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The simultaneous mitigation of slow and fast voltage fluctuations caused by
rooftop solar PV by controlling the charging/discharging of an integrated battery
energy storage system

Abstract

Both slow and fast voltage fluctuations in the connected low voltage (LV) distribution feeder are caused
by intermittent variations in solar PV power output, in addition to the variations in load demand where
rooftop solar photo-voltaic (PV) unit penetration is higher. A single energy storage system integrated with
the solar PV unit can mitigate these fluctuations in voltage profile. A novel analytical approach to mitigate
both slow and fast voltage fluctuations simultaneously in the connected LV distribution feeder is
proposed, which has not explicitly been addressed in the literature. Integrated battery energy storage
systems will be dynamically charged during mid-day to alleviate the voltage rise and discharged during
the evening peak hours to alleviate the voltage drop, while simultaneously controlling the fast fluctuations
of the PV inverter output to a specified value. The proposed control strategy has been validated using a
hypothetical distribution feeder system and results have demonstrated that both the slow and the fast
voltage fluctuations in the voltage profile can effectively be alleviated, if the proposed strategy is
implemented.

Disciplines
Engineering | Science and Technology Studies

Publication Details

P. M. Ariyaratna, K. M. Muttaqi & D. Sutanto, "The simultaneous mitigation of slow and fast voltage
fluctuations caused by rooftop solar PV by controlling the charging/discharging of an integrated battery
energy storage system," Journal of Energy Storage, vol. 26, pp. 100971-1-100971-11, 2019.

This journal article is available at Research Online: https://ro.uow.edu.au/eispapers1/3229


https://ro.uow.edu.au/eispapers1/3229

The Simultaneous Mitigation of Slow and Fast Voltage Fluctuations
Caused by Rooftop Solar PV by Controlling the Charging/Discharging of
an Integrated Battery Energy Storage System

Prabha M Ariyaratna, Kashem M Muttagi*, Danny Sutanto
Australian Power Quality and Reliability Centre, School of Electrical, Computer and Telecommunications

Engineering, University of Wollongong, Wollongong, NSW 2522, Australia
kashem@uow.edu.au

Abstract: Both slow and fast voltage fluctuations in the connected low voltage (LV)
distribution feeder are caused by intermittent variations in solar PV power output, in
addition to the variations in load demand where rooftop solar photo-voltaic (PV) unit
penetration is higher. A single energy storage system integrated with the solar PV unit
can mitigate these fluctuations in voltage profile. A novel analytical approach to
mitigate both slow and fast voltage fluctuations simultaneously in the connected LV
distribution feeder is proposed, which has not explicitly been addressed in the
literature. Integrated battery energy storage systems will be dynamically charged
during mid-day to alleviate the voltage rise and discharged during the evening peak
hours to alleviate the voltage drop, while simultaneously controlling the fast fluctuations
of the PV inverter output to a specified value. The proposed control strategy has been
validated using a hypothetical distribution feeder system and results have demonstrated
that both the slow and the fast voltage fluctuations in the voltage profile can effectively
be alleviated, if the proposed strategy is implemented.

1. Introduction

The deployment of rooftop solar PV units in household and commercial customers has
been accelerated during past few years. The introduction of the government and the retailer
incentive schemes has caused the increase in the popularity. A high penetration of the rooftop
solar PV units in weak power distribution networks can cause voltage drop during the peak
demand period and voltage rise during the peak generation period in the voltage profile of the
connected distribution feeder. In addition, the events of cloud passing over the rooftop solar
PV unit may cause sudden voltage fluctuation in the voltage profile at the connected power
distribution feeder. Therefore, the limit of operating voltage may be violated which is
variable based on the penetration level of solar PV units. As a result, the distribution network
operators (DNO) have enforced limitations on the penetration levels of rooftop solar PV units
connected to the distribution feeder as a precaution to avoid/delay expensive grid upgrades
[1]. Therefore, it is essential to exploit the limitation on penetration levels by introducing
appropriate control mechanism/s to maintain the operating voltage limits in the power
distribution feeder.

