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A novel approach for ramp-rate control of solar PV using energy storage to
mitigate output fluctuations caused by cloud passing

Abstract

The variability of solar irradiance with a high ramp-rate, caused by cloud passing, can create fluctuation in
the PV output. In a weak distribution grid with a high PV penetration, this can create significant voltage
fluctuations. Energy storage devices are used to smooth out the fluctuation using traditional moving
average control. However, moving average does not control the ramp-rate directly; rather the ramp-rate
depends on previous values of PV output. This paper proposes a strategy where the ramp-rate of PV
panel output is used to control the PV inverter ramp-rate to a desired level by deploying energy storage
(which can be available for other purposes, such as storing surplus power, countering voltage rise, etc.).
During the ramping event, the desired ramp-rate is governed by controlling the energy storage based on an
inverse relationship with the PV panel output ramp-rate to improve the fluctuation mitigation
performance. In contrast to the moving average method, the proposed strategy is able to control the
desired ramp-rate independent of the past history of the PV panel output. A dynamic model of the PV-
storage integrated system is developed to verify the proposed strategy in the presence of physical device
time lags. The proposed strategy is verified using simulation results based on an Australian distribution
system. A laboratory experiment is also conducted to validate the concept of the proposed control
strategy.
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A Novel Approach for Ramp-rate Control of
Solar PV Using Energy Storage to Mitigate
Output Fluctuations Caused by Cloud Passing

M. J. E. Alam, Student Member, IEEE, K. M. Muttaqi, Senior Member, IEEE and D. Sutanto, Senior
Member, |IEEE

Abstract— The variability of solar irradiance with a high
ramp-rate, caused by cloud passing, can create fluctuation in the
PV output. In a weak distribution grid with a high PV
penetration, this can create significant voltage fluctuations.
Energy storage devices are used to smooth out the fluctuation
using traditional moving average control. However, moving
average does not control the ramp-rate directly; rather the ramp-
rate depends on previous values of PV output. This paper
proposes a strategy where the ramp-rate of PV panel output is
used to control the PV inverter ramp-rate to a desired level by
deploying energy storage (which can be available for other
purposes, such as storing surplus power, countering voltage rise,
etc). During the ramping event, the desired ramp-rate is
governed by controlling the energy storage based on an inverse
relationship with the PV panel output ramp-rate to improve the
fluctuation mitigation performance. In contrast to the moving
average method, the proposed strategy is able to control the
desired ramp-rate independent of the past history of the PV
panel output. A dynamic model of the PV-storage integrated
system is developed to verify the proposed strategy in the
presence of physical device time lags. The proposed strategy is
verified using simulation results based on an Australian
distribution system. A laboratory experiment is also conducted to
validate the concept of the proposed control strategy.

Index Terms— Solar PV, fluctuation, ramp-rate control,
energy storage.

[. INTRODUCTION

OLAR photovoltaic power generation can be highly

variable in nature due to the irregularities in the sun
irradiance level caused by cloud passing. Although the
investigation on PV output variability has been continuing for
a long time as evidenced in [1-2], it is still being addressed as
an issue of contemporary interest [3], especially with a high
penetration level of PV resources. Recent operating
experiences from La Ola Island PV plant [4] has revealed that
the ramp-rate of the PV output can be as high as 63% of the
rated capacity/minute, whereas it was intended to limit the
ramp-rate up to 30% of the rated capacity /minute [4]. To
avoid any negative impact of such a high ramp-rate on the
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distribution system, the PV penetration was limited to 50% of
the PV plant capacity [4]. The one-second resolution
irradiance data collected from Oahu Island by NREL [5]
shows that the irradiance level can fluctuate with a ramp-rate
of more than 50% between two consecutive measurements. A
PV output ramp-rate of 20% of the rated capacity/second is
recorded in a study [6] conducted on a system in Mesa del Sol,
New Mexico. In Australia, the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) has reported [7]
that the PV output ramp-rates can be up to 8% of the rated
capacity/second at various locations. With a high penetration
of grid-connected PV resources in weak radial distribution
systems, such high ramp-rate variations of the PV output can
introduce significant voltage fluctuations [8]. Therefore, ramp-
rate control strategies to reduce fluctuations in PV outputs and
the resulting voltage fluctuations in PV integrated distribution
systems are necessary in order to increase the PV penetration
level in the networks.

Different kinds of energy storage technologies have been
proposed for smoothing of PV output, such as, electric double-
layer capacitor (EDLC) [9-11], superconducting magnetic
energy storage [12], fuel cell [13], and battery energy storage
[14-15]. A moving average based ramp-rate control is
proposed in [9] for smoothing PV output fluctuations using
EDLC. The moving average method was also used in [14] for
controlling battery energy storage to reduce PV fluctuations.
An exponential moving average has been used in [16] that
gives more weight on the recent values of the fluctuating PV
output. A modified Euler type moving average model is
proposed in [11] for prediction of moving average values for a
hybrid system with PV, fuel cell, EDLC and battery.
Controlling an energy storage device using traditional moving
average method can reduce PV output fluctuation, but it may
not necessarily control the PV output to a desired ramp-rate.
Also, a moving average with a long averaging window would
require a storage device to operate to match the difference
between the actual PV output and the moving average, even if
the actual PV output is not significantly fluctuating. The
battery and charging facility available in an electric-vehicle
has been used in [15] to mitigate the short-term intermittency
using a high-pass filter for fluctuation mitigation. In this
method, the ramp-rate of PV inverter is limited using the
characteristics of the filter, such as the corner frequency. A
dynamic filtering controller and dynamic rate limiter approach



is used in [17] for smoothing of PV and wind power
generation fluctuations.

