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This paper has considered improving the management
of energy consumption by a photovoltaic system with a
storage device for a local object connected to the network.
The aim of the study is to reduce expenditures when paying
Jor electricity consumed from the network, when loading
an object, independent of the time of year, and to eliminate
energy generation to the grid. An energy generation control
algorithm has been improved whereby the state of battery
charge during the day is based on a forecast. That could
reduce electricity consumption at night with better utiliza-
tion of rechargeable battery and photovoltaic battery power
during the day. It is proposed to use autonomous operation
by disconnecting from the network during peak tariff hours
and during the day with enough energy generation by a
photovoltaic battery. This would ensure the normal func-
tioning of an object in the event of a possible deterioration in
the quality of voltage in the network while reducing the loss
of energy in the inverter. Predictive control of the expected
battery charge at the next checkpoint (at 0.5 hours or less
between control points) has been proposed. A control sys-
tem structure has been developed whereby a rechargeable
battery current is set depending on an operational mode,
the tariff zone, and the projected generation by a photovol-
taic battery while reducing the modulation frequency under
an autonomous mode. In this case, the modes are switched
and the structure is changed taking into consideration the
state of battery charge. Simulation in the daily cycle has
shown the possibility of reducing the cost of electricity con-
sumed from the network by 1.7-8 times at two or three tariff
rates. Simulation of electromagnetic processes in the system
confirms acceptable regulation indicators when switching
the structure, as well as a decrease in the energy loss in an
inverter under an autonomous mode by up to 40 %
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1. Introduction

the electricity supply, is achieved by reducing costs. Thus,

As the share of green energy, including small (local fa-
cilities (LFs) with renewable sources), increases, there is an
increasing number of issues related to ensuring the balance

it is a relevant task to improve the management of energy
consumption by PVS with a storage device in order to meet
the LF needs while reducing the cost of electricity consumed
from a distribution grid (DG).

of energy both in the energy system in general and in local

microgrids. This is primarily due to the mismatch between
generation peaks and the peaks of consumption. That has

2. Literature review and problem statement

led to new development trends and approaches to system de-

sign, including a reduction in green tariffs [1]. An effective,
but expensive, solution is the use of storage devices. Also
rational is the approach to using energy where it is generat-
ed, when LF (a small business object, cottage) takes on the
role of the prosumer in the energy market system [2, 3]. The
ability to shift consumption from peak hours to less active
night and day periods, when there is a storage battery (SB)
in the photovoltaic system (PVS), contributes to ensuring
the balance of energy in the grid. However, the use of SB
in PVS leads to an increase in the cost of the system, so the
return on investment, along with the improved reliability of

Actual PVSs with SBs widely employ hybrid inverters,
which contain the entire set of equipment for connecting
a photovoltaic battery (PV) and SB with the appropriate
software. Hybrid inverters are produced by many manu-
facturers, such as ABB [4], Conext [5], with a capacity of up
to 10 kVA and the possibility of combining three single-phase
ones into a three-phase system of 3*10 kVA. Hybrid inverters
are designed to reduce the consumption of electricity from
DG. At the same time, when PV’s energy is not enough to
provide load, the SB energy is added to it. There are func-
tions of charging from the network, operation under an au-




tonomous mode (AM) when disconnected from the network.
They have ample control capabilities that enable the setting
of operational priorities (from the network, the Sun, SB) and
control over the Internet. They are intended to use a single
tariff rate and do not have the function of redistribution of
energy during the day.

Promising for use in LF PVS are the multifunctional
inverters that generate surplus electricity in DG while
providing for a power factor close to unity at the point of
connection to the network. A variant of PVS with non-linear
load is considered in [6]; the unbalanced load for phases is
taken into consideration in [7]. However, the application of
SB in PVS is not considered.

Paper [8] reports PVS with SB and four DC converters
with a common link: the PV voltage level; two bidirectional
converters of DC into DC for SB and a supercapacitor; a
grid inverter. The selection of the maximum power of PV is
provided by the MPPT controller. The power storage control
channel uses a proportional-integral (PI) voltage controller
ina DC link. The controller sets the battery and supercapac-
itor current. A “multiconverter” provides for the predefined
active power with the proper quality of electricity; PV’s op-
eration with tracking the maximum power point; extending
battery life through a hybrid storage system. However, its
use is seen as a distributed energy unit in a collective system
run by a centralized smart energy management system.

A similar structure, but without a supercapacitor for
PVS with SB, is described in [9]. This resolves the issue of
combining several PVSs into an autonomous system when
the network is disconnected. The task of managing energy
consumption is not considered.