In general, the slow fluctuations (SF) in the voltage profile are caused by the variation of sun
irradiation and the load demand. The fast fluctuations (FF) in the voltage profile are caused
by the cloud passing. A case study to show the advantage of having residential rooftop solar
PV units integrated with Battery Energy Storage System (BESS) over industrial scale solar
farms has been discussed in [2], while highlighting economic and environmental benefits of
the rooftop solar PV units. Strategies for voltage regulation and peak shaving with BESS are
discussed in [1], with one of the objectives is to reduce the annual cost. The peak shaving
with BESS based on the load data is discussed in [3]. A load shifting mechanism from peak
hours to off-peak hours is addressed with the utilisation of BESS in [4]. However, both
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methods in [3-4] could be improved further by considering the voltage level of the
distribution feeder as a minimum requirement to activate peak shaving/load shifting. A
dynamic state analysis on the subject of the voltage regulation was carried out in [5],
however, the State of Charge (SoC) of the BESS has not been measured as the limiting factor.
Also, a voltage-based storage control is discussed for distributed solar PV generation with
battery systems in [6]. The paper in [6] proposes the regulation of voltage to mitigate the
slow fluctuation in the PV generation. However, the paper has not considered practical issues
such as the limited BESS capacity, the sudden fluctuations in the PV generation, etc. The
active and reactive power control to alleviate the over-voltage limit violation is studied in [7]
using the most recent previous 15 second PV output to forecast the curtailment threshold. The
proposed control strategy has been shown to be unsuccessful in the presence of sudden large
fluctuations in the PV output. A mechanism to control the BESS SoC, while controlling the
slow and fast fluctuation in the voltage profile, is proposed in [8 - 9]. However, the results
show that the reverse power flow is minimized rather than avoided. A droop based control
mechanism on distributed BESS SoC is discussed for a slow voltage fluctuation control in the
distribution feeder in [10 - 11], specifically to avoid the violation of the limit of SoC.
However, both [10 — 11] discuss the requirement of the establishment of prior communication
between all the distributed BESS to accomplish the application of the control strategy. A
multi-level inverter that is integrated with a solar PV generator and BESS is discussed in
[12], showing the successful results for a short time period, and has suggested that the studies
could be extended further by analysing results for a longer time (24 hour) period. An ESS
control mechanism to alleviate the sudden fluctuations in the voltage profile is discussed in
[13-14]. However, the authors have not considered avoiding/reducing the reverse power flow
to the grid and controlling the voltage in the feeder.

The necessity to investigate a smart way to mitigate both slow and first voltage fluctuations
mitigation that considers practical issues such as the limited BESS capacity, the sudden
fluctuations in the PV generation with high ramp rate, and the SoC limits motivates us to
carry out the research in [15]. The slow and fast fluctuation mitigation in the voltage profile
of the connected distribution feeder of the rooftop solar PV using a hybrid energy storage
system was developed by the authors and presented in [16]. To mitigate both slow and fast
fluctuations in the voltage profile simultaneously, the size and the capacity of the BESS were
determined by the authors in [17] based on the 24-hour availability of BESS.

In this paper, the simultaneous operation of the slow and fast voltage fluctuations
control (SFVFC) will be explored in the context of solar PV units in LV distribution feeders.
The proposed approach utilizes a single battery energy storage system (BESS) to be
integrated with the PV unit for this purpose, which will be dynamically charged during mid-
day to alleviate the voltage rise and discharged during the evening peak hours to alleviate the
voltage drop, while simultaneously controlling the fluctuations of the PV output. This also
controls the voltage levels during both FF and SF by using a BESS whilst managing BESS
SoC dynamically to provide necessary control throughout the day. The methodology will be
simulated on a hypothetical distribution feeder system based on 24 hour and 7 day data in 1
second intervals.

2. Available Control Techniques to Control Rate of Change of Solar PV Inverter
Output

The various techniques to control the rate of change of solar PV inverter output based
on the input or sequential inputs of the solar PV generator have been discussed in the
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literature [18-25]. A comparison of the reported techniques in the literature is shown in Table
1.

Table 1: Comparison of Control Techniques in literature

Technical Criteria
Effectiven L osses in
Method | Ref. ess of storage | SOC level Cyclmg
storage svsten degradation
time y
2?2" P [20], | Very Average ll:/(l)agg;: " | Less than 2%
[21] | Good g always
control often
Vary
o between 0- Approximately
[ 0,
l\A/I\(/)g,/r[ange gﬂ Bad High ﬁggf 0.  10% for OW-40kw
’ [25]' 10% J solar panels
frequent
Maintain 0
SP 1] Good | Low | 40-60 | -essthan 1%
Control often always
Low pass | [23], | 5. Low %?mtam Very low as 0.5%
flilter [22] 90%often always
Vary
' between O- :
Moving . 0 Approximately
median | 124 | Bad High | 100%, op
including
rapid

The rate of change of the inverter output is maintained at a specified rate in [20]. Few
variables are required determination to avoid the energy loss of PV generation caused by the
BESS output which always depends on the previous BESS output. The ramp rate control in
[21] is based on the percentage change of ramp rate with respect to the PV generation, which
makes the method inefficient. The moving average method and its adaptations such as the
lagging moving average, the cantered moving average, etc. have been discussed in [20, 23-
25], and the results depends on the selection of the time window, which deliver less desirable
results due to higher dependency on previous generation data.