In [18], the power delivered/absorbed by energy storage for
ramp-rate control is determined using a battery State of
Charge (SoC) versus allowable ramp-rate droop characteristic
for generic renewable resources, where the allowable ramp-
rate is related to the SoC, but not directly related to the
renewable resource ramp-rate. An application of this strategy
for a utility scale PV plant is demonstrated in [19]. Fluctuation
mitigation using moving average control and a first-order low
pass filter is presented in [20] where the SoC of the energy
storage device is maintained within a range by modifying the
energy storage power output using a gain parameter, which
requires tuning. The impact of different storage time constants
has also been investigated using time constants up to 30
seconds. Authors in [6] have applied both ramp-rate control
and moving average method for intermittency mitigation of
the aggregate output of a distribution system with several
distributed resources including an energy storage system.
There is no unique strategy for PV output smoothing, as it
depends on many factors including cost and response time of
the compensating resource and system operation policy [6].
Also, the delay in data transmission can cause less smooth
output or may even add more fluctuation to the aggregate
output [6]. However, if the fluctuation is mitigated at the PV
connection point with local information, the transmission of
data would not be necessary.

The contribution of this paper is to propose a new method
for mitigation of PV inverter output fluctuation by ramp-rate
control using energy storage. The energy storage system may
be available for other purposes, such as storing excess energy
for use when the sun is not available, mitigating voltage rise,
etc [21]. The novelty of the proposed approach is an algorithm
to control the ramp-rate of the PV output fluctuation using the
appropriate strategies during the ramping and post-ramping
event. During a ramp-down or ramp-up event, the energy
storage system is controlled based on an inverse characteristic
of the desired ramp-rate of PV inverter with respect to the
ramp-rate of the PV panel output to improve the fluctuation
mitigation performance. Once the ramping event is over, the
energy storage system will be controlled using a SoC droop
characteristic to consider the available capacity in selecting
the desired ramp-rate. Unlike the traditional moving average
method, the proposed strategy does not have a memory effect
and therefore the storage devices can be controlled according
to the requirement at each instant of time without being
influenced by the PV panel output at the previous instants or
without affecting the compensating power at a future time
instant. A dynamic model of the PV-storage integrated system
is developed and integrated with the distribution network
model to test the validity of the proposed strategy in a
dynamic environment with physical device time-lags. Voltage
fluctuation mitigation achieved by applying the proposed
control strategy is also investigated. The proposed control
strategy is verified using a daylong quasi-steady-state and
dynamic simulation based on an Australian distribution system
and also using a basic experimental setup.

II. LIMITATIONS OF TRADITIONAL MOVING AVERAGE
METHOD IN RAMP-RATE CONTROL

Traditionally, moving average is used to smooth out a
fluctuating variable. Energy storage device has been
controlled by moving average method for smoothing PV
output fluctuations in [14, 20]. Although this is a traditionally
accepted way to reduce the fluctuations in PV output, it
requires the energy storage device to inject/absorb power even
if the PV output is not fluctuating significantly. Also, such
moving average strategy does not control the ramp-rate
directly. These points are discussed further below.

It is well-known that moving average has a memory effect.
Depending on the length of the averaging window, a moving
average would highly depend on the past history and
therefore, may be significantly different than the present value
of the fluctuating variable. For PV output smoothing, the
integrated storage device will have to operate to make-up for
the aforementioned difference between the actual PV output
and the moving average. Numerically, a moving average with
a w-length window contains only (1/w) % of the present value
of the fluctuating variable. A realistic PV output from Oahu
Island, Hawaii on the 18" of March 2010, available from
NREL [5] and its 20-min moving average is shown in Fig. 1.
Although the PV output does not fluctuate significantly during
the time periods in the red circles, the moving average values
during these times still deviate significantly from the actual
PV outputs due to the memory effect of the moving average
method. To make-up for this deviation, energy storage device
needs to operate more than necessary.
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Fig. 1. Actual PV output and a 20-min moving average.

Further, with a given window length w, the moving average
method may not provide a desired ramp-rate; rather the ramp-
rate will depend on the past history of the fluctuating PV
output. The ramp-rate of the moving average of a variable PV
output at the k-th time instant can be defined using the

following expression.
W

Poc(k—i)~ S Poc(k~1-1)
MoRR(k) = — x =2 =0

w t(k)-t(k 1)
1 Poc (k) — Poc (k —w)

w t(k)-t(k 1)
where, MORR(K) is the ramp-rate of the moving average of PV
panel DC output, w is the length of the moving average
window in terms of the number of data points, Ppc is the PV
panel DC output and t(k) is the time corresponding to the k-th
time instant. Observing (1), it is clear that the ramp-rate
obtained by following a moving average of the PV output
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depends on the PV output at the k-th and (k-w)-th instant.
Although, a significantly low ramp-rate can be obtained by
following a moving average with a long window, it is not
directly related to the actual desired level.

III. THE PROPOSED RAMP-RATE CONTROL STRATEGY

A. Concept of the Proposed Ramp-rate Control Strategy

In the proposed ramp-rate control strategy, a compensation
power will be added with the PV panel DC power to control
the ramp-rate of the PV inverter output within a desired level
at any instant of time. The basic concept of ramp-rate control
strategy is explained in Fig. 2.