The algorithm of energy dispatching in a networked PVS
with a rechargeable storage system is considered in [10]. The
aim is to determine the most appropriate (optimal) hours for
switching between SB, PV, and DG, based on data on the
history of consumption by LF. The optimal amount of energy
accumulation is also determined, which is introduced during
peak demand. This provides for the generation of excess en-
ergy in DG; SB is charged from PV during daylight time (no
charge of SB from the network is used). PV and SB connect
to the grid inverter through the keys; control is reduced to
managing those keys. To assess the effectiveness, the authors
performed a simulation in the daily cycle, however, at the lev-
el of the declaration; they described only a simplified model
of the inverter.

Great importance in improving the efficiency of PVS is
given to forecasting the generation of PV, which makes it
possible to plan the load, to use different scenarios of PVS
operation. The use of neural networks looks promising [11].
However, a variety of web services, such as [12], have recently
been presented for a wide range of PB generation forecasting
capabilities. Work [13] reports an open web service that gives
consumers access to individual projections of their future
solar energy generation according to weather conditions for
their location.

In [14], models are proposed for predicting the power of
PV with a resolution of 5 minutes using weather variables
with a resolution of 1 hour, which improves the accuracy of
the forecast.

In [15], an energy consumption control system is pre-
sented for an autonomous microgrid with PVS and SB
without connecting to DG. A predictive approach is used
to set work schedules. At the same time, the online weather
forecast, updated four times a day, combined with the model

of the photovoltaic system makes it possible to predict en-
ergy generation within 48 hours. These forecasts are used
alongside load forecasts and an energy storage system model
to predict the rechargeable battery charge state. The goal is
to minimize downtime in the microgrid, in particular by the
pre-emptive discharge of the load.

The simulation of a hybrid energy storage system for
solar microgrid systems connected to the network of resi-
dential buildings in the daily cycle is considered in [16]. The
dynamic models of SB and a supercapacitor are represented
in MATLAB (USA); the smoothing of load fluctuations is
explored. There is no research on energy management and
redistribution in the system.

The issue of ensuring the efficient operation of PVS with
SB for LF, when the power consumed by the load does not
depend on weather conditions, needs further consideration.
Note that the load scenario is likely the same; there is an
opportunity, considering the forecast, to increase the load
if necessary. At the same time, the possibility of accounting
for the weather forecast to improve control over the SB
charge-discharge is not used. With the exclusion of excess
energy generation in DG, the system has three regulated
parameters: the power generation capacity of PV, the pow-
er (current) consumed from the network, the state of SB
charge. At different intervals, the implementation of the
work is different. Thus, in the half-peak morning hours,
SB charging is impractical, during the hours of significant
generation by PV the charge current depends on the power
of generation. With a small generation by PV, the task is to
provide the maximum charge of SB; at night, one should
charge SB to a certain (sufficient) value.

In the absence of consumption from DG, one should
consider switching to an autonomous mode of operation,
which gives a positive effect — eliminating the impact of net-
work voltage quality breach on LF consumers. Switching is
desirable to carry out discreetly for the consumer — without
pauses.

The hours of the tariff zones change by the seasons of the
year, and the distribution of highs in the load schedule of LF
may change. A convenient tool for assessing the effectiveness
of PVS management is the simulation of energy processes in
the daily cycle of operation, which implies the existence of a
correct model without taking into consideration transitional
processes and harmonics. The study of electromagnetic pro-
cesses in the system and the assessment of energy losses in
the keys suggests the presence of a detailed model.

3. The aim and objectives of the study

The aim of this work is to improve control over energy
consumption by PVS with SB to meet the needs of LF con-
nected to the network, to reduce the cost of electricity at a
load that does not depend on the time of year while eliminat-
ing energy generation to the network.

To accomplish the aim, the following tasks have been set:

—to improve the mechanism that manages the generation
and redistribution of energy in PVS using predictive control;

—to develop a PVS control system;

—to perform simulations that estimate lower payment
costs when using different tariff plans;

—to develop a detailed model of the system “DG — PVS
with SB - load” to study the automatic control system per-
formance and assess energy losses in the inverter.



4. Materials and methods to study the improved control
over energy consumption by a rechargeable battery-
powered photovoltaic system

We studied ways to improve the
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triac is activated). To measure the short-circuit current PV,
the QS switch is used [18]. Voltage and current sensors are
not shown in Fig. 1.
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power forecast from the actual (mea-
sured data) value at control points.
The predicted values of the state of
charge were determined taking into account the measured
values. In determining the thresholds of SB charge, at
switching, the SB charging characteristics at a depth of
discharge (DOD) of 50 % were used. The control system is
implemented on the basis of a classic two-contour structure.
The parameters for the network inverter output filter have
been justified, according to our calculations, based on the
amplitude-frequency characteristic considering the network
resistance. Electronics Workbench (Canada) software was
used for this purpose. The simulation was performed using
the verified MATLAB (USA) software package. The sim-
ulation model of energy processes is based on estimation
expressions, taking into consideration changes in the struc-
ture of the control system and SB characteristics. A detailed
model of electromagnetic processes in the system employs
standard functions and blocks from the MATLAB library
(USA). The loss in transistors was estimated at instanta-
neous current values based on transistors data and Semikron
recommendations.

