and k, η2 denotes
the conversion efficiency of the DC-DC converter of the battery, ηb,c and ηb,d denote charging efficiency and
discharging efficiency, respectively, and ∆T represents the sampling step. Based on (9), the battery SoC at
sample time k is expressed as a function of the initial value SoCb(0) by

SoCb(k) = SoCb(0) + η2ηb,c

k∑
τ=0

P+
2 (τ)∆T − 1

η2ηb,d

k∑
τ=0

P−
2 (τ)∆T , (10)

At any sample time k, the battery SoC is subject to

SoCb ≤ SoCb(k) ≤ SoCb, (11)
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where SoCb and SoCb are respectively the lower and upper bounds.
The battery must be operated so that the charging and discharging do not exceed their respective upper

bound Pb,ch and Pb,disch

0 ≤ P+
2 (k) ≤ Pb,ch/η2, (12)

0 ≤ P−
2 (k) ≤ η2Pb,disch. (13)

The following constraint prevents simultaneous charging and discharging of batteries

P+
2 (k)P−

2 (k) = 0. (14)

The resulting battery power P2 is given by (15)

P2(k) = P−
2 (k)− P+

2 (k). (15)

2.3. Supercapacitors

The SC power P3 can be decomposed into charging power P+
3 and discharging power P−

3 . Similarly to
the battery, the SC SoC at sample time k is expressed of in terms of the initial value SoCsc(0) by

SoCsc(k) = SoCsc(0) + η3ηsc,c

k∑
τ=0

P+
3 (τ)∆T − 1

η3ηsc,d

k∑
τ=0

P−
3 (τ)∆T , (16)

where SoCsc(k + 1) and SoCsc(k) are the SC SoC at, respectively, sample times k + 1 and k, η3 denotes
the conversion efficiency of the DC-DC converter of the SC, and ηsc,c and ηsc,d are, respectively, charging
efficiency and discharging efficiency of the SC.

At any sample time k, the SC SoC is subject to

SoCsc ≤ SoCsc(k) ≤ SoCsc, (17)

where SoCsc and SoCsc denote, respectively, the lower and upper bounds.
The charging and discharging powers of the SC cannot exceed their respective upper bounds Psc,ch and

Psc,disch, and neither take place simultaneously

0 ≤ P+
3 (k) ≤ Psc,ch/η3, (18)

0 ≤ P−
3 (k) ≤ η3Psc,disch, (19)

P+
3 (k)P−

3 (k) = 0. (20)

The resulting SC power P3 is given by (21)

P3(k) = P−
3 (k)− P+

3 (k). (21)

2.4. Utility grid

The power flow P4 between the HRS and the utility grid is composed of the power absorbed from the
grid P−

4 and the power fed into to it P+
4 . The thermal capacity of the power link between the HRS and the

grid, denoted by Ptie, should not be exceeded at all times:

P+
4 (k) ≤ Ptie, (22)

P−
4 (k) ≤ Ptie. (23)

Simultaneous power consumption from and supply to the utility grid is also prevented by

P+
4 (k)P−

4 (k) = 0. (24)

The resulting power exchange between the utility grid and the HRS is given by

P4(k) = P−
4 (k)− P+

4 (k). (25)
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3. Model predictive controllers

In order to present the proposed retrofit control approach, an MPC strategy is assumed to be imple-
mented on the existing grid-integrated HRS, which consists of PV panels, batteries, AC and DC loads. This
MPC model is provided first. The design of the new control system is conducted afterwards.

3.1. MPC of grid-integrated PV-battery HRS

In this paper, the existing HRS is managed by an MPC strategy implemented on the control unit PMU-1
as shown Figure 1. In this context, the coordination of power flow across the HRS is performed for the
purpose of either the maximization or the minimization of a performance index J that can be technical
(e.g. energy autonomy), economic (e.g. operation cost), environmental (e.g. carbon footprint), social (e.g.
comfort level), or a combination of these, and taking into consideration the various operation constraints
(e.g. power balance, power and energy bounds). In this study, we assume that the control strategy aims to
maximize both the self-sufficiency and the use of solar energy, which implies the minimization of the energy
supplied by the utility grid and the minimization of the energy dumped in the dissipative load of the PV
systems. To limit the thermal stress of the battery power, the sampling time ∆T is in the range of minutes.