Inverter

Poc |
Dcm TNy

PV Panel

> =
ﬁ Energy storage
device
Fig. 2. Conceptual schematic of the proposed ramp-rate control strategy.
Based on Fig. 2, the PV inverter output Py can be
obtained from the PV panel DC power Ppc and the
compensation power Pcoyp using the following expression.
Pivy =iy % (Poe + Peowp ) 2
In Fig. 2 and (2), nny is the inverter efficiency. Taking
time derivative of (2) at both sides, the ramp-rate of Py can
now be related with the ramp-rate of Pcopp and Ppc, as given
in (3).

dP)INV = Miny X |:dPDC + dPCOMP:| (3)
dt

dP, . . AP, .
XV is the PV inverter output ramp-rate, —2% is

dt dt

where,

dP, .
the PV panel DC power output ramp-rate, and —CME s the
dt
compensation power ramp-rate.
To control the ramp-rate of the PV inverter output within a
desired level, the ramp-rate of Pcoymp can be controlled using
the expression derived from (3), as given below.

dPCOMP — 1 % |:dPINV | _ ﬂ[NV x dPDC :| (4)
dt gy Lodt e
dI)INV

where, is the desired ramp-rate of the PV inverter,

dt  des
which will be negative during a ramp-down event and positive
during a ramp-up event.

The expression given in (4) is the basic control equation
that will be followed to control the ramp-rate of PV inverter
output. However, the following modifications are made to
accommodate practical situations.

(@) To allow for the slow variations of Ppc with the
progress of the day, a dead-band function ‘f’ is incorporated
with (4) that will force the ramp-rate of Ppc to be zero if it is
within an acceptable limit, defined using the desired ramp-rate
of Py, as shown below.

. dP dP
dp 0, if 7y x |26 < =
f( DC j _ dt dt  ldes 4)
dt dpi , otherwise

dt

(b) Observing (4) it is apparent that when the ramp-rate of
Ppc is zero, considering the dead-band function mentioned in
modification (a), the ramp-rate of Pcomp Will be governed by
the desired ramp-rate of Pyyy. However, when the ramp-rate of
Ppc is zero, then if Pcoyp has already attained such a level that
removal of Pcovp would not create an unacceptable
fluctuation in Py, then Pcoymp does not need to be changed
anymore. To accommodate this, a switching function S, as
given below, is incorporated with (4).

and f(dP—DCj =0 6
des dt ( )

The modified control equation can be described using the

expression below.
APeowr _ Sx l:; x {—dPlNV iy % f (dPDC jH 7
dt nlNV dt des dt
The inverter efficiency 7y will depend on the power
output of the inverter. The efficiency curve for a given inverter
over a range of operating power can be obtained from the
manufacturer or developed through testing. As the desired
Py at any given instant is known, 7wy at the desired Py
can be taken from the efficiency curve and can be used in (7)
to control the ramp-rate of Pcomp at the necessary level.
Considering a discrete time representation, the ramp-rate of
Ppc at the k-th instant can be determined using the expression
below.

dPlNV

S = 0,if [Peowp| <

1, otherwise

dl:)DC k)= [PDC(k)_ I:)DC(k — 1)] (8)
dt t(k)-t(k =1)
where, t(K) is the time at the k-th instant.

The value of the switching function is also incorporated
with Pcowmp to force it to zero when the conditions of S = 0 are
satisfied, as given in (6). Pcomp at the k-th instant can be
obtained using (9).

Poownk) =5 Ptk + S22 < t)-tc-1) 0

To illustrate the proposed ramp-rate control strategy, a
fictitious PV output fluctuation shown in Fig. 3(a) is used,
where the PV panel output decreases at a ramp-rate of PVRR|
kW/sec from time t; to t,, remains constant at the level reached
at time 1, up to time t;, and again increases from time t; to time
ty at a ramp-rate of PVRR, kW/sec. After reaching time t4, the
PV output remains constant. To control the ramp-rate of Py,
(7) and (9) are used to produce the appropriate amount of
Pcomp. The desired ramp-rate of Py is defined as the
Maximum Allowable Ramp-rate (MARR) in W/sec. To apply
the proposed strategy to any size of PV plant, the ramp-rate
units can also be defined in % of the rated PV capacity/sec.
Before time t;, Ppc remains at a stable state. Therefore, the
ramp-rate of Pcowp is zero according to (7), and remains zero.
From time t; to t,, Ppc sharply decreases with a ramp-rate of




PVRR;. During this time the ramp-rate of Pcomp is determined
using PVRR; and MARR. At time t;, PVRR; becomes zero,
but Pcomp is not zero yet. Therefore, the ramp-rate of Pcomp
from time t, to t; is determined using MARR only. From time
t; to ty, Ppc sharply increases with a ramp-rate of PVRR,.
During this time, Pcomp is controlled with a ramp-rate
determined using PVRR, and MARR. After time t;, PVRR,
becomes zero, however, Pcowmp is not zero yet. Therefore, from
time t; Pcomp is controlled using MARR only. At time ts,
Pcomp becomes zero and the ramp-rate of Ppc is also zero.
Therefore, the ramp-rate of Pcomp 1s zero after ts which keeps
PCOMP at zero.

(a) A PVRR#PVRR,
Ao-tg# ety 77777000

/‘E‘-. J‘/

Time

Energy  Time
Char, eq (seconds)

==
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Fig. 3. An illustration of the proposed ramp-rate control strategy. (a) A
hypothetical PV output fluctuation. (b) PV inverter output with appropriately
controlled Pcopp to limit the Py ramp-rate within a desired level.

For moving average control, Pcoyp at a given K-th instant
depends on the previous values of Ppc within the averaging
window, w, as given below.

$Poc (ki)
Peomp (k) = = ~ Ppc (k) (10)

Therefore, if moving average is applied to control the
ramp-rate of the fluctuation shown in Fig. 3(a), then Pconp at
t>t; will actually depend on the Ppc values before t;. It will not
directly depend on the required Pcowmp to control the ramp-rate
at a desired level. According to (10), Pcomp is only
controllable using the length of the averaging window w. The
higher the number w is chosen, the more is the smoothing
effect. However, if a high w is chosen for improving
fluctuation mitigation performance at the k-th instant, it not
only impacts the Pcopp at the k-th instant, but also at all the
future time instants. For example, if w is increased by Aw to
increase the smoothing effect at the k-th instant, then at any
future (k+j)-th instant, the deviation of Pcomp due to the
increase of W (i.e., Aw) will be,

W+AW-1

2 Poc(k+j—i) gpnc(k +] —i)‘

i=0

(11)

APcop (K + J) = -
W+ AW w ‘

The deviation APcopp at the (ktj)-th instant is solely due to
the increase of W at the k-th instant. For a given Aw, this

4

deviation will remain in effect for all future time instants even
if it is not necessary because of acceptable variations in Ppc.