5. The results of a study to improve the principles of
energy control and redistribution in a photovoltaic
system with rechargeable batteries

5. 1. Improving the mechanism for managing the gen-
eration and redistribution of energy in a photovoltaic
system using predictive control

The structure of PVS with SB, using an example of a
single-phase implementation variant (Fig. 1), includes a
grid inverter (VSI) with an output LCR filter [17, 18], a
photovoltaic battery (PV) and a rechargeable battery (SB),
LF load, distribution grid (DG). PV connects to the VSI
input via the DC/DC1 booster; SB — via DC/DC2 (charge
controller) with two-way conductivity. The LF load is con-
nected to the VSI output and, through contactor K with a
VS triac, to DG. Contactor K is needed to disconnect PVS
from DG in the absence of voltage (an emergency mode).
VS is used to avoid a pause when one connects to DG when
the voltage is restored (K1 is first closed, and, after the VSI
uc voltage is synchronized with the network voltage u,, the

Fig. 1. The structure of PVS power circuits

A three-zone tariff at peak loads during the morning
and evening hours is traditional for most countries [3, 19].
Temporal zones are somewhat shifted for different seasons.

In this case, for example, in accordance with [19], there is
the following alternation of zones and cost ratios:

— (t1—t3) — half-peak (daytime) d with a coefficient T;=1;

— (to—t3) — peak m with T,=1.5;

— (t3—t4) — half-peak d with a coefficient T;=1;

— (ts—ts) — peak e with a coefficient T,=1.5;

— (t5—tg) — half-peak d with T;=1,;

— (tg—t1) — night n with a coefficient 7,=0.4.

SB has two discharge cycles per day. For lead-acid SBs,
the acceptable value of DOD does not exceed 30-50 %.
For example, for OPzV12-100 RB, the number of discharge
cycles is about 3,000 at DOD=50 % [20]. Lithium SBs
demonstrate the best performance but they are a little more
expensive. Thus, DOD needs to be monitored and limited
(DOD<50 %). It is also necessary to consider that at an
SB charge state of Q*=100-Q,/Qx>80 % (Q and Qy are the
actual and rated values, respectively) the Iy current is sig-
nificantly reduced and, accordingly, the ability of the SB to
receive energy is significantly reduced.

Taking into consideration losses in the converter (¢ is
the efficiency of the converter) and in SB (n is the SB ef-
ficiency), the energy transferred to the load, for PV and SB

Wpyr=Wpyne, War=Wpmpmc,

where Wp=UpgCyp is the SB energy intensity (W-h); Cp is
the capacity (A-hour).

We set a task to, while ensuring the constant load of LF
during the year, to eliminate (in winter, reduce) electricity
consumption from the network during peak hours P,=0.
At the same time, regardless of the Ppy power generated by
PV, and the load capacity Py, the PVS operates under an
autonomous mode AM, using the PV energy Wpy and SB
energy Wp.

During the evening peak, the PB’s PV’s energy is low
and, accordingly, the SB capacity determines the allowable
LF load capacity P43, taking into consideration the state of
discharge AQ;,=Q; —Q; (assume Q; 250%, Q,>85%)



AQ;W
p —=_A5"BL 1
o (ts _ta) ( )

During the morning peak (¢5, t3), Wpy23>0, which makes
it possible to increase Pry3>Pr45 if necessary. Accordingly,
for t5, one needs to have a certain (sufficient) value Q,. With
an increase in the PV generation (spring — fall — summer)
there is a growth in Wpy»3, and there is no sense to provide
for the maximum value Q, by the beginning of the morning
peak. This reduces energy consumption to charge SB; more
complete use of PV energy in the hours of maximum solar
generation is achieved. The value of Q, can be determined
according to Wpysg based on the weather forecast for the
following day. The night charging of SB stops after reaching
the predefined value of Q,. After a partial discharge during
peak hours, SB should have time to charge from PV in the
daytime hours to the value of Q,>90%, maximizing the
PV energy utilization. In accordance with the generation by
PV, for a clear day, it is possible to accept ¢,=16.00—16.30
as a checkpoint for the spring—summer—fall period, when
it is still possible to meet the condition Ppymc>P; and it is
possible to additionally charge the SB. In winter, the daily
charging of SB is generally unrealistic. We believe that in
the interval (¢3, t;) the average value is Pr3;=Pr45, then

100 vagdnan _PL.‘sd (td _tB)nB +
QZ = Qd _VB + vazgnc _ PL23 (t3 B tZ) : (2)
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General recommendations include the expediency of
reducing P; in the evening (¢>t;), when Wpy falls signifi-
cantly even on a clear day. During peak hours, when DG is
overloaded, there may be an unacceptable deviation of the
network voltage from the rated one. That is possible during
other hours as well. Under an autonomous mode, when PVS
is disconnected from the network, the load voltage u; is set
based on the rated value u;p accompanied by the corre-
sponding recalculation of P!';. Under an emergency autono-
mous mode (no DG voltage), the voltage u; may decrease to
maintain the charging of SB [21].

