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A B S T R A C T   

This work presents a novel control method for multi-megawatt photovoltaic (PV) plants that is able to regulate 
each plant inverter and the battery system to mitigate PV power fluctuations. The proposed control method 
makes it possible to implement different PV ramp-rate control strategies based on the use of batteries and the 
limitation of inverters during positive fluctuations, which have been conceptually proposed in the specialized 
bibliography, but have omitted how to perform the coordination between PV generators. The dynamic model and 
the tuning of the control parameters are presented and the method is used to correctly implement different 
inverter-limitation strategies using 5-second data from a real 45 MWp PV plant. Furthermore, a new control 
strategy is proposed. This strategy reduces curtailment losses to negligible values and takes into account and 
addresses the intrinsic asymmetry in the battery charging and discharging capability, an issue that has been 
overlooked in the specialized bibliography. The results show that the proposed control method can effectively 
control each of the multiple inverters in order to obtain the desired PV plant operation to regulate the battery 
charging power, even during highly fluctuating scenarios.   

1. Introduction 

Nowadays, photovoltaic (PV) power is one of the generation tech
nologies with the lowest levelized cost of energy (LCOE) [1–3]. Conse
quently, and due to the urgent need to reduce greenhouse emissions, the 
worldwide PV generation capacity has dramatically increased over the 
last few years [4,5]. Despite the benefits of this extraordinary growth in 
PV installations, this situation can also challenge the quality and sta
bility of the power grid: the intrinsic intermittency of the solar resource 
and the increase in the proportion of power electronic-based generators 
to the detriment of synchronous ones (thereby reducing the inertia of the 
electrical system). The potential concerns associated with severe PV 
power fluctuations, particularly in scenarios of weak grids or high PV 
penetration, are voltage fluctuations [6,7] and frequency deviations 
[8,9]. These concerns have led some transmission system operators 
(TSO) to request ramp-rate limitations on power dispatched from PV and 
other renewable sources (Puerto Rico [10], Ireland [11], China [12], 
Denmark [13], Australia [14] or South Africa [15], among others). 

In order to meet these requirements, PV projects must deal with the 

excess or lack of energy caused by power fluctuations. A number of 
strategies have been proposed [16], the vast majority of which require 
energy storage systems (ESS), mainly Lithium-ion batteries, to maintain 
the dispatched power within the required limits. The algorithm that 
controls the charge and discharge process plays a preponderant role, not 
only on the size of the battery needed but also on the way in which the 
battery is used and, therefore, on its life expectancy. Hence, this control 
strategy is essential in order to minimize the additional cost incurred by 
the use of batteries and to limit the loss of competitiveness in the PV 
LCOE. 

Initially, different types of low-pass filters were proposed, for 
example: moving average or first and second order filters [16,17]. In 
these cases, the dispatched grid power (Pg) is easily obtained by applying 
the selected filter to the PV power signal (Ppv). The battery power is 
calculated as the difference between Ppv and Pg. In general terms, this 
family of strategies injects the mean value of the PV power during a pre- 
set time window, introducing a delay. Consequently, the storage 
equipment permanently cycles regardless of whether or not there is a PV 
fluctuation, producing at least one deep cycle per day. This kind of 
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approach would produce over-smoothing at the expense of increased 
ESS energy throughout [18,19], which not only implies higher losses but 
also accelerates the degradation of an expensive and critical item of 
equipment such as the battery. In order to reduce battery cycling 
advanced filters have been proposed that would reduce the delay 
introduced by the filter, such as hull enhanced linear exponential 
smoothing (HELES) [20], however, these strategies do not completely 
eliminate the delay, the over attenuation and, therefore, a degree of 
unnecessary cycling. 

As an alternative to these methods, classic ramp-rate control strategy 
was proposed. The intention is to use the battery only when needed. This 
strategy sets a limit to the grid power, by controlling the battery power, 
only if the rate of change of Ppv exceeds the ramp-rate limit requested by 
the TSO (r) and then to restore the battery setpoint [21,22]. In this way, 
the battery is just used when needed, and battery degradation is reduced 
by up to 10 times [21]. However, due to the fact that the sign of the next 
fluctuation is unknown, the ESS must at all times have the capacity to 
absorb/dispatch the energy corresponding to the worst possible upward 
or downward fluctuation that could occur [21]. Therefore, a state of 
charge (SOC) control is required with the reference set at 50 % and a 
minimum capacity that is twice as high as the energy associated with the 
worst-case fluctuation [21]. However, despite the fact that the classic 
ramp-rate control makes a non intensive usage of the battery, it also 
requires, for the same ramp-rate attenuation, at least twice as much 
storage compared to filter-based methods [21]. 