In contrast, according to the proposed ramp-rate control
strategy, the amount of Pcopmp to control the ramp-rate at a
given k-th instant can be governed by the desired ramp-rate of
Py for the k-th instant only and it does not impact the future
ramp-rates. According to (9), Pcomp at the k-th time instant is,

Peomp (k) =S X|:PCOMP(k_1)+ ¢[dpli(k) H (12)
des

dt

In (12), &-) denotes a function that determines the ramp-
rate of Pcomp for obtaining the desired ramp-rate of Py at the
given ramp-rate of Ppc. The value of ¢(+) is obtained using (7).
As the proposed strategy does not have a memory effect,
Pcomp can be changed at each instant dynamically based on
the requirement. This advantage is used in this paper to
improve the fluctuation mitigation performance.

B. Improvement of the Fluctuation Mitigation Performance

For a given PV output fluctuation, the duration of the
ramping event is inversely proportional to the ramp-rate of the
PV output, because the higher the ramp-rate, the faster the PV
output changes from one stable state to another stable state. As
the time duration for a high-rate ramping event is very short,
the amount of energy needs to be used for ramp-rate control is
small. Therefore, during the ramping event, the MARR can be
reduced in an inverse proportion to the PV panel output ramp-
rate (PVRR) to improve the fluctuation mitigation
performance without discharging a significant amount of
storage capacity. Such an inverse characteristic is given in
(13) and shown in Fig. 4(a).

[PVRR(K),if [PVRR(K)| < RR j;,

MARR, (k)= 7 i¢ pVRR(K)>RRy,,

|PVRR(k)|

In (13), MARR,, is the inverse characteristic based desired
ramp-rate, to be applied during the ramping event and y is a
factor to control the degree of inverse characteristic; RRy;, is a
threshold of ramp-rate of Ppc beyond which the inverse
characteristic is applied. RRy;,, should be set to a value higher
than the ramp-rate of slow variations of Ppc to allow Py to
vary with the progress of the day. Once the ramping event is
over, the Pcoyp can be brought to zero with an MARR
determined using a SoC droop characteristic as given by (14)
and shown in Fig. 4(b).

MARR

(13)

if [ASoC(k)| <SoC,

MARR +MXHASOC(k)|—SOCLB],
MARR, (k)= DBg,c
if SoCpp <|ASoC(k)| < SoCypg
MARR,,,,..,if |ASoC(k ) > SoCy;

In (14), MARR, is a SoC droop based desired ramp-rate, to
be applied once the ramping event is over; DByarr and DBg,c
are the dead-bands of MARR and SoC, respectively; SoCyp
and SoCyg are the lower and upper bands of SoC,
respectively, and |ASoC(K)| is the absolute value of the

deviation between SoC(k-1) and a user defined reference
SoC.r. Using the absolute deviation makes the droop

(14)



characteristic applicable for change of SoC in either direction.
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Fig. 4. Ramping event dependent selection of MARR. (a) During the ramping
event. (b) After the ramping event. (c) Application of MARR, and MARR,,
(d) The effect of yand MARR versus SoC droop on ramp-rate control.

Fig. 4(c) identifies the ramping events in a real PV output
fluctuation and shows the event driven application of
MARR ,and MARRto control the ramp-rates. SoC,p defines
the amount of energy available for controlling the ramp-rate at
MARR,,;, before entering the droop characteristic. Therefore,
SoCp should be set to a value that represents a sufficient
amount of energy to control the ramp-rate at MARR i, (during
the worst-case fluctuation) for a certain amount of time that
allows for any back up power to come online or any sensitive
load to be shut down safely. SoCyg should be set up to a value
that represents a substantial portion of the energy needed to
control the ramp-rate (during the worst-case fluctuation)
before exceeding the saturation limit of the droop
characteristic (MARR pa0).

The effect of the parameter y in (13) and the parameters
MARR,;;; and MARR;,x in (14) on the fluctuation mitigation
performance is shown in Fig. 4(d) using a fictitious PV
fluctuation containing a ramping event E; (time t; to t;) at a
ramp-rate PVRR, followed by a low PV event E, (time t, to
t;). During the event E;,, MARR, is applicable which is
determined by y. If y= 1, MARR,, is in direct inverse relation
with the ramp-rate of Ppc. If y < 1, the degree of the inverse
characteristic increases, and therefore, Ppy is improved

compared to ¥ = 1. However, this will be performed at the
expense of additional energy discharged from the storage
device as shown in Fig. 4(d) using the shaded region. If > 1,
the degree of the inverse characteristic decreases, and
therefore, Piyy is reduced compared to y= 1, but at the same
time less amount of energy is discharged from the storage
device, as shown in Fig. 4(d). Although for high ramp-rate
events, the variation of storage energy discharge is not
significant, it provides the user a control over the fluctuation
mitigation performance of the proposed strategy.

During the event E,, Pcomp slowly decreases at MARR,
determined from the SoC droop characteristic in (14). For a
given fluctuation, MARR,;, is selected as MARR,, so that Py
can be reduced at the same ramp-rate as it reduces during
event E;, which provides a smooth transition in ramp-rate
control from event E; to E,. However, if |ASoC| is higher than
SoCig, then MARR, is increased and therefore, Py reduces
at a higher ramp-rate as shown in Fig. 4(d). MARR .« in (14)
needs to be set to a value that allows for the slow variations of
Ppc, as mentioned for selecting RRj;, in (13).