After the morning peak, the mode of operation is deter-
mined by the ratio of Ppync to Pr. If P,m.>P' (P! is the
measured load power recalculated for u;g), the AM1 mode
(Table 1) is used.

If P,m. <P/, the system is switched to work in par-
allel with the GM network. However, this would lead to
consumption from the network, which is not always advis-
able. For example, if the difference AP= (vanc —Pz) is in-
significant, and the time interval when it occurs is short,
it would not result in a large decrease in Q*. That is the
condition AP<0 is not sufficient and information is need-
ed on where this could lead. Let us consider a predictive
solution involving determining the value of Q* the value
one step ahead using the data on PV generation forecast
Ppyp(t). At the same time, the daytime period of PVS
operation is split into a series of checkpoints at intervals
At=0.5 hours or less (considering the possibility of chang-
ing the load, the accuracy increases with the reduction in
the duration of the interval). The dependence Ppyp(t) is
recalculated to the value of Ppyayp(t), averaged over the
interval. At the current i-th checkpoint, the actual values
of Q¥, Ppyyi, Pri, Ppyavpi are known (average PV power and
loads at intervals of a few minutes are used). The actual

value of Ppyy; may differ from the forecast value Ppyp;. Given
this, the value is recalculated

P _ Py P
PVAVﬁ - P PVAVPi*
PVPi

We believe that the load in the interval to the next point
(i+1) is constant, then the increment

-b PVAVfi
W

Bf

and the predicted value Q;,=Q; +AQ, (if AQ, <0 and
AQ; =0 if AQ; >0). If the value Q.,>Q, (Q is the
predefined value), the system continues to work under an
autonomous mode (at close values theQ;,=Q; voltage is
reduced to 0.95 Uy and, accordingly, the load capacity
by 10 %), if not — the system switches to work from the
network. The specific value of Qj, is set for each interval. In
the evening hours, in the run-up to the evening peak, we pro-
ceed from the time of SB charging. In accordance with the
charge characteristics of a lead-acid SB [20], it can be taken
that at Q*>80 % it is possible in 0.5 hours to charge by 3 %,
at Q*<80 % — charge by 5 %. Thus, at #4=20.00 at ¢;=19.30
Q,=86%, at19.00 - Q,=83%, at 18.30 — Q,=80%, at
18.00— Q, =75%. In the interval to 16.00 — Q, =85%. Re-
turn to the autonomous mode is carried out by the condition
P,m.>P' or Q*>92 % (further charging of SB is signifi-
cantly slowed down and does not make sense).

- Pn
AQ =50-"

5. 2. The structure of a photovoltaic system control
system

The control system (Fig. 2) is two-contoured. It includes
an internal circuit of current control (CCL) of the inverter
and three proportional-integral (PI) voltage controllers VC,
VC2, VC3 to stabilize the voltage at the inverter input Uy at
the predefined level U} [22,23]. CCL can be implemented
using a relay current controller [22, 23], or width-pulse mod-
ulation (PWM). Below we consider an option with PW M.
In the absence of generation in DG, LF PVS is a consumer
of energy for DG. That makes it possible to slightly reduce
the requirements for the quality of the output current in the
inverter, which consumes current from the network only if
the PV energy is not enough to charge SB, and in the process
of night charging.

In the presence of an external voltage controller, which
sets the current amplitude of the inverter I, the structure
of the current control contour would do with a proportional
link with the coefficient

o
4AI

CmMAX

k<

without compensating for a static error caused by the per-
turbing effect u, [17]. To reduce energy loss to switch the
inverter transistors under an autonomous mode, the /), value
can be reduced by recalculating the value of k. We assume
the power of the inverter to be 5.5 kVA at the maximum
value of the output current Iepax=25 A (Icmmax=35.35 A).
We believe that Wz=15kWh and, at I3=0.1Cp, the power
consumed by RB charging would equal Pg=1.5 kW. The cur-
rent consumed by the inverter from the network is I¢=6.81 A
(the amplitude is I¢;,=9.64 A). The maximum value of the
amplitude of inverter current pulsations is
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where a>1, Uy, is the amplitude of DG voltage,
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is the inductivity of the inverter output filter reactor,
Icmmax is the amplitude for the maximum value of the
inverter current Ioymax,

— ﬂ _ OL- Ty
U, U,
is the reactor voltage value (first harmonic) for Icmmax,
relative to the voltage of DG; o is the angular frequency of
network voltage.
Assume

a=1.15 (Us=aUq,=360 V), b=0.0375 (L=0.00105 H).