The low pass filter method has been studied in [22-23]. When the ramp rate is limited
to less than 5%/min, the requirement for the capacity of the storage system drastically
increases [22]. The lagging and double moving average methods produce different results
based on the size of window and the solar PV output data [23-24]. The double moving
average method produces a smoother output compared with other moving average methods.

The methodology proposed in this research for the mitigation of FF in the voltage
profile does not depend on a time window. Therefore, it can have the ability to control the



output based on the present power output of the PV generator and a specified maximum rate
of change, which is a novel technique Introduced by authors in [15].

3. The Proposed Methodology to Alleviate the Slow and Fast Fluctuation in VVoltage
Profile Using BESS

The proposed simultaneous voltage control proposes to mitigate both the slow and the
fast fluctuations caused by the mismatch between the solar PV output and the residential load
will be achieved. The conceptual block diagram of a typical BS integrated with a rooftop
solar PV system, which will be studied in this work, is presented in Fig. 1.

Solar PV va;f\ Pinv Distribution | PCC Grid
Unit U/ Board

A
Inverter
PBS I:)Load
v ¥
Battery Energy Residential
Load
A EMS

Figure 1: Conceptual Diagram of the solar PV unit with BESS

The BS will be charged/discharged faster to mitigate the fast fluctuations in the solar
PV output (FFpy) and charged/discharged slower to mitigate the slow fluctuations in the
voltage level at the PCC (SFpcc). Both controller mechanisms will be integrated to operate
using a single BS within its technical limitations. As per Fig. 1, the solar PV unit and the BS
are connected through an inverter to the residential load and the grid. Firstly, the BS power
output to mitigate FFpy will be calculated. The BS power output to compensate SFpcc will be
calculated next and then the BS will be operated to mitigate both fast and slow fluctuations
simultaneously. It is assumed that the communication within the Energy Management System
(EMS) does not experience any delay in the response time.

The power output from the solar panel (Ppy) and the power injection/absorption to/from
grid (Pgriq) must be equal to the power output of the BESS (Pgess) and the load demand
(PLoad), @s shown as Eq.1 below,

Ppy + Pgria = Proaa + PrEss 1)

The regulation of Pg,.;; by controlling Pggss is essential to maintain the voltage profile
within the standard operating limit within the standard operating limit of the connected power
distribution feeder. However, it is assumed the BESS has a sufficient capacity to deal with
the power requirement (Pggss) for the proposed SFVFC.

An illustration of the Eq. 1 is depicted in Fig. 2, which contains a hypothetical data (in
watts) for analysis.



Power output (W)

Figure 2: Power outputs of solar PV, BESS, load demand and power absorption from grid

The power absorption from the grid, (P;,i4), IS considered unchanged for the ease of
analysis. At the 1% instance, Ppy is null, Pgggs is null, load demand is supplied by the grid
and hence, Pg,;4 is equivalent to P,,,4. During 2™ and 3" instances, Ppy is 10W and 25W
respectively, Pgpss is BW and 20W, Pp,.q 1S 10W in both instances, required 5W (Pgiq )iS
supplied by the grid. At the 4™ instance, Ppy is 10W, P, a4 iS 15W, Pgrss is null and P4 is
5W. In the 5" instance, Ppy is null, P, yaq is 20W, Pggss is discharging 15W and Pg,. is SW.

3.1 Alleviation of the Fast Fluctuations (FF) in the voltage profile

The FF in the voltage profile is caused by the cloud passing over the solar PV unit. The
maximum allowable rapid voltage change of LV network is 5% under normal circumstances
and 10% if it is infrequent, based on the EN50160 standard for voltage disturbances [19].

The output of the integrated BESS and the PV inverter, Pi,, can be obtained as an
expression of the PV panel output power, Ppy, the inverter efficiency, n;,, and the battery
output power, Pgess, as given below [15]:

Piny = Ninw X (Ppy + Pggss) (2

After differentiating all the terms in (2), and rearranging, we obtain (3),

dt Niny | dt

dPpgss _ 1 [dpinv — 7 dPpy
- inv

def dt

(3)

The rate of change of the solar PV output, d’;’t’ “ is referred to as the solar PV ramp rate

(PVRR). The solar PV inverter efficiency, n;,,,, can be obtained from the manufacturer data
sheet. However, for the calculation here after ;,,,, is considered as unity in value.




The rate of change of the solar PV inverter output is fixed to a specified value and
referred as Maximum Applicable Ramp Rate (MARR). The specified ramp rate is set as
negative (MARRin) when the PVRR is negative and set as positive (MARRmax) when the
PVRR is positive, otherwise, it is set as zero (when PVRR is null), as shown in (4) [15]:

MARRpay, if 22> 0
MARR =% MARRpm, if ©2£<0 (4)
0, if S =

The rate of change of the BESS power output, dpdt
selection of MARR based on the PVRR of the PV. The rate of change of BESS consists of
two parts: the rate of change of BESS during the FF control and the rate of change of BESS

during the SF control. This relationship can be shown in (5).