The discussions presented above provide only basic
guidelines for selection of the control parameters for the
proposed strategy. In general, these parameters are user
defined and can vary depending on the scenario.

C. Energy Utilization for the Control of Ramp-rate

The amount of energy to be utilized by an energy storage
device for controlling the ramp-rate will mainly depend on the
PV panel output power, Ppc, just prior to start of the
fluctuation, and the maximum allowable ramp-rate, MARR. A
relation of the energy usage for ramp-rate control to the rated
output of a PV panel is established and discussed below using
Fig. 5.
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Fig. 5. Energy utilization in the proposed ramp-rate control strategy. (a)
During negative ramp-rate control; (b) During positive ramp-rate control.

To consider a worst case fluctuation, a PV output power
having a sudden fall from the rated value of Ppc_rareq to Z€ro at
time t,is shown in Fig. 5(a). In this case it is assumed that Ppc
does not return to its previous value due to a likely
phenomenon of a sustained cloudy period, after time t;.
According to the proposed strategy, the PV inverter output
will be slowly reduced at the maximum allowable ramp-rate



MARR and will become zero at time t,, instead of suddenly
dropping to zero. The value of MARR will be determined
depending on the situation as shown in Fig. 4. The energy to
be discharged by the storage device in controlling the ramp-
rate is shown in Fig. 5(a) using a shaded area. A similar type
of worst case scenario for positive ramp-rate is shown in Fig.
5(b), where the PV output suddenly increases from zero to
Ppc.rated at time t;. In this case, the positive ramp-rate of the
P is controlled by charging the energy storage with certain
amount of energy, as indicated using a shaped area in Fig.
5(b). The energy utilized for ramp-rate control, Eggrc (kWh)

can be derived using the expression given below.

Nior i
Z(PDC-rated —ixMARR)

Bare == 3600 (15

where, Ny is the total number of time-steps between time t;
(seconds) and t, (seconds), which can be determined using,

(15b)

Ntot - PDC—rated

MARR

In (15a), 3600 is used to bring the unit to kWh, as the

calculations are being performed in per second unit. A plot of

the Ergc for rated PV capacities up to 5 kW is derived using

(15) for different values of MARR and is shown in Fig. 6.

Increase of energy utilization for ramp-rate control with

increase in PV capacity and decrease in MARR is observed in
Fig. 6.
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Fig. 6. Variations of the energy utilization for ramp-rate control with different
rated PV output at different MARR.

Instead of using Ppc.raeds Ppc(K) can be used in (15) to
determine the energy required to control the ramp-rate from
the present value of Ppc. The amount of energy determined in
this way can be identified as an Energy Buffer (Epuy) to
approximately check the minimum amount of capacity need to
be present in the storage to control the ramp-rate according to
the proposed strategy.

D. The Flow Chart of the Proposed Control Strategy

The flowchart of the proposed ramp-rate control strategy
for a given k-th time instant is shown in Fig. 7. The ramp-rate
of Ppc at the k-th instant PVRR(K) is calculated using (8), and
based on this MARR, is calculated using (13). If PVRR(K) is
equal to or higher than MARR, S is set to 1 and the ramp-rate
of Pcomp 1s determined using (7) and in this case the desired
ramp-rate is replaced with MARR,,. If PVRR(K) is found lower
than MARR, then a test is performed to find if removal of
Pcomp would create an unacceptable fluctuation in Pyy. If
‘Yes’, then S is set to 1 and the ramp-rate of Pcomp is
determined using (7), but in this case the desired ramp-rate is
replaced with MARR,, determined from (14). If ‘No’, then the
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ramp-rate of Pcomp is determined using (7) with S = 0. The
ramp-rate of Pcomp(K) is applied to determine Pcopp(K) using
(9). With the value of Pcoyp(K) obtained, the present level of
SoC is checked. If it is found within the lower (SoCyr) and
upper (SoCy) limits of SoC, obtained using the Maximum
Depth of Discharge (DoDyy.y), the Maximum State of Charge
(SoCpax), and buffer energy Epum then a charge/discharge
operation is performed depending on the sign of Pcomp(K).
According to the proposed strategy, a +ve sign means
discharge, and -ve sign means charge. Once the
discharging/charging decision for the time instant is made and
the storage is put into operation, the control system proceeds
with a transition into the next time instant.

MARR(k): . MARR (k): PVRR(/{):‘ Charge/
Eq. 14 []IASOCHN | kg 13 Eq.8

SoCy1=DoDpatEpusr
SoCuL=S0C nax-Epusr

‘ Ramp-rate of H Pcomp(k):
Pcowmr(k): Eq. 7 Eq.9
Fig. 7. Flow chart of the proposed ramp-rate control strategy.

Although this paper has mainly concentrated on the
application of battery energy storage, the fundamental idea of

ramp-rate control proposed in this paper would be applicable
for other type of energy storage (such as ultra-capacitor).

.,

Transition
to the (k+1)-
th time step

E. Dynamic Model of PV-Storage Integrated System

The development of a dynamic model is necessary to
understand the performance of the proposed strategy in the
context of practical system components that are subject to
physical device time lags. Detailed switching models of the
power electronic converters are used in power-electronics
based investigations where sub-cycle phenomena are of
interest. However, for the scope of the investigations of this
paper, such fast dynamics are not of interest. Therefore, a
simplistic dynamic model of the PV-storage integrated system
is developed, as shown in Fig. 8, that represents the time-lag
related to the associated devices and components.