At the frequency of modulation of f},=6.8 kHz, we obtain
Alcmvax=3.12 A. Taking into consideration the value of
Ic,=9.64 A, we accept that, in order to ensure an acceptable
harmonic composition of the current I, the output filter of
the inverter for f)s should enable suppression on the order of
about 10 times (G=-20 dB). This is confirmed by the analysis
of the frequency response of the filter in the EWB program
under the following parameters: for the reactor, L=0.00105 H,
R=0.1 Ohm; C;=60 uF, R/=0.3 Ohm. In this case, the network
resistance is Rc=0.02 Ohm, X;=0.02-0.04 Ohm.

VC, VC1 controllers with a S1 switch (position 1 at GM,
position 2 under AM and AM1 modes (Table 1)) enable con-
trol over the inverter. VC2, VC3 controllers enable, respec-
tively, the regulation of PB generation and RB charge. The
PB regulation channel also includes a MPPT controller; a
measurement unit (MU) of PB short-circuit Is¢ (enables pe-
riodic closure of the key QS). The S2 switch sets the mode —
position 1 when setting the PV current from MPPT, position

2 — from VC2. The limitation unit (LU) sets the PV current
value I}, at the level of I;=(0.92-0.95)Isc, close to the max-
imum power mode. The DC/DC1 control system (CSCpy) is
executed with an Ipy current relay. In this case, control over
PV generation [18] is carried out by the MPPT controller
or VC2 (Table 1). VC2 maintains the energy balance in the
system by adjusting Ipy and Ppy in accordance with energy
consumption by the load and SB. Thus, under AM mode, the
MPPT controller enables the selection of the PV maximum
power. Under AM1 mode, the SB charge current task is set

P N — PL1 )
UB

I. =

B

3)

The actual value of I is limited to the allowable value
IB:]BRMAX (IBR:(01702)QR) and is determined by the
value of Q* VC2 operates until the cut-off at Ipy=I);, and,
when RB cannot accept the difference in the PB and load
power, VC2 reduces the generation by PB.

The SB current control channel includes: VC3; a CCU
charge controller, which determines Q*, switches the set-
ting of Iy (from VC3 or CU), and sets a current limit; a
DC/DC2 (CSCsp) control system.

Under an emergency autonomous mode, when voltage is
turned off in DG, AM1 is used to adjust the power of PV.

The PLL phase adjustment unit forms the function
sinot based on the network voltage u, and, under AM
mode, it operates as a standalone generator with a frequen-
cy of 50 Hz. A ug synchronization signal is also formed
when switching from AM (AM1) to GM.

The switch control functions in the structure are per-
formed by the CU control unit, depending on the ratio of Ppy
to P, (Table 1), the current measured and projected value of
Q*, the signals from sensors and the energy control system
signals from an external software control device (SCD).

The input data for SCD are the data on PVS installa-
tion: the power of PV and SB, tariff zones, broadcast data
of the forecasted PV generation from a weather website.
In this case, the measurements can determine energy con-
sumption, estimate the reduced payment.
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Table 1

Daily cycle operational modes

(t1—t2), (t-tg) (ta—13), (Ls—ts5) (t3-1s) (ts—t1)

GM AM AM1 GM GM
gm=1 am=1 aml=1 gm=1 gm=1

Ppv=Ppyp PPV:IjPVP P, =P'+P, PPV:}ZPVP PPV:I:PVP
Pp=0 Py=1,U, PB:[;-UB Py=1,Uy Py=1;U,

Q;:Q* Q*>50 % PPVT]C>PL1 PPVT]C<})L1 Q;ZQ*>50%
Ip=0 Iy= (vanc -P; ) /Uy I,= (vanc - P;)/ Uy Ip=Iprmax Ig=Igr
P,=P P,=0 P,=0 Pg=P~Ppnc+Pp/nc Py=P;+Pp/nc

MPPT, VC MPPT, VC1, VC3 VCl, ve2 MPPT, VC MPPT, VC

5. 3. Simulation model of energy processes in a photo-
voltaic system

This model implements the daily cycle of PVS oper-
ation; transition processes are not taken into consider-
ation; energy losses are taken into consideration through
efficiency.

The model includes: a PV generation module, an SB mod-
el, an LF load (set in a tabular form), a mode job module, a
calculation module, a cost assessment module.

The generation module forms Ppyp(t), Ppyavp(t) Ppys(t) in
accordance with the forecast (we use archival data from [24],
when reducing the generation by PV (AM1 mode) — in accor-
dance with P, and Py (Table 1). To measure Ppyp, Ppyy values
at checkpoints, a sampling-storage device is used. The mode
job module forms variables corresponding to the tariff zones
d, m, p, n, as well as variables that correspond to gm, am, am1
operational modes.