In view of this and the system modeling detailed earlier, the discrete-time formulation of the MPC
strategy for the existing HRS is as follows:

min J(k) =

Np∑
i=1

[
P−
4 (k + i) +

(
η1Ppv(k + i)− P1(k + i)

)]
, (26)

subject to

P1(k + i) + P−
2 (k + i)− P+

2 (k + i) + η4P
−
4 (k + i)− P+

4 (k + i)/η4 = PL(k + i), (27a)

P−
2 (k + i)P+

2 (k + i) = 0, (27b)

P+
4 (k + i)P−

4 (k + i) = 0, (27c)

SoCb ≤ SoCb(k) + η2ηb,c

k+i∑
τ=k

P+
2 (τ)∆T − 1

η2ηb,d

k+i∑
τ=k

P−
2 (τ)∆T ≤ SoCb, (27d)

0 ≤ P1(k + i) ≤ η1Ppv(k + i), (27e)

0 ≤ P−
2 (k + i) ≤ η2Pb,disch, (27f)

0 ≤ P+
2 (k + i) ≤ Pb,ch/η2, (27g)

0 ≤ P+
4 (k + i) ≤ Ptie, (27h)

0 ≤ P−
4 (k + i) ≤ Ptie, (27i)

with i = 1, · · · , Np. Here, Np denotes the prediction horizon, η4 denotes efficiency of the inverter situated
at the PCC, and the power demand PL(k + i) at time sample k + i is given by

PL(k + i) = PL,dc(k + i) + PL,dc(k + i)/η4 (28)

Due to the nonlinearity of (27b) and (27c), the optimization problem (26) and (27) is categorized as a
nonlinear programming (NLP) to be solved at each sample time k.

3.2. Unified MPC of grid-integrated PV-battery-SC HRS

In this paper, the goals pursued by the addition of SC to the HRS are threefold: (1) to reduce the impact
of the short-term fluctuations of solar energy and load demand upon the attainment of the operational
objective expressed by the performance index; (2) to deliver a stable power profile at the PCC; (3) to
prevent frequent variations of the battery power. At the control level, one approach to operate the upgraded
HRS considering these goals and the SC characteristics is to replace the previous MPC strategy presented
earlier by a new MPC strategy purposefully designed. In that case, a higher sampling rate of forecast data
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and a shorter control step ∆T are necessary to allow the SC to play an effective role despite its limited
energy capacity.

The proposed MPC strategy for grid-integrated PV-battery-SC HRS is indicated from (29) to (30p).
Besides the update of the power balance in (30a) and the addition of constraints that control the power and
energy flows of the SC ((30d), (30i), (30m) and (30n)), a few new constraints are also added to the previous
MPC. Particularly, (30b) forces the grid power to remain constant over Ng consecutive control intervals.
On the other hand, constraints (30f) and (30g) maintain the battery power between the ramp-rates limits
∆P2 and ∆P2.

minJ(k) =

Np∑
i=1

[
P−
4 (k + i) +

(
η1Ppv(k + i)− P1(k + i)

)]
, (29)

subject to

P1(k + i) + P−
2 (k + i)− P+

2 (k + i) + P−
3 (k + i)− P+

3 (k + i) + η4P
−
4 (k + i)− P+

4 (k + i)/η4 = PL(k + i),
(30a)

P+
4 (k + s) = P+

4 (k + r), (30b)

P−
2 (k + i)P+

2 (k + i) = 0, (30c)

P+
3 (k + i)P−

3 (k + i) = 0, (30d)

P+
4 (k + i)P−

4 (k + i) = 0, (30e)

∆P2 ≤ P−
2 (k +m)− P−

2 (k + n) ≤ ∆P2, (30f)

∆P2 ≤ P+
2 (k +m)− P+

2 (k + n) ≤ ∆P2, (30g)

SoCb ≤ SoCb(k) + η2ηb,c

k+i∑
τ=k

P+
2 (τ)∆T − 1

η2ηb,d

k+i∑
τ=k

P−
2 (τ)∆T ≤ SoCb, (30h)

SoCsc ≤ SoCsc(k) + η3ηsc,c

k+i∑
τ=k

P+
3 (τ)∆T − 1

η3ηsc,d

k+i∑
τ=k

P−
3 (τ)∆T ≤ SoCsc, (30i)

0 ≤ P1(k + i) ≤ η1Ppv(k + i), (30j)

0 ≤ P−
2 (k + i) ≤ Pb,ch/η2, (30k)