In an effort to enhance the performance of the classic ramp-rate 
control, a new strategy was proposed [23], named clear sky-dark sky 
ramp-rate control. While it is true that the sign of the next fluctuation is 
unknown in advance, the power limits of the plant are known and the 
maximum positive and negative power fluctuations can be estimated at 
each instant [23]. Thus, this strategy implements a variable SOC refer
ence that guarantees the ability to smooth both these fluctuations, 
making possible to work with minimum battery capacity, which is the 
one needed to smooth the worst-case fluctuation at a PV plant (the 
concept is explained in Section 3). As a trade-off for the reduction in 
battery size, the clear sky-dark sky strategy increases the cycling, 
compared to classic ramp-rate control, by up to 3 times [23]. 

As an alternative to the use of ESS, which is mandatory in both ramp- 
rate control and filter-based strategies, it has been proposed to limit 
inverters to smooth PV generation [24,25]. If the inverters are set so that 
they do not operate at maximum power point tracking (MPPT), any 
power surge can be mitigated when clouds leave the plant by limiting 
part of the energy. As this method does not require ESS, just software 
modifications, its cost of implementation is particularly low [24]. 
However, this approach is not able to smooth out downward fluctuations 
since, without ESS, it is not possible to compensate for the lack of power 
when clouds block the Sun. 

If ramp-rate control is combined with inverter limitation, it is 
possible to smooth both upward and downward fluctuation. A number of 
studies have proposed methods that combine ramp-rate control strate
gies with inverter curtailment in large PV plants [23,26–29]. The 
operating principle is to limit any positive fluctuation by forcing in
verters to operate outside their maximum power point tracking (MPPT) 
and to smooth downward fluctuations using the battery. As the battery is 
only required to mitigate negative fluctuations, battery cycling could be 
reduced to values close to the classic ramp-rate control [23]. Evidently, 
the main disadvantage of these methods is the energy losses associated 
with the intrinsic power curtailment. Specifically, in [23] the curtail
ment of the generation of each PV inverter (Pinv) was proposed for any 
instant in which its power increases faster than the maximum allowed 
ramp-rate (r). However, the solution is implemented in each inverter 
independently and does not take advantage of the smoothing effect 
produced by the geographical distribution of PV generators [30,31]. 
Consequently, considerable annual production losses would appear, e.g. 
9.09 % of the total production at a plant with a peak power of 45 MW 
and a ramp-rate restriction of 2 %/min [23]. 

It has been demonstrated, at a concept level, that the losses can be 
reduced firstly by limiting the increase of the PV plant power to the 
maximum allowed ramp-rate instead of the individual inverter power 
[26] and secondly by postponing the inverter limitation when a positive 
fluctuation takes place and the battery is not fully charged [27,29]. For 
the same ramp-rate constraint (2 %/min), and facilities with a peak 
power of 45 and 10 MW, the annual losses are reduced to 2.33 % [26] 
and 3.27 % [27], respectively. In [29] the authors were able to reduce 
the annual limitation losses below 1 % by applying a variable gain in the 
battery control loop, which would avoid charging the battery at low 
irradiances. However, a major drawback of the proposals that combine 
ramp-rate control and inverter-limitation is that none of them address 
how to implement the coordination between the inverters, which is 
mandatory in order to control the ramping of the entire plant in the way 
they propose. This coordination is especially difficult to implement 
because it needs to be very precise in conditions of high variability in the 
operating point of each of the multiple PV plant inverters. In other 
words, although [26,27,29] propose strategies at a concept level, they 
do not developed a control method capable of performing the constraint 
of multiple PV inverters in a coordinated manner. In fact, the simula
tions were done as if the multi-megawatt plants (45 and 10 MWp) were 
made of a single inverter. In addition, and like any of the current stra
tegies, the asymmetric damage to the battery caused by the charging and 
discharging process is not taken into account, particularly in [27,29]. 
This last issue has already been highlighted in [28], but their proposed 
solution was only tested on one inverter and no method was developed 
to apply it to a large-scale plant with multiple PV generators. 

This paper propose a new control method that is able to control in a 
coordinated manner the operating point of each of the multiple PV plant 
inverters during highly fluctuating scenarios and all of them with the 
battery system. As far as we are aware, this is the first proposal of its 
kind. Although a communication system is required to implement this 
control method, it will be shown that the system communication 
currently used in photovoltaic plants is sufficient. Secondly, a new 
control strategy is proposed which, using the proposed control method, 
is able to reduce the energy wastage to insignificant values. Further
more, the control strategy can operate with batteries with an asym
metric charge and discharge power capability, as it ensures that the 
battery does not charge at high power rates (avoiding unnecessary 
degradation). Finally, like any other inverter-based strategy, it can 
function with minimum storage requirements. 