The SB model is based on data from catalogs. Taking into
consideration energy loss, the SB charge is

Q:Q5+J1113dt’

where I}, = I,n, — when charging SB, and I}, =1, /1, — when
discharging SB.

In this case, the I value is formed as Iz(Q*), in accor-
dance with SB specifications [20]. The I,emax restriction has
been introduced at discharge. The adjustable limit is used: the
upper limit is set by I3(Q*), and the lower limit — by Ig,emax. The
SB voltage is also set in the form of the dependence Ug(Q*).
A storage sampling device is used to measure the values of
Q* at checkpoints.

Based on Table 1, GM calculates I, P, the power Py
consumed from DG. To estimate the reduction in the cost
of electricity consumed from the grid, the cost-assessment
module uses the coefficient kg=C;/Cy (Cy is the cost of
electricity consumed by LF load, C, is the cost of electricity
consumed from DG). Accordingly

— WLde + meTm + WLeT; + WLnTn
w,T,+W,T,

ky

)

where W, =IPL-(gm4n)dt is the energy consumed in the
intervals consistent with GM’s daytime regime; similarly
determined are Wi, Wi,, Wi, for AM (variable am), AM1
(variableam1),and, at night (variablen); W, = J‘nggm-n)dt,
W, =JPgndt is the energy consumed from DG during the
daytime and night periods, respectively.

5. 4. MATLAB simulation results

The simulation was performed for PV (Ppyr=1kW)
using data from [24] for Kyiv (Ukraine). W5=3,000 W-h at
ng=nc¢=0.94and W5~2,651 W-h. Onacleardayin June2015,
the total daily PV generation was Wpycs=(6—6.1) kW:h.
Assume that the evening peak tariff zone [19] is 3 hours
(20.00-23.00), then, in accordance with (1), P;=P;45=309 W
(taken as 300 W). The system performance is considered
under a load independent on the PV generation (Table 2).
In this case, in the evening peak in winter, the exclusion of
consumption from PV is ensured only from 17.00 to 20.48.

Table 2
Load schedule
Summer
th 7.00-8.00, | 8.00— | 11.00— | 16.00— | 20.00— | 24.00—
’ 23.00-24.00 | 11.00 | 16.00 | 20.00 | 23.00 | 7.00
Winter
th 6.00-8.00, | 8.00— | 10.00— | 15.00— | 17.00— | 23.00—
’ 21.00-23.00 | 10.00 | 15.00 | 17.00 | 21.00 | 6.00
P, W 188 413 300 188 300 109

The simulation was carried out on the condition that the
actual PV generation is 0.9 of the forecast value. The kg values
for different pricing plans with load and consumption payment
estimates from PV at the same rates are: kg (one rate T;=1),
kgy (two rates T,,/T;=0.5/1), kgs (three rates 0.4/1/1.5); they
are given in Table 3. Three July days in 2015 were considered
(Wpy=6, 4.756, 3.367 kWh) and a clear day in December
(Wpy=1.716 kWh). In addition, Table 3 gives the kg and kg3q
values when calculating Cy for one tariff Ty=1. The Q, values
were set according to (2). The kg3 values are derived when set-
ting Q, =93 % regardless of the forecast. In all cases, charging
an RB during the morning and night hours with a daily tariff
was excluded. For comparison, Table 3 gives the &, values
when control was based on the ratio of Ppyand Py power.

Oscillograms of the daily cycle of PVS operation at
Wpyp=4.756 kWh (Ppyris the actual value of PV generation,
Ppyc is the actual generation considering control) are shown
for the following:

— control based on the ratio of Ppy to P, power with
setting the initial Q, value (Fig. 3, a). In this case, in
the daytime we observe two switches to work from DG
(kp3=4.07);

— control by determining Q* one step ahead (Fig. 3, b).
At 19.30, at the actual value of Q*=83 %, the forecast



value at 20.00 was 80 %, which predetermined switching
to the grid operation and RB recharging to 86 %, which is
enough to work out the evening peak (kz3=5.61);

— control by setting AM mode at the initial value
Q,=93% (Fig. 3, ¢). In this case, by increasing the night
charging of SB, the energy was enough to exclude the
connection to the network, although the indicators were
worse (kp3=5.17).
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Fig. 3. Oscillograms of the daily cycle of PVS operation at
4.756 kWh under the following control: @ — based on the ratio
of Ppyto P, power and by setting the initial value of Q;;

b — by determining Q% one step ahead; ¢ — by setting AM
regime at the initial value Q, =93 %

At Wpyp=3.367 kW-h (Fig. 4), the decrease of Q*<80 %
(77 %) was predicted at 13.00, followed by a network con-
nection and charging the RB. At 14.30, at Q*>92 %, the
system returned to AM with the RB discharge. At 19.00 the
next switch to the network is predicted, until 20.00.

The function of adjusting the power of the load by re-
ducing voltage was not used in these cases. This feature is

useful under an emergency autonomous mode when there is
no possibility to recharge SB from DG.

