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Abstract

A two-layer power flow control for a grid-tied photovoltaic plant equipped with battery-supercapacitor energy storage system is
presented in this paper. The proposed strategy aims at simultaneously handling the intermittent nature of the solar radiation
received by the photovoltaic collectors and the need to consistently supply the specified power taking advantage of the
complementary characteristics of the energy storage technologies. It relieves the batteries from stress through the use of the
photovoltaic and the supercapacitor to supply the high frequency power demands by means of hierarchical control. Extensive
simulation results confirm the effectiveness of the proposed power flow control strategy.
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1. Introduction

Large-scale integration of solar photovoltaics (PVs) into power systems is being implemented at a steady pace
worldwide as a result of the ever-growing electricity demand and the environmental nuisance caused by the burning
of fossil fuels. The resulting increase in the proportion of weather-dependent generation, however, brings in
potential risks for the power quality of the existing power grid.

Among the popular solutions to improve the dispatchability of solar PV systems is the integration of hybrid
energy storage systems (ESSs) [1]. Unlike single storage technologies, the hybrid ESS, comprising two or more
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different storage technologies, can economically achieve at the same time the two main functions required for power
supply: fast response and long-term energy support [2]. Due to maturity and feasibility reasons, the battery-
supercapacitor (SC) combination is currently the most preferred hybrid ESSs [3]. The batteries have high energy
density but slow power response, while SCs are characterized by high power density and low energy capacity.

Some of the challenges inherent in such a hybrid ESS include achieving an effective power flow management
between the various power system components, taking into account their individual specifications. In this regard,
rule-based control strategies such as neural networks [2], floating average control [3] and heuristic control [4] are
reported in the current literature. In general, their inability to handle weather forecast information affects their long-
term performance negatively. On the other hand, the control strategies built on mathematical optimization focus
either on the performance of hybrid ESSs [5] or the deviation between the output power of the plant and the set
reference [6]. While the former ignores the interaction between the PV system and the main grid, the possibility to
take advantage of forecasting techniques was not fully considered in the latter.

The remaining sections of this paper present a contribution intended to address the weakness identified above.

2. Problem formulation

The layout of a grid-tied solar PV-batteries-SCs system is shown in Fig. 1(a). The net power input of the solar PV
onto the AC bus is represented by P;, while P, and P; denote, respectively, the discharge and charge powers of the
batteries. On the other hand, P, and P;s denote the discharge and charge powers of the SCs, respectively. The power
supplied to the main grid is represented by P,,,. In order to control the power flow within the power system and that
to the main grid, the power management unit (PMU) requires a periodic supply of information on the future solar
radiation and the reference power P, issued.

The control approach proposed in this paper consists of two layers: an upper layer, indicated by the superscript L,
and a bottom layer, indicated by the superscript S.

2.1. Upper layer power flow control

At the beginning of the dispatch period, the prediction of the solar radiation allows the estimate of the future solar

PV generation PPVL(k) at each sampling instant k (k=1,--,N;) of next N; sampling instants of the upper layer control.
Subsequently, considering the forecasted solar PV generation, the specifications of the solar PV power system and
the expected demand, the grid operator assigns a fixed power profile P, to the system for the upcoming dispatch
period.
The power flow control at the upper layer aims to reduce the deviation between P, and P,.; and maximize the use
of solar energy available. The deviation between P,,, and P,., should also be maintained within a specific range as
per the local power grid policies. To allow the control of the SC in the second layer, the energy range used by the
first layer control is narrowed as shown in Fig. 1(b).
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Fig.1. (a) Power system topology (b) SC energy margins at the upper and bottom layers.



34 Mukalu Sandro Masaki et al. / Energy Procedia 145 (2018) 32-37

The following optimization problem will be solved at the beginning of each dispatch period:

min aﬁ;(lf,i,(k) ~P, (k) +(1 —a)i(lﬁk) ~PL k), (1)
subject to
P} (k)P (k) =0, ©))
P} (k)P! (k) =0, 3)
(1-&) B, (k) < Py, (k) <(1+£) B, (k), )
Eppin S Eg (k)< Ey s (%)
Eein +(170) Egc s < Egc (k) S 0Ege. (6)
0< R (k) < PL(k), (7)
0< B (K) < Py . ®)
0< PH(K) < Py ©)
0< P (k) < Py s (10)
0< P (k) < Py s (1

for all k=1,--,N;, where a is a weight factor ranging between 0 and 1, and P/“(k), P;*(k), Ps"(k), P,*(k) and Ps"(k),
are the control variables. The output power P,,/"(k) is given by:

Py (k) = B (k) + By (k) = P (k) + By (k) = P (K), (12)
The energy content of the battery, denoted by Ez"(k) in (5), is expressed as follows:
k k
Ef (k)= E5(0)+ ATymz. Y PF()=ATy 54 Y P ()), (13)
j=1 j=1
where 47, denotes the sampling period applied at the upper layer, #5. denotes the battery charging efficiency, and

ng,q denotes the battery discharging efficiency.
In (6), Esc" (k) denotes the SC energy content and is obtained by:

k k
Ege (k) = Ege (0)+ ATynse . ) BE ()= ATynse q ) PG, (14)
J=! j=!

for all k=1,--,N;, where Esc"(0) denotes the initial SC energy content at the beginning of the current dispatch period,
nsce and nsc, denote the charging and the discharging efficiencies of the SC, respectively. In (6), the narrowing
factor o varies between (Esc mint Esc.mad/(2Esc.ma) and 1.
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2.2. Bottom layer power flow control

Each sample interval &k of the upper layer control is divided into even subintervals in the lower control layer.
Shortly ahead of each subinterval, the PMU is supplied with updated solar radiation forecasts that are used to
estimate an updated PV generation vas(k,l) for each instant / (/=1,-,Ns) of the Ny sampling instants of the coming
interval k.