BESS () can be calculated, after the

()

dPBESs _ AdPBESS FF dPBESS_SF
L O =—"—0O+ ——()

Where, dPBEiS-FF (t)is the rate of change of BESS for the FF control and

ZPBESSSF (1) is the rate of change of BESS for the SF control.

dt
The rate of change of the power output of BESS, dp“;#(t) can be obtained as

below:

if IPVRR| < |[MARR| (6)

0,
otherwise

dapP
“a D= U yapr — PVRR

dt

dt

As seen in (6), ZEEESSEE (1 s zero when the absolute value of the current PVRR is
equal or lower than the absolute value of the specified MARR. Otherwise, dPBEi”F (t) is the

gap between MARR and PVRR.
Calculation of %(t) based on MARR and PVRR is illustrated in Fig. 3 below

using fictions data,
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Figure 3 (a): Solar PV data and Battery power output to mitigate fluctuations
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Figure 3 (b): MARR and PVRR

The specified MARR during the illustration was 5W/s. During instance 1 - 2, the solar
PV output increased from zero to 2W and hence, the calculated PVRR is 2W/s. However, the
PVRR is less than specified MARR, hence, dPBZ#(t) is zero for the duration. During
instances 2 - 3 and 3 - 4, the solar PV output increased from 2W to 5W and 5W to 10W
respectively. Hence, the calculated PVRR are 3W/s and 5W/s. However, the PVRR is less

than specified MARR in both instances and hence, IPBESS P (1Y s zero. During instance 4 - 5,

dt
the solar PV output decreased from 10W to 4W, the calculated PVRR is -6W/s, which is

larger (note that only the absolute values of both PVRR and MARR are compared in (6)) than
the specified MARR is -5W/s, hence, the MARR is -5W/s during the duration. Accordingly,

dPBZ#(t) is 1W/s. During instance 5 - 6, the solar PV output is stable, and the calculated
PVRR is zero. %(t) is zero for whole duration, since the PVRR is less than the
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MARR. During instances 6 - 7 and 7 - 8, the solar PV output decreased from 4W to 2W and
2W to zero respectively. Hence, the calculated PVRR is -2W/s for both instances.

‘“)BZ# (t) is zero since the PVRR is less than the MARR.

This methodology will be used to calculate % (t) for the alleviation of the FF.

3.2 Alleviation of Slow Fluctuations (SF) in the Voltage Profile

The SF in the voltage profile is caused by the changing sun irradiation and insolation
against the varying residential load demand. The solar PV generation starts at sunrise and
ends at sunset. The imbalance in generation and demand can be balanced using the BESS
with a sufficient charge/discharge capacity in BESS.

The ac voltage of the rooftop solar PV should be 230V at the Point of Common
Coupling (PCC) in single phase line-to-neutral and 400V in the three phase line- to-line with
a tolerance of +10% and -6% [3], according to the Australian Standard AS 60038 for
Standard Voltages.

The proposed SF control method dynamically measures the voltage level at PCC to
determine the rate of change of charge/discharge rate (% (t)) of BESS. During the
methodology to control the SF, several sets of pre-defined voltage levels of PCC is used to
determine the rate of change of charge/discharge rate (‘“BZ# (t)) of BESS which is again
pre-defined to suit the loading of the feeder. Table 2 contains pre-defined voltage levels and
dipgs

dts—s” (t) for the specific feeder.

Table 2: Method to determine rate of charge/discharge rate of BESS for SF

Lowest reference Highest reference diggss sr
Vpce Per Unit(P.U) Vpcc(P-V) a (DA
0.94 11 0

BESS Charging to regulate voltage profile

1.1 1.104 125
1.104 1.108 25
1.104 - 50

BESS discharging to regulate voltage profile

0.93 0.94 25

- 0.92 50




The rate of change of charge/discharge rate of BESS is lower when the voltage at PCC
deviates less from the operating voltage range. Similarly, the rate of change of
charge/discharge rate of BESS is higher when the voltage at PCC deviates more from the
operating voltage range.

A BESS with the capacity of 500Ah is used for the simulations, the rate of change of
charging rates (@ (1)) are based on 12.5, 25 and 50 A/h respectively. The rate of change

of discharging rates (% (t)) are based on 25 and 50A/h.

Once, (%(t)) is determined, the rate of change of BESS power output,

] :
% (t) can be calculated as in (7).

ap diBEss,SF( )
M(t) = —dt 7w Vsgss (7)

dt 3600
The rate of change of charge/discharge rate in A/h is obtained as per Table 2. The SoC
value is the calculated SoC for the previous instance. Both %(U value and the SoC

value are then used with the battery characteristic curves (Fig. 4) (for 12V lead acid battery
curve) [26] to obtain the BESS operating voltage (Vgess) using interpolation. Next, the rate of

change of BESS power output, % (t) is determined.