Table 3

The values of kgfor different pricing plans

Wpvp, KW-h | kg kpy | ks ks | k¥es | Rest | keso
6 3.7 589 | 637 | 819 | 5.64 | 7.44 | 5.69
4.756 279 | 4.14 | 445 | 561 | 407 | 505 | 4.73
3.367 1.76 | 2.42 2.6 3.2 2.65 | 2.89 3.2
1.716 136 | 1.72 | 1.85 | 2.165 | 2.1 1.96 | 2.165

We also considered PVS operation with an increased SB
energy intensity to 4,000 W-h, which yields an effect at high
PV generation. For example, at Wpyp=4.756 kW-h, the value
of kg3 is 6.23. However, if Wpyp is reduced, there is no effect;
at Wpyp=3.367 kW-h, kr3=3.36.
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Fig. 4. Oscillograms of the daily cycle of PVS operation at 3.367 kWh

The MATLAB (USA) simulations were also performed
by using a detailed model of the system in order to study
electromagnetic processes in PVS under the steady and
transitional modes. The structure of the model is implement-
ed in accordance with Fig. 1, 2. The model is built according
to known principles using a unit to calculate the loss of pow-
er in the keys [23] by the instantaneous current and voltage
values in accordance with the parameters of the transis-
tors. The model parameters are: Uy=220 V, network resis-
tance X,=0.04 Ohm, the inverter output filter R/~0.3 Ohm,
C/=60 pF, reactor’s L=0.00105 H and R=0.1 Ohm. The
capacitor at the inverter output C;=8,000 pF, voltage
U;=360 V. The load is active-inductive. The fj; frequency
for AM is 3 kHz, under a GM mode — 6.8 kHz. When f),
decreased under AM, the loss of power in the inverter keys
decreased to 40 % (the use of IGBT of class 1.2 kV the type
of SK 50GH12T4T was considered).

The oscillograms of grid voltage (loads) ug (uy), grid
current ig, inverter current ic, current load iz, the SB current
Ip, inverter output voltage Uy, the inverter output voltage uc
when switching to AM (¢=0.4 s) are shown in Fig. 5, a. In this
case, Ppy=0, and, up to the moment of switching, the SB was
charged from DG through the inverter; after switching, it is
discharged, thereby providing the load consumption. Under
AM, THDu;=0.87 % at U;,,=307.8 V. When connecting the
network Ig,1)=20.7 A, THDi,=1.49 %. When switching from
AM to network operation at Ppy=1,080 W (Fig. 5, b), the
THDu; value is 0.81 % at U;,,=308.7 V; for the current of the
network after switching, Iyn1)=11.8 A, THDiz=2.7 %.
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Fig. 5. The uy (uy), ig, ic, iy, I8, Us uc oscillograms when switching: a — from the mode of
operation from DG to an autonomous mode; b — from an autonomous mode to work from DG

In both cases (Fig. 5), the overshoot of voltage stabiliza-
tion process U, does not exceed 10 % with a constant of the
filter time in a feedback loop of 0.01 s.

6. Discussion of the results of studying the improved control
of a photovoltaic system with rechargeable batteries

Improving the mechanism for managing the generation and
redistribution of energy in PV'S with SB is focused on reducing
the consumption of electricity by LF from DG and, according-
ly, reducing the amount of payment. Based on the forecasted
generation Ppyp(t) over the next day, taking into consideration
the expected schedule of SB charging, the state of its charge at
night is determined according to (2). That eliminates exces-
sive energy consumption at night. Thus, for the case shown in
Fig. 3, b, the sufficient value is Q, = 75 %, accordingly, the value
is kps>ke30 (keso for Q, =93 %, Table 3). Additional reduction
in daily consumption is achieved by using SB energy during
the “failures” of PV generation and reduction of generation in
the evening hours. In this case, the guaranteed charge of SB to
the evening peak is achieved by predicting Q* one step ahead
(0.5 hours or less) implying the setting of Q* thresholds in the
appropriate time intervals. The mode switching condition is
supplemented by comparing the predicted and the threshold
values of Q*. Using the PV generation forecast, a possible devi-
ation of the forecast and actual power values of the generation is
taken into consideration. A certain reduction in costs due to the
cheaper night tariff is achieved by excluding the SB charging in
the hours leading up to the morning peak, and after the evening
peak with a daily (half-peak) tariff. The transfer of PVS to an
autonomous mode disconnecting it from the network in the
intervals of time when the energy of PV is enough for the oper-
ation of LF contributes to the normal equipment performance.

Based on the condition for ensuring an acceptable har-
monic composition of the current of the network inverter
when charging SB from the network, the parameters of the
output filter and the circuit of the inverter’s current control

accordance with Table 1. Predic-
tive control functions have been
implemented and the cost of pay-
ing for electricity consumed from
the grid has been assessed under
different tariff plans (Table 3).