PV Inverter Output
Proposed Control PV Panel with Storage
P,
Strategy *Dcl Compensation

K 1 Pcowmp, ) Py
KP+7|4> 7@4 Miny
M1+ sT 2 1+sT, | 7

S sto iny

PI Controller Storage PV Inverter

Pconp-ref

1
V3| 14sT,

meas

Fig. 8. A dynamic model of the PV-storage integrated system to consider the
effect of physical device time-lags.

The dynamic model consists of four states which are the PI
controller output (y;), the storage power output (y,), storage
power output measurement signal (y;), and the PV inverter
output (Y,). The state equations are given below.

%z—KPx !

dt

Measurement System

x(Yy = ¥3)+ Ky x(Peomp.rer — ¥3) (16a)

meas
dy,
dt

:ixm—yz) (16b)
T

sto



dys
dt

d 1
ﬁ =— XMy [Poc + Y2l Ya)

mv

where, Pcowmprer 18 the reference to the PI controller; T, is the
inverter time constant; T, is the storage time constant; T e, iS
the storage output measurement circuit time delay; Kp and K|
proportional and integral gain of the PI controller.

It is necessary that the energy storage device responds to
the charging/discharging commands as fast as possible to
control the ramp-rate satisfactorily. Studies have shown that
battery energy storage devices, such as NaS, Li-ion, and
Valve-Regulated Lead-Acid (VLRA) batteries, have response
time in the order of milliseconds [22-23]. Therefore, it is
expected that with an appropriate selection of the energy
storage device, the ramp-rate can be controlled according to
the requirements. Using the developed dynamic model, the
impact of different storage response times on ramp-rate
control can be investigated.

The PI controller is tuned to have a low rise time so that the
fast response time of the storage device can be effectively
used for fluctuation mitigation. The initial controller
parameters are obtained using the open-loop frequency
response of the linearized plant model. The tuning task is
performed with the aid of Simulink Automatic PID tuner [24]
that performs the initial tuning based on a reference tracking
algorithm while keeping a trade-off between performance and
robustness. Once the initial parameters are obtained, further
tuning is performed to reduce the rise time.

This paper has mainly discussed the concept of the
proposed strategy and its system level application. To carry
out a component level detailed design, practical issues, such as
battery power losses, heat generated, and DC-link voltage
fluctuations caused by high current pulses during high-ramp
rate operations, need to be considered.

- (1) (16¢)

meas

(16d)

IV. APPLICATION EXAMPLE OF THE PROPOSED RAMP-RATE
CONTROL STRATEGY

To analyze the performance of the proposed strategy in a
distribution network environment, a low voltage (LV)
distribution feeder extracted from the New South Wales
distribution system is considered. All the households in the
LV feeder are assumed to have rooftop PV units with
integrated battery storage devices. A typical 12 kWh Valve
Regulated Lead Acid battery is used for simulation. Energy
storage devices are modeled incorporating the non-linear
voltage versus SoC characteristics and the effect of internal
resistance, as described in [21]. The LV feeder under study is
shown in Fig. 9. The results shown correspond to the PV
output fluctuations in household no. 28 (HH 28) connected to
phase a, bus 10 of the LV feeder.

The PV output data correspond to the irradiance profile of
the 18" of March, 2010, captured by NREL in the Oahu
Island, Hawaii [4]. For simplicity, constant inverter efficiency
(89.5%) is used in the simulations. To select the ramp-rate
threshold limit to apply the inverse characteristic in (13), RRj,

is selected by observing the ramp-rate during slow variation of
Ppc from 7:00 hours to 9:00 hours. During this time frame,
more than 99% of the ramp-rates were less than 3 W/sec, as