12 Volt Lead-Acid Battery Chart- 78°F.
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Figure 4. Battery Voltage vs State of Charge (SoC) [26]



3.3 The Tuning of the rate of change of BESS for the alleviation of simultaneous SFVFC

The rate of change of BESS output for FF ( CUDBZ#(LL)) and the rate of change of
BESS output for SF (% (t))are calculated as per Section 3.1 and 3.2 Therefore,

according to (5), we have obtained the cumulative rate of change of BESS (% ®) .
Results of calculations are used in (8) for the calculation of the rate of change the inverter
output LPiny (t).

dPiny _ dPBESS FF dPBESS _SF dPpy
Piny (1) = Pomssrr ) 4 Possssr () 4 Prv (g ®)

The calculated Z£izw —=(t) Iin (8) may exceed the specified MARR value since the
cumulative result of the (W (t)) and the (% (t)) is used as the rate of change of

BESS (% (t)) . The rate of change of BESS (% (t)) should be tuned as shown in (9),
if %(t) exceeds the specified MARR value. Otherwise, the control process shall be
continued to next step.

dPBESs AdPBESS FF dPBESS SF _
L Or— — O+ — =0 =

{MARRmax PVRR,if L 10 (£) > MARRpqx

MARR,,;, — PVRR, if %(t) < MARR;, ©)

The rate of change of the inverter output can be regulated within the specified range of
MARR (MARR,,,;,<MARR< MARR,,,,) by tuning the rate of change of BESS (% ()
according to (9).

If the rate of change of Linv jg higher than MARR ;4 based on the calculation in (8),
the rate of change of BESS output should be tuned as to lower 22w by increasing the rate of
change of charging of BESS (% (t)) from the previously calculated value. Accordrngly
BESS starts charging at a higher rate and hence the rate of change of inverter output LLiny i
maintained below MARR,,,,. If the rate of change of 222 s Jower than MARR i based on
the calculation in (8) , the rate of change of BESS should be tuned as to increase Z5inv by

increasing the rate of change of discharging of BESS (@ (t)) from the prevrously
calculated value. Accordingly, BESS starts discharging at a higher rate and hence the rate of
change of inverter output 2Piny s maintained above MARR,,;- If the rate of change of —= dP”"’

is higher than MARR ;. and less than MARR,,,, based on the calculation in (8), the rate of
change of BESS output does not need to be tuned. Hence, the BESS continues to
charge/discharge/idle in similar rate as the previous time instance. The significance of the
proposed tuning methodology is the capability to conserve energy throughout the SFVFC to
utilize solar energy in the optimum manner.
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The command signal is sent to BESS for the generation of the required BESS output,
following the calculation of the cumulative rate of charge/discharge of the BESS

(FEEESS (1)) by tuning,

The power output of BESS for SFVFC, Pggss(t) is calculated based on the cumulative
rate of change of charge/discharge of the BESS for the present instance and the power output
of BESS for SFVFC in the previous instance which is expressed in (10):

Pgpss (t) = Pppss pr (£) + Ppss sp () =

0, if |PVRR| < |MARR)|
{ P (t _ T) + [dPBESS FF (t) 4 ZTBESSSE dPBESS SF (t)] (t _ (t _ T))
BESS dt
otherwzse

(10)

The power output of BESS for SFVFC (Pggss (t)) is zero when the rate of change of
PV (PVRR) is smaller than the specified MARR. In other words, the BESS remain idle when
the rate of change of PV (PVRR) is acceptable since PVRR is lower than the maximum
acceptable rate of change (MARR). Otherwise, the power output of BESS for
SFVFC,(Pgess (t)) is calculated by applying the amount of change during the selected time
duration to the initial Pgggs (t) for the previous instance.

3.4 Calculation of the SoC of the BESS

The accumulated Energy of BESS (Egess) is calculated by intergrating the
charged/discharged energy during each time period as in (11),

N PutProy

Eppss = Y=o PaER (th — th—1) (11)

Where, Eggss IS the accumulated energy of BESS, N is the total time duration, P, is the
BESS power output in the present time, P,_ is the BESS power output in the previous time
and t,, — t,,—; the duration of the selected period.

The SoC of the BESS can be calculated using (12).
SoC = ZEESS » 100% (12)

Where, SoC is the State of Charge of BESS as a percentage, Eggss IS the accumulated
energy of BESS and C is the energy capacity of BESS ( must be in same units as Egggg).