The bottom layer power flow control performed over every upper layer control interval aims at achieving
objectives similar to the upper layer control, with however a few specificities. In particular, in case the dispatch
cycle is maintained short enough and the corresponding forecasts in the upper layer are of an acceptable standard,
the actual average solar PV generation at a sampling interval & of the dispatch period may be expected to remain in
the vicinity of valﬂc). On the other hand, the relatively short sampling period applied in this layer may result in fast
variation in the profile of PPVS, which should preferably not be handled by the batteries [3]. In view of the above, the
batteries will not be involved in the bottom layer control, and their power setpoints received from the upper layer
will be maintained. Next, the energy margins of the SCs will be set back to their rated values as shown in Fig. 1(b).
Finally, to further improve the power quality, no overshooting of P, will be allowed at this stage.

The following optimization problem will be solved ahead of every sampling interval & of a dispatch period:

Ny 5 Ng 5

min B (B3, (k.= By (kD)) +(1=8) (R ey = By (kD)) (15)
=1 =1

subject to
Py (k,)P (k,1)=0, (16)
(1-&) B (k1) < Py, (k1) < Py (K, 1), (17)
ESC,min SEgC(k:Z)SESC,maX’ (18)
0<R¥(k,1) < Py, (k,D), (19)
0< Py (k1) < Py o » (20)
0= P (k,1) < P o @1)

for all /=1, Ns, where f is a weight factor ranging between 0 and 1 and P,*(k,1), P,°(k,1) and Ps°(k,1) are the control
variables. The SC energy content Esc°(k,) is be obtained by:

/ /
E§e(k,1) = Ege (k,0)+ ATgnse . ) PE (k, )= ATgnsc.g ) P (ks j), (22)
Jj=1 Jj=1

for all /=1, Ns, where Esc’(k,0) denotes the initial supercapacitor energy content at the beginning of the current
bottom layer control. The output power P, (k,1) at the sampling instant / is given by:

Py (k)= B (k,0)+ P (k, 1)~ B (k, 1)+ B (k,1) = P (k,1), (23)

where P,"(k,1) and Ps" (k1) are as previously determined by the upper layer.
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3. Case study

A 1-MW solar PV power system approximated to one hectare is investigated in this study [7]. The reference
power that applies to a given dispatch period is set equal to the geometric average of the solar PV generation
calculated for the dispatch interval.

The hybrid ESS consists of a 250-kW/2630-kWh bank of lead-acid batteries and a 13.1-MW/5.74-kWh set of
SCs. The permitted minimum and maximum energy contents of the storage equipment are fixed at 50% and 100%
respectively for the batteries and 25% and 100% respectively for the SCs. The maximum power deviation
coefficient ¢ is equal to 0.02.

4. Simulation Results and Discussions

The proposed control strategy was tested on a PC Core(TM) i3, 3.40 GHz, with 4 GB of RAM, running Windows
7. Classified as nonlinear programmings (NLPs), the above optimization problems were solved in the MATLAB
environment using the “fmincon” function. Fig. 2(a) shows the comparison between P,,/”(k) and Py (3a) for a=0.5
and £=0.5. It is observed that the output power consistently tracks the reference issued by the grid operator, with
very few deviations which are however maintained within the specified boundary. The 24-hour evolution of the state
of charge (SOC), given in Fig. 2(b) shows the reduced stress of the battery through the slow variation of its SOC in
comparison with the supercapacitor.

The superimposition of the forecasted PV generation at the upper and bottom control layers shown in Fig. 3(a)
indicates the fast variations introduced by the forecast process at the bottom layer. The improved tracking of the
reference power by the power plant is shown in Fig. 3(b). The increased involvement of the SC to achieve this
performance during the control at the bottom layer is shown in Fig. 3(c) and (d).

The lengths of forecast periods at the upper layer and bottom layer were set at5 minutes and 10
seconds, respectively. With respective average computation times of 54.01 milliseconds and 38.44 milliseconds, and
respective maximum computation times of 199.98 milliseconds and 130.99 milliseconds, the proposed power flow
control strategy therefore shows good online capabilities.

4. Conclusion

An optimization-based power smoothing strategy for a grid-tied PV plant-battery-supercapacitor system was
presented in this paper. The proposed approach achieves an effective management of both the uncertainties and
fluctuations of the solar resource by a two layer control of the power flow within the PV power plant. The battery’s
lifespan is also extended by a decreased stress during the operation.
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Fig.2. (a) Power reference tracking (0=0.5 and =0.5) (b) Hybrid ESS state of charge (0=0.5 and $=0.5)
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Fig.3. (a) Forecasted PV generation at the upper and bottom layers (b) bottom layer power reference tracking (¢=0.5 and $=0.5) (c)
Supercapacitor power flows at the upper and bottom layers (d) Supercapacitor SOC at the upper and bottom layers
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