0 ≤ P+
2 (k + i) ≤ η2Pb,disch, (30l)

0 ≤ P−
3 (k + i) ≤ η3Psc,disch, (30m)

0 ≤ P+
3 (k + i) ≤ Psc,ch/η3, (30n)

0 ≤ P+
4 (k + i) ≤ Ptie, (30o)

0 ≤ P−
4 (k + i) ≤ Ptie, (30p)

with i = 1, · · · , Np, m = n+ 1, · · · , n+Nb − 1, n = 0, Nb, 2Nb, · · · , Np −Nb, s = r+ 1, · · · , r+Ng − 1, and
r = 0, Ng, 2Ng, · · · , Np −Ng.

When compared with the MPC strategy implemented on the existing HRS in Section 3.1, the above
MPC ensures a longer service life for the batteries and a better power profile at the PCC. However, because
of the long prediction horizon Np required for energy management reasons (in the range of 24 hours or more),
the relatively short control step ∆T required for power quality reasons (in the range of tens of seconds), and
the nature and size of the new MPC strategy, the indicated benefits can be achieved only at the expense
of significant increase in computing power and memory resources to allow the implementation of such a
controller. A less resource-intensive alternative to this control approach is provided in the next Section.

3.3. Hierarchical MPC of grid-integrated PV-battery-SC system

3.3.1. Architecture and design

Figure 3 shows the general architecture of the proposed two-layer control framework. Using the MPC
of the existing PV-battery HRS as the upper layer, a second MPC strategy implemented in the control
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Figure 3: Control architecture of the hierarchical MPC strategy

unit PMU-2 (see Figure 1) operates at the bottom layer to achieve a finer control. As mentioned earlier,
a single PMU with sufficient resources can be used to execute the two controllers, thus avoiding a partial
modification of the original control architecture.

The MPC at the upper layer is used the same way as before the addition of the SC (see 3.1), with the
only difference being that the optimal control sequences obtained for the PV and the grid are discarded.
As shown in Figure 3, the first element P2(k + 1) in the optimal sequence of the battery is used to control
the device and is passed on to PMU-2 for further optimization at the bottom layer. As indicated earlier,
the prediction horizon of the existing MPC is in the range of 24 hours or more to account for the cycles of
solar energy and local demand. Moreover, a sampling step in the range of minutes is applied to extend the
service life of the battery. Accordingly, the MPC executed at the upper layer is provided in Section 3.3.2,
and is derived from that of the existing HRS in Section 3.1.

At the bottom layer stage, the next upper layer control step k+1 is divided into even subintervals in the
lower control layer, as shown in Figure 3. At the time instant (k+ 1, l), which marks the end of the current
subinterval, the SC SoC, the power set-point P2(k+ 1) of the battery, and short-term forecast data of solar
energy and load demand are used as input to the MPC at the bottom layer. The short-term forecast data
supplied to PMU-2 are in the range of minutes, with a sampling rate in the order of seconds. While keeping
P2 as provided by the upper layer helps address the thermal stress of the battery, relevant constraints are
included in the bottom layer MPC to deliver a smooth power profile at the PCC, as detailed in Section 3.3.3.
Upon completion of the computation process, the first Ng elements of the control sequences of P1, P3 and
P4 computed at the bottom layer controller are sent to the power conditioning units for implementation.

3.3.2. Upper layer MPC model

Since this control strategy is directly inherited from the existing HRS, Eqs. (31) to (32i) is taken from
Section 3.1. Let the t subscript denote the upper layer variables, the MPC implemented at the upper layer
ca be formulated as follows

minJt(k) =

Np,t∑
i=1

[
P−
4,t(k + i) +

(
η1Ppv,t(k + i)− P1,t(k + i)

)]
, (31)

s.t.

9



P1,t(k + i) + P−
2,t(k + i)− P+

2,t(k + i) + η4P
−
4,t(k + i)− P+

4,t(k + i)/η4 = PL,t(k + i), (32a)

P+
2,t(k + i)P−

2,t(k + i) = 0, (32b)

P+
4,t(k + i)P−

4,t(k + i) = 0, (32c)

SoCb ≤ SoCb(k) + η2ηb,c

k+i∑
τ=k

P+
2 (τ)∆Tt −

1

η2ηb,d

k+i∑
τ=k

P−
2 (τ)∆Tt ≤ SoCb, (32d)

0 ≤ P1,t(k + i) ≤ η1Ppv,t(k + i), (32e)

0 ≤ P+
2,t(k + i) ≤ Pb,ch/η2, (32f)

0 ≤ P−
2,t(k + i) ≤ η2Pb,disch, (32g)

0 ≤ P+
4,t(k + i) ≤ Ptie, (32h)

0 ≤ P−
4,t(k + i) ≤ Ptie, (32i)

with i = 1, · · · , Np,t.