3.5 Ensuring Undisrupted BESS Availability

Advanced techniques are required to ensure the undisrupted BESS availability to
support the SFVFC. The following SoC management techniques are proposed to ensure
undisrupted BESS availability throughout the entire duration that require SFVFC.
Accordingly, the BESS SoC is enhanced during time periods that BESS is not expected to
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perform SFVFC. Consequently, the BESS acquires a sufficient capacity to provide support
during upcoming SF and FF in the voltage profile during period that there is no SF or/and FF
present in the voltage profile.

Table 3: Method to determine rate of change of charge/discharge rate of BESS for SoC
Management

Lowest reference Highest reference

diggss soc
—=222208 (1) (A/h
Vpce (P.U) Vpcc(P.U) dt (®) (A/h)

BESS Charging for SoC Management

1.05 1.1 12,5

BESS discharging for SoC Management

0.945 0.94 12,5

More importantly, the BESS is charged/discharged for SoC management during
instances that there is no presence of the SF or/and FF. In addition, if the BESS SoC level is
lower than 30% and the Vp-- within the lowest and highest reference values for BESS
charging as per Table 3, BESS will charge to enhance the SoC. On the other hand, if the
BESS SoC level is higher than 90% and the Vp- within the lowest and highest reference
values for BESS discharging as per Table 2, BESS will discharge to enhance the SoC. The

rate of change of charge/discharge rate (@ (t) ) depends on the feeder loading and

MARR. In this scenario, @ (t) will be 12.5 A/h (BESS with 500Ah amphere capacity
is used during this work) is for both charging and discharging events to manage SoC.

Once, rate of change of charge/discharge rate, (@ (t)) for SoC management is

determined, the rate of change of charge/discharge of BESS, %(t) can be calculated
asin (13).

ap diBEss_soc( )
BESS_SOC (t) — dt X Vggss (13)

dt 3600
The rate of change of charge/discharge rate in A/h is obtained as per Table 3 and the
SoC is calculated as per (12). Both %(t) value and SoC value are then used with the

battery characteristic curves (12V lead acid battery curve) [26] to the BESS operating voltage
(VBess) using interpolation. Next, the rate of change of charge/discharge of BESS,

—dPBE;f*SOC (t) is determined as in (13) for the SoC management.

The controller process should again go through the process to calculate the rate of
change of the solar PV output as per discussion presented in Section 3.3.
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3.6. Implementation of the Simultaneous Slow and Fast Voltage Fluctuation Control

The detailed methodology of the simultaneous voltage control for the alleviation for
slow fluctuations and fast fluctuations in the connected feeder is illustrated in Fig. 5 and
elaborated in this section. The methodology is built-in into the BESS which is integrated
with the solar PV system.

Initially, the specified MARR value is determined based on the Eq. 4 following the
determination of rate of change of solar PV output. Next, the rate of change of BESS output

for the control of FF (W (t)) in voltage profile is determined using Eq. 6.

- Calculate the rate of determine rate of
Dehtdir"gmee | change of BESS fOltage at PCC withis, . Chalgggligtaslge of
Eq.4 during the FF control he operating limi
q Eq.6 Table 1
Yes
h 4 Y
Calculate the BESS Tuning the rate of change Determine the rate of
output for output for |, of BESS output for R change of BESS output
simultaneous SFVFC simultaneous SFVFC for SF
Eq.10 Eq.8 and Eq.9 EFq.7
BESS power . 20%<BESS >
output =zery No SoC<100% Yes Implement SFVFC

Yes

X

30%<BESS
SoC<90%

»| Proceed to t+T

BESS SoC
Yes» Management

Voltage at PCC suitabl2
for SoC Management

Table 2

Figure 5: Flow chart for the SFVFC

Thereafter, the voltage at the PCC is determined by applying the load, the BESS output
for FF control and the PV output in a quasi-steady-state power flow. Depending on the

voltage level at the PCC; the rate of change of charge/discharge rate of BESS (dlBESS (1))
is determined using Table 2. Next, the rate of change of BESS power output, w (®) is

determined using the SoC value from the previous instance and the ‘”‘ﬁ%(t) value
obtained from the Table 2. The BESS operating voltage (Vgess) is found by the interpolation
of BESS characteristics curves to be used in Eq. 7. After the calculation of both PpEss Fr (t)

and % (t), the obtained values are used to tune the BESS output to maintain the rate of
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change of the solar PV inverter output within the specifies MARR range, which is performed
using Egs. 8 and 9. The tuned BESS output dPBEss (t) is used to calculate the BESS power

output Pggss (t) using Eg. 10. Accordingly, the BESS power output for the present time
instance is calculated using BESS power output of the previous instance and the rate of
change of BESS power output for the present instance. However, if the calculated BESS
power output is zero, the BESS SoC management may occur depending on the SoC level of
the BESS. Accordingly, if the BESS SoC is less than 30% and the voltage at PCC is within
range as per Table 2, BESS is charged to increase the SoC above 30%. On the other hand, if
the BESS SOC is higher than 90% and the voltage at PCC is within range as per Table 2,
BESS is discharged to decrease SoC below 90%. The simultaneous voltage control for slow
fluctuations and fast fluctuations is performed, if the calculated BESS power output is not
zero and the BESS SoC is within 20-100% SOC range. Finally, the entire operation proceeds
to the next time instance.