The study is organized as follows: Section 2 describes the origin and 
type of data used; Section 3 briefly explains the worst-case fluctuation 
concept and relates it to the minimum storage requirement, as a function 
of the desired ramp-rate limitation and plant size. Section 4 explains the 
system operation and limitations of the non-coordinated strategy and 
Section 5 explains the proposed control method to perform coordinated 
inverter-limitation, in particular the control loop that makes it possible, 
from its concept to its flexibility to perform different limitation strate
gies (including a novel one). Section 6 presents the simulation results of 
all the inverter limitation strategies using the proposed algorithm and 
their performance in the short and long-term. Finally, Section 7 presents 
the conclusions of the study. 

2. Experimental data 

Over a one-year period, data were recorded at the Amareleja PV 
plant (Fig. 1(a)) in southern Portugal (38◦11′20″N, 07◦12′08″0W). The 
250-hectare PV plant consists of 2520 vertical solar trackers, with a tilt 
angle of 45◦ and a ground cover ratio (GCR) of 0.162. Each group of 36 
solar trackers are grouped together and connected to a 550 kW DC/AC 
inverter. With a total number of 70 inverters, the plant peak power is 
45.6 MW while the inverter rated power (PN) is 38.6 MW. 

The synchronized series of each inverter were obtained with a 5-sec
ond sampling period. In post-processing, the series for the 70 inverters 
were grouped into pairs to obtain data with a nameplate capacity of 1.1 
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MW, which is currently more realistic than the original 550 kW, and to 
reduce the computational effort during simulation. In this way, the PV 
plant analyzed would consist of 35 equivalent inverters. 

3. Minimum storage 

The value of the minimum battery capacity required to ensure the 
correct operation of any inverter limitation-based strategy is intrinsi
cally related to the worst-case possible fluctuation, which could occur in 
central daytime when a rapid cloud front covers (or leaves) the PV plant 
following the direction of its shortest dimension (L). For Amareleja PV 
plant L is shown in Fig. 1(a). The shape of the worst-case power fluc
tuation has been described and fitted by an exponential decay with time 
constant τ [22] (see Fig. 2), which depends on L. The equation, with 
power in pu, that approximates the worst negative fluctuation is given 
by (1): 

Ppv = ΔPmax⋅e− t/τ +(1 − ΔPmax) (1)  

where ΔPmax is the total power variation that occurs when a clear sky is 
followed by a fully overcast one and, consequently, the power source 
changes from primarily direct to uniquely diffuse radiation. In this work, 
based on our data (Fig. 1(b)), we used a minimum diffuse power of 5 % 

(ΔPmax = 0.95). The time constant of (1) can be approximated as (2) 
[22]: 

τ[s] = 42L[km] − 0.55 (2) 

Then, the amount of energy to smooth the worst fluctuation (Ewf ), 
with a specific ramp-rate restriction (r), is obtained with the integration 
of the region between (2) and a straight line with slope r [22], as is 
exemplified in Fig. 2. The analytical result of the integral is (3), with 
power expressed in pu: 

Ewf = ΔPmax

(
ΔPmax

2r
–τ

)

(3) 

The energy described by (3) is the minimum usable storage to be able 
to smooth any possible fluctuation. In (3) the units must be coherent, e. 
g. the time units of r and τ must be the same, as well as the power units of 
r and ΔPmax. 

In this study, the total capacity (Cb) was oversized compared to the 
minimum value obtained from (3), which is a common practice in real 
applications. Additionally, no discharge was allowed when the state of 
charge reached 20 %. The remaining 80 % is equal to Ewf , which means 
that the applied oversizing was 25 %: 

Cb =
1

0.8
Ewf = 1.25 Ewf (4)  

4. Ramp-rate limitation using non-coordinated inverters 

In the case of non-coordinated inverters (hereinafter Strategy 0), to 
ensure the positive ramps of the PV plant do not exceed the maximum 
allowed ramp-rate (r), the inverters are programmed to limit their ramp- 
up to r (ΔPinv,i ≤ r) [23]. The Battery System smooths the negative PV 
fluctuations by injecting power to maintain Pg ≥ − r and recharges the 
battery afterwards. 