3.3.3. Lower layer MPC model

Let the b subscript denote the lower layer variables, the MPC implemented at the bottom layer can be
formulated as follows

minJb(k, l) =

Np,b∑
j=1

[
P−
4,b(k + i) +

(
η1Ppv,b(k + i)− P1,b(k + i)

)]
, (33)

s.t.

P1,b(k, l + j) + P−
2,t(k, l + j)− P+

2,t(k, l + j) + P−
3,b(k, l + j)− P+

3,b(k, l + j)+

η4P
−
4,b(k, l + j)− P+

4,b(k, l + j)/η4 = PL,b(k, l + j),
(34a)

P+
4,b(k, l + r) = P+

4,b(k, l + s), (34b)

P+
3,b(k, l + j)P−

3,b(k, l + j) = 0, (34c)

P+
4,t(k, l + j)P−

4,t(k, l + j) = 0, (34d)

SoCsc ≤ SoCsc(k, l) + η3ηsc,c

l+i∑
τ=l

P+
3 (k, τ)∆Tb −

1

η3ηsc,d

l+i∑
τ=l

P−
3 (k, τ)∆Tb ≤ SoCsc, (34e)

0 ≤ P1,b(k, l + j) ≤ η1Ppv,b(k, l + j), (34f)

0 ≤ P+
3,b(k, l + j) ≤ Psc,ch/η3, (34g)

0 ≤ P−
3,b(k, l + j) ≤ η3Psc,disch, (34h)

0 ≤ P+
4,b(k, l + j) ≤ Ptie, (34i)

0 ≤ P−
4,b(k, l + j) ≤ Ptie, (34j)

with l = 1, Ng+1, 2Ng+1, · · · , (M−1)Ng+1, M = ∆Tt/(∆TbNg), j = 0, · · · , Nh,b−1, r = 0, Ng, 2Ng, · · · , Nh,b−
Ng, and s = r + 1, r + 2, · · · , r +Ng − 1. As before, Ng denotes the number of control steps over which the
grid power should be kept constant. The algorithm 1 summarizes the operation of the hierarchical control
strategy.

4. Case Study

Considering the load profile shown in Figure 4(a) and the grid connection of the HRS [40], a 1-MW solar
PV is considered to test and compare the control strategies presented in this study. Historical measurements
of the direct and diffuse solar radiations are collected from the solar radiometric station at the University
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Algorithm 1 Hierarchical Model Predictive Control

1: For time k, minimize (31) subject to (32)
2: for m = 0 to M − 1 do
3: Set l = mNg + 1
4: Minimize (33) subject to (34)
5: for n = 0 to Ng − 1 do
6: Implement P1,b(k, l+ n), P+

2,t(k), P+
2,t(k), P+

3,b(k, l+ n), P−
3,b(k, l+ n), P+

4,b(k, l+ n), P−
4,b(k, l+ n)

7: End for
8: End for

of Pretoria (25° 45’ S and 28° 13.72’ E)[41, 42]. The solar radiation data are applied to the PV arrays
oriented South-North and tilted at 36°. The PV power output due to reflected radiation is estimated using
Eq. (6), and the contributions due to direct-beam and diffused radiations are determined by Eqs. (1) and
(4), respectively. The conversion efficiency of solar panels is provided in Table 1.

The prediction horizon and the control horizon are set at 24 hours and 30 minutes, respectively, at the
upper layer, and 30 minutes and five minutes, respectively, at the bottom layer. The sampling times are
respectively set at 30 minutes and 10 seconds. The solar radiation during a sampling interval of the upper
layer is set equal to the average of actual measurements sampled at a one-minute interval. The presumed
impact of the forecast errors and the difference of sampling rates between the upper layer (one minute) and
the lower layer (ten seconds) is mimicked by adding a white Gaussian noise to the actual solar radiation
data, with a signal-to-noise ratio (SNR) of 25dB. Similarly, the load profile at the bottom layer (sampled at
5-minute intervals) is derived from that of the upper layer (sampled at 30-minute intervals) by the addition
of a white Gaussian noise, with a SNR of 35dB. When compared to the solar radiation, a higher SNR is
applied to the load since, at a facility level, the fluctuations of the load are usually less deep than those of
the solar radiation, which is directly affected by the movement of clouds.