The main task in modeling electromagnetic processes in
PVS with SB and under a load was to check the feasibility
of the system that controls the conversion unit of PVS. The
performance at steady and transitional processes during
a change in operation was studied; the power loss in the
keys of the network inverter was assessed. The acceptable
quality indicators of load voltage under an autonomous
mode (THDu ;<6 %, voltage deviation not exceeding 2 %), as
well as the current consumed from the grid (THDi <5 %),
have been confirmed. A reduction in the power losses in the
transistors of the inverter with a decrease in the modula-
tion frequency under an autonomous mode is up to 40 %.
Overshoot in the process of voltage stabilization Uy does not
exceed 10 %.

This work builds on [25] that considered a variant of a
standard hybrid inverter at three-zone pricing. In this case,
if the energy of PV and SB is enough for the operation of LF
load, PVS works under an autonomous mode. When there is
not enough energy, the load of LF connects to DG enabling
the charging of SB. In the case of excess PV energy, the PV
is disconnected while maintaining SB in the active zone,
when the I value is limited only to the allowable value. The
feature of our solutions is the purposeful formation of Q*
and a change in the control system using the forecast when
taking into consideration the distribution of tariff zones and
peak loads. Ppy is adjusted regardless of the control over an
SB charge and without limitation on the state of the charge.
In the case of switching to an autonomous mode, if the DG
voltage deviates unacceptably, the assessment of the ratio of
PV capacity and load implies the recalculation to the rated
value of voltage. To prevent pauses when switching to an
autonomous mode and from an autonomous mode to work in
parallel with the network, a triac is introduced in series with
the contactor. Switching to an autonomous mode implies
changes in the current control and modulation frequency
parameters.

There are certain limitations regarding the application of
our study results:




—a cycle of LF operation has been considered with the
main load during the day and in the presence of peak loads
in the morning and evening hours;

—our calculations use a fixed efficiency value n¢, which,
in reality, varies within certain limits depending on the load.
That also applies to the model.

The study involving the modeling of energy process-
es in PVS is an estimate of the decrease in energy costs
under different tariff plans over a daily cycle. We tested
the proposed control implementation principles taking
into consideration a change in the current value I3(Q*)
relative to the specified value and adjusting the selection
of PV power. The study that employed a detailed model
mostly focused on implementing the switching modes,
assessing control quality, and estimating energy loss in
the circuit keys.

To be advanced:

— the implementation of AM emergency regime involving
the preparation of recommendations on LF load based on
forecasting;

— the study of the principles for enabling energy generation
in DG during peak tariff hours, which would make it possible
to better utilize the capabilities of RB with enhanced capacity
in order to reduce the cost of consumption from DG.

6. Conclusions

1. Tt is possible to improve the mechanism that controls
the generation and redistribution of energy in PVS with SB by
using a PB generation forecast. In this case, the reduction in
energy consumption at night is achieved by setting the initial
state of the SB charge. Reducing the duration of connection to
DG during the day is possible by managing the switching of

modes based on the projected charge level, with the differenti-
ation of Q* thresholds over the time intervals during 24 hours.
With sufficient PB generation, the system functions under AM
mode being disconnected from DG, which, when the frequency
of modulation is reduced, helps reduce losses in the inverter
with the proper voltage quality of LF load.

2. The system of control manages the state of the SB charge
based on the forecast of PV generation. There is an adjustment
of forecast discrepancies with the actual PV generation. The
switching of regimes and changing the control system structure
are carried out in accordance with established tariff zones and
peak loads. Switching is determined by the predicted charge
levels, with the differentiation of thresholds by time intervals.
The pauses at mode switching are excluded by using a thyristor,
which is enabled sequentially with the contactor when synchro-
nizing the moment of connecting to DG.

3. Our simulation of a daily cycle of PVS operation has
shown that the use of SB in the PVS, in order to reduce the
cost of electricity consumed from the network, is justified only
if there is a tariff rate. The best indicators are achieved at three-
zone pricing, producing a reduction in costs from 1.7 to 8 times.
Setting the initial SB charge reduces the cost of payment, on a
clear day, to 31 %, with a low cloud cover —to 11 %. In general,
the proposed predictive control variant makes it possible to in-
crease kgg by 21 % at Wpyp=3.367 kWh (average cloud cover),
and by 46 % on a clear day, at Wpyp=6 kWh. The solution also
applies in the “fair” formation of the hourly payment when the
cost of electricity is linked to a load of DG for power.

4. Simulating the electromagnetic processes in the system
“DG - PVS with SB - LF load” involving the calculation of
losses in the keys of the inverter has confirmed the feasibility
of the control system at acceptable indicators under the transi-
tional modes of operation. Reducing modulation frequency un-
der AM decreases power loss in the inverter keys by up to 40 %.
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