HH 1
0.4 kV

T T H T
11k T 12 0 11 N .
bus
HH 2 HH 5[ | == 7
PV Integrated HH 29
Households

HH 4 HH 28

Grid

~~~~~~~~~~~~~~~~~~~~~ Inv.

Household Load

(HHs) HH 3 HH 6 HH 30
Fig. 9. The LV test feeder with the PV-storage integrated systems.
shown in Fig. 10(a). Therefore, to allow for this variation,
RRyiy, is set to a higher value of 5 W/sec. MARR ..« in (14) is
also set to 5 W/sec for the same purpose. Simulation trials
have been run using a range of 0.1<y< 50. For y < 1,
fluctuation mitigation performance does not improve much,
whereas with > 1, deterioration of the fluctuation mitigation
performance appears with y > 20. The value of y has been
selected as 5 (with Watt to kW conversion: 0.005).
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Fig. 10. PVRR during slow variation with the progress of the day. (a) Energy
used to control the worst case fluctuation and MARR,, characteristic.

The storage devices are allowed to operate between a
typical range of 40% to 100% SoC. To allow for charging and
discharging for ramp-rate control, SoC, is set to 70%, which
is at the mid-point of the allowable range of SoC. The SoC
bands, SoCrp and SoCyg, are selected considering the worst
case fluctuation of Ppc from the rated value (4 kW for the PV
systems in the network under study) to zero at the worst-case
ramp-rate of Ppcaeq/sec and after the fall, Ppc does not
recover due to a continuous cloudy period. The Ppc profile
with the storage support is shown in Fig. 10(b), where the
ramp-rate control is performed according to (14), as shown
using the MARR, profile. SoCip is set to 2.5% which
corresponds to the amount of energy that can control the
ramp-rate at the value of MARR;, for about 5 minutes which
is sufficient for bringing emergency power online or



disconnecting sensitive loads safely. SoCyp is set to 5% which
accounts for about 67% of the total energy used for bringing
Ppc to zero at a controlled ramp-rate. The parameters used for
the simulation of the proposed ramp-rate control strategy are
given in Table-I in the Appendix. Initially, the results of the
quasi-steady state simulations using 1-sec resolution data are
presented to investigate the validity of the strategy over a
daylong variation. Later, dynamic simulation results in
milliseconds time-frame are presented.
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Fig. 11. Mitigation of PV output fluctuation. (a) Using moving average. (b)
Using the proposed ramp-rate control strategy.

PV panel DC power, Ppc (multiplied by the inverter
efficiency), the storage compensation power Pcomp, and the
inverter output Py are shown in Fig. 11(a) and 11(b) for the
moving average control and the proposed strategy,
respectively. For moving average control, a 20-min moving
average [9] of Ppcis used.

In general, both of the methods (moving average and the
proposed approach) can mitigate the fluctuations in PV output,
as observed from Fig. 11. However, detailed investigations
reveal the specific advantages of the proposed approach. Fig.
12(a) shows Ppc and Piyy profiles in a shorter window, from
10:00 hour to 13:00 hour. According to the proposed strategy,
P tracks Ppc when the ramp-rate of Ppc does not exceed the
desired ramp-rate at that time. Therefore, the proposed
strategy does not need to operate the storage at all the times. In
contrast, (10) suggests that the moving average method needs
to continue the storage operation due to the past history of
Ppc, even if it is not necessary as the ramp-rate is within
desired limit. This is observed from Pcoyp profiles in Fig.
12(b) for the moving average methods and 12(c) for the
proposed approach. In Fig. 12(c), zero values of Pcomp are
highlighted using dotted circular shapes. Examining the Pcomp
profiles it is found that according to the proposed strategy, the
storage device operates for about 50% less time in the 10
hours period (from 8:00 to 18:00 hrs) in comparison to the
moving average method. This can contribute to increase the
lifetime of a battery storage device.

The percentage ratio of Py to Ppc, based on the profiles in
Fig. 12(a), is compared between the proposed approach and
moving average method in Fig. 13. Due to the dependency of
previous Ppc values, Py obtained from the moving average
method is different (lower) than Ppc, even during the periods

when Ppc exhibits very low fluctuation. In contrast, the
proposed approach tracks Ppc in those periods and therefore,
the Py to Ppc ratio is higher using the proposed approach, as
compared to the moving average method.
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Fig. 12. Mitigation of PV output fluctuation. (a) Ppc and P profiles. (b)
Pcomp with moving average control. (c) Pcomp With the proposed strategy.
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The ramp-rate profiles of Ppc and Py from 10:00 hour to
13:00 hour are shown in Fig. 14(a); the ramp-rates of Py can
be controlled within a specified limit by operating the storage
device according to the proposed strategy. The ramp-rates of
Py with 20-min moving average control of storage device
are compared with those obtained using the proposed strategy
in Fig. 14(b) for the time period when the maximum negative
and positive ramp-rates in Ppc appeared. For reference, the
ramp-rate of Ppc is also included in Fig. 14(b). During the
negative fluctuation of Ppc with a ramp-rate of -1.767 kW/sec,
the proposed strategy controls the Py ramp-rate at -0.0028
Wi/sec which comes from the inverse characteristic in (13).
With the 20-min moving average, the ramp-rate of Py is -
1.485 W/sec, which is not controlled at this value; rather it is
produced as a result of the previous Ppc samples over the last



20 min period. During the positive ramping event at 1.725
kW/sec, the ramp-rate with the proposed strategy is 0.0029
W/sec which is controlled using (13), whereas, with the
moving average it is 0.0183 W/sec, which is not actually
controlled to this value. Although the moving average method
provides significant fluctuation mitigation at the expense of
operating the storage device all the time, the proposed strategy
provides better mitigation during the time of fluctuation with a
high ramp-rate (such as the one shown in Fig. 14).
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Fig. 14. Ramp-rate control. (a) The ramp-rate profiles of Ppc and Pyy. (b)
Comparison of the Piyy ramp-rates obtained using the moving average control
and the proposed strategy.

The usefulness of the proposed MARR characteristics in
(13) and (14) can also be observed in Fig. 15 where the PV
output fluctuation mitigation using the proposed inverse
MARR characteristic from 12:00 hours to 13:00 hours is
compared with a constant MARR value of 5 W/sec. The
proposed inverse MARR and SoC droop based characteristics
can mitigate the fluctuation better than a constant MARR
value. For reference, the fluctuation mitigation using the 20-
min moving average is also included in Fig. 15.
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Fig. 15. The usefulness of the proposed inverse characteristic in the

improvement of fluctuation mitigation.

The PCC voltage profile at household no. 28 (HH 28) of
the test feeder from 10:00 hours to 13:00 hours is shown in
Fig. 16(a). For reference, Pcomp profile is also shown in Fig.