The energy storage system consists of a 250-kW/1464-kWh bank of lead-acid batteries [43] and a 13.1-
MW/5.74-kWh bank of electrostatic double-layer capacitors (supercapacitors) [44]. The rest of the simula-
tion parameters are provided in Table 1.

5. Simulation and discussion

A PC Core(TM) i5, 3.00 GHz, with 8 GB of RAM running Windows 10, was used to simulate the
control strategies presented in this paper. Classified as nonlinear programmings (NLPs), the optimization
problems were solved in MATLAB using the “fmincon” function. Because of the limited resources of the
PC, the short sampling period (10 seconds) and the long prediction horizon (24 hours), the unified MPC of
grid-integrated HRS provided in Section 3.2 takes far too long to simulate and is therefore impractical for
real-time applications. Consequently, the discussion is limited to comparing the MPC of PV-battery HRS
and the hierarchical MPC of PV-battery-SC HRS. Moreover, because the former is identical in all respects
to the upper layer of the latter, we discuss the performances of the upper layer against those of the full
hierarchical MPC.

5.1. MPC of grid integrated PV-battery power system (Upper layer)

Figure 4(a) shows the forecasted load profile PL,t, the forecasted PV generation Ppv,t and the resulting
PV power supply P1,t and grid power P4,t. The power and SoC of the battery are shown in Figure 4(b).
It is observed that during night hours and before sunrise, the utility grid covers most of the energy needs
in the HRS, while the remaining part is locally supplied by the battery until the minimum SoC is reached.
During daylight hours, the power generated by the solar PV is primarily used to supply the load and charge
the battery. Only excess power is fed into the utility grid.

A superimposition of the PV generation based on forecast during the upper layer and the bottom layer
is shown in Figure 5(a), and that of the load demand is shown in Figure 5(b). To maintain the power
system balanced, the excess and deficit induced by the fluctuations of the PV generation and the load
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Table 1: Parameters of the hybrid renewable system

Parameter Value Unit

Solar PV
ηpv 0.124
ρ 0.20
Battery bank
ηb,c 0.85
ηb,d 1

Pb,ch & Pb,disch 250 kW

SoCb 0.9 p.u
SoCb 0.50 p.u
Supercapacitors
ηsc,c 0.80
ηsc,d 1

Psc,ch & Psc,disch 4 857 kW

SoCsc 1 p.u
SoCsc 0.25 p.u
Utility grid

Ptie 1 200 kW
DC-DC converters
η1 0.90
η2, η3 0.85
AC-DC inverter
η4 0.95
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grid
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Figure 4: Demand profile and control inputs of original MPC strategy (upper layer)
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Figure 5: Upper vs. bottom layer predictions of the PV generation and the load demand
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(b) Power flow of the battery

Figure 6: Optimized vs. actual power flows at the PCC and the battery

demand should be handled either by the grid or the battery. The resulting power profiles at the PCC and
the battery are presented in Figure 6(a) and Figure 6(b), respectively. In Figure 6(a), P4,ac denotes the
actual power profile at the PCC when the fluctuations are handled by the utility grid alone. Similarly, P2,ac

denotes the actual battery power when this device handles the fluctuations alone. It is worth reminding
that any excess power from the PV is dumped to the dissipative load connected to the PV system. Figure
6 shows that, unless appropriate actions are taken, the large peaks observed may pose a risk either to the
safety of the network system (frequency stability) or the safety and lifetime of the battery (overheating).

5.2. Hierarchical MPC of grid integrated PV-battery-SC system

Figure 7 presents the power profile at the PCC before and after the implementation of the bottom layer.
The new layer proves to be effective in both regulating the power exchanged with the power network and
conditioning the PV generation to maximize its supply to the HRS. The increase observed in the amount of
renewable energy fed into the grid contributes to creating eco-friendly networks for little extra investment.

The comparison between the battery power and the SC power in Figure 8(a) shows that the fluctuations
are fully handled by the SC so that the battery power is perfectly stable. Figure 8(b) shows that, like the
battery, the SC get discharged after sunset as a result of an attempt to reduce the power consumption from
the utility grid.