4, Case Studies

The practical MV/LV system consisting 16 LV buses in the distribution feeder is used
to demonstrate the effectiveness of the proposed method described in Section 3. The feeder
data for a section of the practical MV/LV network (Fig. 6) in NSW is used. Each bus includes
a household with a 5kW rooftop solar PV installed with an integrated 500Ah BESS.
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Figure 6: MV/LV Network and the selected LV feeder for simulations

The results will be discussed separately for fast fluctuation control initially and
simultaneous slow-fast fluctuation control separately for the advantage of comparison of
results to validate the proposed methodology.

Fig. 7, shows the solar PV generation, the BESS power output for FF control and the
inverter power output considering the FF control only. The sudden fast fluctuation occurs
from 7.30am to 8.15 am and 12.30 pm to 3.30 pm more frequently and vigorously. The
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fluctuation with the highest rate of change occurs around 12.30 pm which is roughly 550
Watts/ second.

5 :
PV inverter output //'
4! :
23| 7 :
2 raw solar PV output gl \\ BESS output
o2 | . _ ;
g | %
o 1k | \
0-1 | M I | B4 \
ol /—ﬁw.l E . ) \_-
A
-2

0 2 4 6 a8 10 12 14 16 18 20 22 24
time/hrs

Figure 7: Solar PV generation, BESS power and Inverter power output

Figs. 8 and 9 show the comparison of PVRR and MARR. This resembles the rate of
change values with and without FF control. Fig. 9 shows the zoomed 50-second duration of
Fig. 8 starting at 12.58.45 hr of the day.
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Figure 8: PVRR and MARR
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Figure 9: Selected 50 Second duration starting from 12.58.45 hrs in Fig. 8

Fig. 10 shows the battery SoC variation, and approximately 18% of SoC is used for the
ramp rate control using a battery with 500Ah capacity. The occurrence of the fast fluctuation
events caused the BESS to charge /discharge to maintain MARR.
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Figure 10: SoC variation considering FF control

Fig. 7 shows the activity level of BESS increases during the passing cloud events
resulting in a drop/rise in the SoC level of BESS as shown in Fig. 10 during the same period.
With the FF control, the rate of change of the inverter output has been reduced from 550
watts/sec to 5 watts/sec during the highest fluctuation. Similarly, the entire FF with the
magnitude over specified MARR have been controlled successfully.

The simulation results for the simultaneous voltage control for both slow fluctuations
and fast fluctuations is presented in Figs. 11 - 14 that show the inverter output after the SF

control, load data, net power at PCC, BESS SOC variation and voltage profiles for LV bus 16
in the MV/LV network.

6
Inverter output with Net load with BESS
after SF control
4| FF control -
N . e
=2 Load ~O=Ay "'ﬂ‘ v v\ A%
% LY . EATNA
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o | .' U1l AT
1 . J
: BESS output for voltage control
-2 | _
Net load without BESS SF control :’:l
-4
0 2 4 6 8 10 12 14 16 18 20 22 24

time/hrs

Figure 11: Inverter output, load demand, net power with/without BESS for FF control

Fig. 11 depicts the inverter output after the simultaneous control, the load demand, the
BESS power output for voltage control and the net power with/without BESS for voltage
control. The BESS is charged in three different charging rates depending on the voltage at
PCC during mid-day. As a result, the voltage profile is maintained stable close to the
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operating voltage limit. The BESS is discharged in three different charging rates during the
evening. The BESS starts charging from 10am until 3 pm, and discharges from around 7pm
until 9pm for voltage control.
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Figure 12: BESS SOC

Fig. 12 depicts the variation of the BESS SoC for the integrated control. The BESS
SoC has started from 60% SoC and ended to be 42% SoC by the end of the day after
carrying out the simultaneous SFVFC.