16(b). When sharp decrease in PCC voltage appears as a result
of sudden decrease in PV output, energy storage device is
discharged to control the high negative ramp-rates. This action
mitigates the associated voltage dips. Again, when sharp rise
in PCC voltage appears due to sudden increase in PV output,
energy storage device is charged to control the positive ramp-

rates and this action mitigates the sharp voltage rise as well.
Without the proposed ramp-rate control strategy, the voltage
ramp-rate at 10 hr : 16 min : 54 sec (when the largest negative
ramp-rate in the PV output appeared) is -9.3 V/sec and at 10 hr
: 16 min : 58 sec (when the largest positive ramp-rate in PV
output appeared) is 9.1 V/sec. Controlling the ramp-rate of PV
output using the proposed strategy, the PCC voltage ramp-rate
is reduced to less than 0.1 mV/sec.
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Fig. 16. Mitigation of PCC voltage fluctuation using the proposed strategy.
(a) PCC voltage profile. (b) Pcomp profile.

The validation of the proposed strategy in a dynamic
environment is tested using the proposed PV-storage
integrated system model using 1 millisecond time step and the
results are presented in Fig. 17. The largest ramp-rate
observed in the PV output data used for the daylong
simulation is used for this purpose. The dynamic simulation is
performed with the data shown in Table II in the Appendix.
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Fig. 17. Performance analysis using the proposed dynamic model. (a)

Negative ramp-rate control; (b) Positive ramp-rate control.

The PV output decreases at a ramp-rate of -1.767 kW/sec at
10 hr : 16 min : 54 sec. Fig. 17(a) shows that following the
negative ramp-rate of Ppc, Pcomp increases within a few
milliseconds time to increase the Py at the level that
maintains the desired ramp-rate MARR , specified at the time.
After 4 seconds time, the Ppc again increases with a ramp-rate
of 1.725 kW/sec at 10 hr : 16 min : 58 sec. Fig. 17(b) shows
that following the positive ramp-rate of Ppc, Pcomp decreases
to the level necessary to maintain the desired ramp-rate of
P at that time. The impact of the storage time constant T,
is also shown in Fig. 17; Py with Ty, of 5 milliseconds
settles down faster and with less swing as compared to the
Pnv with Ty, of 20 milliseconds. Therefore, a storage device



with a fast response time is necessary for a satisfactory
mitigation of the fluctuation.

V. EXPERIMENTAL RESULTS

An experimental set-up with a controllable DC power
source simulating the PV panel DC power, an Ultratech 12V
7Ah sealed lead-acid battery, a charge/discharge controller
(Model: CM3024Z7), a PowerBright 400W, 12V DC to 220V
AC inverter (Model: ERP400-12), and a Chroma
programmable AC/DC electronic load (Model: 63804) is used
to verify the main concept of the proposed approach. The
experimental set-up is shown in Fig. 18. The waveforms are
captured using an Agilent Infiniivision (Model: DSO7034A)
series oscilloscope.

Controllable
DC Source
Energy
Storage

Programaable H
ACLoad §

'Battery
Controller

A

Fig. 18. Experimental set-up for verification of the proposed strategy.

A segment of the real PV generation profile used to obtain
the simulation results is used for the experiment where the
highest negative and positive ramp-rate of Ppc is included. A
scale factor is used to scale down the simulation data to
comply with the ratings of the equipment. The data points
obtained from the simulation are shown in Fig. 19(a) that
shows that from the 2™ to the 3™ data point, the PV output
decreases at a ramp-rate of -55%/sec of the rated output, then
remains at low values of less than 15% of the rated output
from the 3™ to 6™ data point. Then it increases at a ramp-rate
of 53%/sec of the rated output from the 6™ to the 7™ data
point. With the proposed control approach, Pcomp is controlled
using (13) from the 2™ to the 3" data points and from the 6" to
7™ data points (ramping events). From the 3" to the 6™ data
point (post-ramping event), Pcomp is controlled using (14). As
a result of controlling Pcomp according to the proposed
strategy, the ramp-rate of Py is maintained at such a low
value over the period of fluctuation (1* to 7™ data point) that
Pnv remains nearly constant, as shown in Fig. 19(a). The
captured waveforms of the DC source current, Ipc, the battery
current, lcomp, and the inverter current Iy at the points (P,),
(P,), and (P3) identified in Fig. 19(a), are shown in Fig. 19(b).
The time differences among the data points are represented
using dashed lines. The decrease of Ipc from P; to P, caused
by cloud passing is compensated by the increase of Icomp and
therefore, lv remains nearly constant from P; to P,. The
increase of Ipc from P, to P3, when the cloud passing is over,
makes lcomp to decrease. Therefore, Iy remains nearly
constant from P, to P;. The results from this experiment
indicate that the proposed strategy would be able to control the
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ramp-rate of Pnv by appropriately controlling the Pcomp
support.
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Fig. 19. Experimental results (a) Data points for experimental verification. (b)
Captured current waveforms for points Py, P, and P;.

VI. CONCLUSION

This paper has proposed a new approach for PV inverter
ramp-rate control using an integrated energy storage device.
Unlike the traditional moving average method, which is biased
by the previous values and does not directly control the ramp-
rate at a desired level, the proposed method can limit the
ramp-rate within a desired level. An inverse characteristic of
the desired ramp-rate with the PV panel output ramp-rate is
proposed to improve the fluctuation mitigation performance
during the ramping event. Once the ramping event is over, the
desired ramp-rate is switched to a droop characteristic with
SoC so that the available capacity is taken into account while
controlling the ramp-rate. Simulation results show that the
mitigation of the PV output fluctuation achieved by the
proposed ramp-rate control strategy is comparable to those
obtained using the moving average method, while not using
the energy storage all the time. Also, during very high ramp-
rate events, the proposed strategy can provide tighter control
of the ramp-rate due to the inverse characteristic. The
mitigation of voltage fluctuation in weak networks caused by
PV output fluctuation using the proposed method is also
demonstrated. The validity of the proposed strategy has been
verified in a dynamic environment using a dynamic model of
the PV-storage integrated system developed in this paper. The
results from a laboratory experiment using a PV inverter, a
battery storage system, and an electronic load demonstrates
that the proposed approach is able to control the PV inverter
ramp-rate by providing appropriate support from the storage
device.



VII. APPENDIX
TABLEI
SIMULATION PARAMETERS OF THE PROPOSED CONTROL STRATEGY
Parameter Value
[RRim], 7 5 W/sec, 0.005
S0Crer, SOCig, SOCuys, DBsoc 70%, 2.5%, 5%, 2.5%
MARR min, MARRmax, DBuarr | MARRp, 5 W/sec, (5-MARR i)
S0Chnax, DODpax 100%, 40%

TABLE II
PARAMETERS USED FOR DYNAMIC SIMULATION
Parameter Value
Tinvs Tstos Tmeas 20 mS, 5 mS, 3 mS
Kp, Ki 2.30,470
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