5.3. Comparison of power and energy performances

A quantitative comparison between the existing control strategy and the proposed one can be carried
out using the performance indicators shown in Table 2. Here, the second and third columns correspond
to the existing MPC before and after considering the impact of the fluctuations, respectively. The last
column corresponds to the hierarchical MPC control strategy. It is worth mentioning that the losses in the
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Figure 7: Power flow at the PCC: MPC PV-battery vs. Hierarchical MPC PV-batt-SC
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Figure 8: Comparison of power and SoC profiles of the ESS components
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Table 2: Comparison between existing MPC and hierarchical MPC

Performance indicator MPC (optimized) MPC (actual) Hierarchical MPC

PV energy generation (kWh) 5796.93 6153.18 6153.18
PV energy supply (kWh) 5217.24 4866.26 5348.00
PV energy dissipated (%) 0.00 12.13 3.41
Total energy import (kWh) 5187.26 5540.971 5594.46
Total energy export (kWh) 0.00 14.861 313.47
5-min intervals with stable P4 (%) 100 66.671 100
max(|P2 + P3|) (kW) 176.00 329.081 509.03
1 Fluctuations handled by the utility grid

Table 3: Duration of the lower layer prediction horizon vs energy performances

Predic. horiz. Avg time1 Max. time1 PV supply2 Grid import2 Grid export2

5 min. 0.09 0.88 5301.84 5668.60 331.42
10 min. 0.42 9.39 5349.00 5594.46 313.47
15 min. 1.09 31.17 5380.64 5591.11 347.50
20 min. 3.45 125.07 5388.33 5591.42 352.72
30 min. 8.68 237.88 5387.80 5590.56 351.83

1 in seconds; 2 in kWh

DC-DC converter of the PV contribute, with the dumping load, to the difference between the PV energy
generation and the PV energy supply. Comparing the first two columns Table 2, it shows that failing to
handle the fluctuations of PV power and load demand prevents the HRS to benefit from the increase in PV
generation over the implementation stage. With regard to the use of the energy generated by the PV system,
a smaller part of it is effectively supplied to the HRS, while an increased quantity (+12.13%) is dumped
in the dissipative load. Moreover, an increase in energy consumption from the grid without a significant
counterpart is also noticed. Depending on which system component provides support for power balance in
this condition, the frequency stability of the network system or the health of the battery may be jeopardized.

Comparing the last two columns in Table 2, a net increase in the use of solar energy is observed, with
only 3.08% wasted in the dissipative load. Despite the operation of the SC leads to a direct increase in
energy absorbed from the utility grid (+53.49 kWh), a net diminution (-245.12 kWh) is finally achieved
thanks to the additional electricity fed into it. Moreover, the hierarchical control ensures the stability of the
power profile at the PCC. The hybrid ESS also provides greater power support to the HRS without further
involvement of the battery.

5.4. Setting of the duration of the prediction horizon at the bottom layer

Table 3 presents the average and maximum computation times and the selected energy indicators as
functions of the length of the prediction horizon at the bottom layer. In general, long prediction horizons
lead to better energy performances than short ones, i.e., increase in energy supply by the solar PV, decrease
in consumption from the utility grid, and increase in energy fed into it can be observed. However, this
is achieved at the cost of extra computation time, which negatively affects the implementability of the
optimal control sequences. Accordingly, a trade-off is necessary between the energy benefit and the extra
computation time incurred. In that regard, Table 3 shows that ten-minute prediction horizon leads to energy
performances fairly close to those of longer duration, with an acceptable timing in average. However, five-
minute prediction horizon might be preferred, since the computation time under the ten-minute prediction
horizon can reach up to 9 seconds.

6. Conclusion

This paper has presented a hierarchical model predictive strategy designed to facilitate the addition of
supercapacitors to a pre-existing grid-integrated hybrid renewable system equipped with batteries, initially
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controlled by a typical model predictive controller. By means of a second control layer, this control strategy
uses the supercapacitor to deliver a stable power profile at the point of common coupling. Moreover, the
variable components of the power requested from the hybrid energy storage system are fully handled by
the supercapacitor, so that the battery power remains stable. Simulations carried out on a practical case
study have shown the validity and effectiveness of the proposed control strategy. Opportunities in terms of
adherence to power quality regulations, improved conditioning of the power generated by the intermittent
renewable sources, and lifetime extension of the battery have been also established.
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