Fig. 13 shows the voltage profile without any control at PCC of the 16™ LV bus in the
test feeder. Fig. 14 depicts the voltage profile with FF control and voltage profile with
SFVFC. Accordingly, sudden fast fluctuations in the Fig. 13 have been successfully
alleviated as per the illustration in Fig. 14 with the proposed SFVFC technique. Moreover,
voltage profile has been successfully controlled within the operating voltage range with the
suggested voltage control mechanism.
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Figure 13: Voltage profile without control
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Figure. 14: Voltage profile with FF control only and SFVFC

Moreover, the proposed simultaneous SFVFC was tested together with the SoC
management technique on the same feeder considering 7 day data set to validate the
hypothesis comprehensively. Fig. 15- Fig. 18 illustrates the inverter output, BESS power

output, SoC variation, voltage improvement with FF control and with simultaneous SFVFC
for a week starting from Monday.

Power/kW

a1 : RS output

0 25 5 75 1 12515175 2 22525275 3 32535375 4 42545475 5 52555575 6 62565675 7
Days

Figure 15: Solar PV output data, BESS output and inverter output with FF control

Fig. 15 depicts the raw solar PV output, BESS output and inverter output with FF
control for week duration. Accordingly, Day 1 and 2 have the highest PV generation and
variation articulates that these are sunny days with few clouds in the sky. Day 3 and 4 have
largely varying PV generation and variation says that these are cloudy days. Day 5 and 6
have good PV generation and these are less sunny days than Day 1 and 2 but very few clouds
in the sky. The pattern of the Day 7 shows that it has been a sunny day with more clouds until
mid-day which turned to be an extremely cloudy afternoon. Fig. 15 proves that the proposed
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FF control has been able to control the FF throughout the entire period with the integration of
BESS.
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Figure 16: Inverter power with FF control, load demand, net power with/without BESS for
FF control

Fig. 16 illustrates the inverter power output with FF control, the load demand, the net
power with FF control with/without SF control. Accordingly, the BESS has been charged
during mid-day for SF control during all the days except Day 3. Significantly less PV
generation in the Day 3 caused no excess generation in the mid-day. The BESS has been
discharged during evening peak period during all the days except Day 6 and 7 as a result of
the fewer loads in weekend evenings. According to Fig. 16, the proposed methodology for
voltage control has been able to control the voltage profile to lie within the operating voltage
limits. Hence, the integrated controller for FF controller and the SF controller can be
successfully implemented to alleviate fast and slow fluctuations in the voltage profile by
integrating a BESS with the solar PV unit.
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Fig. 17 illustrates the SoC variation during entire duration (week) for SFVFC. Initial
SoC is 60% and at the end of Day 1 SoC level has become 42%. SoC value had been 48%,
40%, 38%, 29%, 66% and 80% at the end of Day 2 - 7 respectively. The SoC management
mechanism activates when the SoC become less than 30% or higher than 90% while the
voltage at PCC meets the voltage requirement as per Table 3.
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Figure.18: Voltage profile with FF control and with SFVFC

Fig. 18 shows the voltage profile in LV bus 16 with the FF controller only and with the
proposed SFVFC. Accordingly, the voltage profile has been controlled within the operating
voltage range while maintaining the rate of change of the solar PV inverter output at 5
watts/second maximum, Moreover, the simulations for the 7 day period strongly validate the
successful implementation of the proposed integrated controller for SFVFC using a 500Ah
lead acid BESS.
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5. Conclusion

The application of a single BESS to alleviate the slow and fast fluctuations of solar PV
output has been presented. The management of the battery SoC is included to ensure an
undisrupted BESS support during the control. The SF has been alleviated by charging the
BESS during mid-day, when the solar PV output is higher than the load demand and
discharging the BESS during evening, when the solar PV output is absence and the load
demand is high. The charging/discharging rate of BESS for the voltage control has been
determined based on the voltage level at the PCC, which is a novel hypothesis that has not
been reported in literature previously. Simultaneously, the FF control of the connected feeder
has been achieved using the same BESS. The FF control mechanism proposed in this work is
an original idea which has not been addressed in literature.

The control methodology presented in this work contributes to the industry through,

- Providing voltage control to mitigate both SF and FF simultaneously by
dynamically calculating BESS output for every 1 second duration.

- Providing charge/discharge control methods to suit the power flow and BESS SoC.

- Opening up the discussion to provide incentives and tariff benefits to customers for
supporting the grid.

- Introducing the variable charge/discharge methods to be implemented by the
residential solar PV generator to conserve energy without curtailing the output
power of the PV via inverter control, etc.

The proposed method is validated using a practical MV/LV network in NSW. The simulation
results show that the proposed method can alleviate the slow (due to intermittency of solar
PV) and the fast (due to passing cloud) fluctuations of the PV output. Initially, the specified
rate of change of the inverter output (MARR), the operating voltage range and the severity
levels are set, the method is not dependent on any simulation parameter thereafter. The
proposed controller mechanism is tested using the same network for a 1 week period. The
results show that the proposed methodology has effectively controlled the ramp rate of
change of the inverter output while maintaining the voltage profile within the operating
voltage range using a 500Ah lead acid BESS.
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