The control diagram of Strategy 0 is represented in Fig. 3. Its general 
operation is as follows: the sum of each inverter power output is the 
limited plant power (Plim), which can be equal to or less than the 
available power (Ppv), depending on whether there is inverter limitation 
or not. The reference of the grid power (P*

g) is obtained as the difference 
between Plim and the proportional action of the storage control loop 
(PΔ). This reference is fed into a ramp-rate limiter to ensure that the grid 
power will meet the ramp-rate restriction, even after the SOC control 
action, thus obtaining the damped power to be sent to the grid (Pg). The 
difference between Pg and Plim must be injected/absorbed by the battery 
(Pb) and its integration (considering the battery efficiency ηb and total 
capacity Cb) is the normalized stored energy (Eb), which was used as SOC 

Fig. 1. Amareleja PV plant in southern Portugal (38◦11′20″ N,7◦12′8″ W). (a) Layout and shortest dimension, L. (b) 1-year 5-second sampled plant PV power series.  

Fig. 2. Worst fluctuation model. G: Irradiance at a single point, Ppv: PV power, 
Pg : injected grid power with ramp-rate compliance. 
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approximation (5): 

SOC ≈ Eb =
ηsign(Pb)

b Pb

s⋅Cb
(5) 

Battery efficiency was considered to be constant but not symmetric, 
it was assumed to be 90 % in charge and 95 % in discharge, the total 
capacity was obtained from (4) (see Table 1 for the required capacity for 
different ramp-rate restrictions). 

Finally, Eb is compared to the reference (E*
b) to produce the propor

tional control action (PΔ). According to [23], E*
b should be set to 100 % 

in order to be able to mitigate the worst-case negative fluctuation at any 
time. 

This approach achieves two main benefits: firstly, any strategy based 
on inverter limitation is able to function with minimum storage [23,26], 
minimizing the additional investment to smooth PV power (price of the 
battery). Secondly, compared to other minimum storage strategies [23], 
the use of the battery is reduced given that it is not fully required in 
positive power transitions, thereby extending the battery lifespan [23]. 

However, Strategy 0 involves large limitation losses that would have 
a negative financial impact on a project. As an example, two limiting 
scenarios are shown in Fig. 4, where the evolution of each inverter 
during two different kinds of fluctuation can be observed (gray lines). 
The first case (Fig. 4(a)) shows the smoothing of a severe positive fluc
tuation, with r=10 %/min; the second one (Fig. 4(b)) shows how the 
strategy performs when a sharp downward fluctuation is immediately 
followed by an upward one, with r = 2 %/min. In both cases, the wasted 
production can be observed by comparing the difference between the 
available PV power (black-dotted line) and the limited power (red line). 
For this particular day (28th of January) the limitation losses are as high 
as 32 % and 8.9 %, for r = 2 %/min and r = 10 %/min, respectively. 

The large curtailment losses are mainly due to the lack of coordi
nation between the different elements of the system (see Fig. 3). On the 
one hand, due to the non-coordination of the inverters (Fig. 4(a)), given 
that Plim is the sum of the power of each inverter (N in total), the plant 

power increase would be equal to r only when all inverters are being 
limited at the same time, and less than r otherwise. As a result, at the 
beginning of the fluctuation, when few inverters are being limited, the 
growth of Plim is slower than the ideal one (yellow-dashed line), which 
delays the instant when the total ramp rate of the plant reaches r. This 
over-limitation can be observed in the difference between ideal and 
actual limited power (red line). This type of over-curtailment losses 
would have a considerable impact when the ramp-rate restriction is not 
particularly demanding (such as r = 10 %/min). 

In the second case (Fig. 4(b)), due to the lack of coordination be
tween the inverters and the battery control loop, the increase in Plim is at 
most r, even if it is directly undesirable. As can be seen, when an upward 
fluctuation immediately follows a deep downward one (at 10:26), then 
the uncoordinated limitation becomes particularly counterproductive: 
since if Plim is below Pg, the battery is being severely discharged and, at 
the same time, the inverters are being limited. This contradictory 
operation, in which energy is simultaneously required and wasted, 
produces considerable curtailment losses, increases battery semi-cycle 
depths and unnecessarily prolongs discharge at higher power/current 
rates. Contrary to the previous over-limitation mechanism, this one 
would have a considerable impact when the ramp-rate restriction is 
demanding (such as r = 2 %/min). 

Furthermore, a third mechanism of avoidable curtailment losses can 
be observed in the previous two cases. During the upward fluctuation of 
a plant, some inverters may suddenly be covered by a cloud which 
would reduce their production. Given that the remaining inverters do 
not offset this sudden drop, Plim not only reduces its slope, but also may 
even suffer a transitory negative ramp-rate. This can be observed after 
12:46 and 10:35 in Fig.4(a) and (b), respectively. 

In order to avoid this kind of unnecessary limitation, the local 
limiting value of inverters should take account of plant-level variables, 
such as Plim or Pg, and not just local ones. This can be done if the 
communication existing between inverters and the plant controller is 
used. 

5. Proposed control method to coordinate inverter limitation 

It has been demonstrated that the individual limitation of the in
verters (Strategy 0) does not take advantage of the smoothing of the 
fluctuations produced by the geographical distribution of the PV gen
erators and limits the PV power when this is not necessary (as can be 
seen in Fig. 4), so significant limitation losses occur. However, it is not 
clear how to control Plim when there is a high variability in the operating 
point of the PV generators and their derivative. Although [26,27] 

Fig. 3. Stored energy control diagram of the ramp-rate limitation with inverters (Strategy 0).  

Table 1 
Battery sizing for inverter-limitation strategies depending on different simulated 
ramp-rate restrictions (r).  

r [%/min] Cb [MWh] Cb/PN [min]  

1  35.3  54.9  
2  17.2  26.7  
5  6.3  9.8  
8  3.6  5.5  
10  2.6  4.1  
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Fig. 4. Strategy 0 behavior during portions of 28th of January. (a) r = 10 %/min and (b) r = 2 %/min. Available PV power Ppv (black-dotted), limited PV power Plim 
(red), injected power Pg (blue), ideal Plim (yellow-dashed) and inverters' production Pinv (gray). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 5. Schematic diagram of a multi-megawatt PV plant with battery storage and smoothing capabilities connected to the grid.  
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propose strategy concepts for coordinated inverters, no algorithm 
capable of performing the constraint of multiple PV generators in a 
coordinated manner is proposed. In fact, the simulations were done 
assuming that the plant was a single inverter. 

However, any PV plant with ramp-rate limitation capabilities can be 
conceptualized as in Fig. 5, where three subsystems can be abstracted. 
First, the PV System (inverters and PV modules) generates fluctuating 
power (Ppv); second, the Battery System injects or absorbs power (Pb) to 
maintain the variation of dispatched grid power (Pg) within the required 
limits; finally, the Plant Controller, which performs the normal actions 
such as SCADA, reactive power control, responding to TSO re
quirements, etc., and could also be used to coordinate the previous two. 

To modify the PV plant operating point in a desirable way, each 
inverter power ramp-rate needs to be regulated with a central algorithm. 
The aim of the proposed control method is to be able to coordinate all 
the inverters at the PV plant and also them with the storage system 
during the entire operation. To do so, a new control loop, named Smart 
Limitation Loop (SLL) is implemented in the plant controller. SLL calcu
lates the maximum allowed increase (r*

max) for all the inverters and the 
SOC reference E*

b for the battery subsystem (see Fig. 6). The PV System 
and the battery control loop are similar to those shown in Fig. 4, but the 
references (r*

max and E*
b) are constantly calculated and transmitted from 

the Plant Controller. 

5.1. Smart Limitation Loop (SLL) design 

The Plant Controller collects the values of interest (Plim,Pb, Pg, Eb and 
r) and generates the proper references (E*

b and r*
max). The key factor in the 

coordination of the PV inverters is SLL (Fig. 7), which is responsible for 
regulating the limited PV power and for allowing the indirect control of 
the battery power during upward power fluctuations. The performance 
of the plant is easier to analyze if it is represented in the discrete domain 
and in pu, with the nominal plant and individual inverter power as the 
bases at plant and inverter level. 

SLL has the flexibility to implement different limitation strategies 
depending on the value of the battery power reference (P*

b). The limited 
PV power reference (P*

lim), which is used as the reference of the feedback 
loop, is the sum of Pg and P*

b. The controller produces a unique maximum 
increase for all the inverters (r*

max), instead of sending a specific refer

ence for each one. In order to avoid undesirable curtailments, r*
max is 

limited if it is less than rmin, a minimum value that depends on the 
strategy (see below). The PV inverters will be locally limited according 
to the transmitted reference. Therefore, if an inverter varies with a rate 
lower than r*

max it will not be limited, and only those that would vary at 
higher rates will be curtailed. From the point of view of a single inverter, 
the above can be described as follows: 

Pinv,i(k) = min
{

Pinv,i(k − 1)+ r*
max (k − 1) ,PMPPT,i(k)

}
(6)  

where Pinv,i and PMPPT,i denote the instantaneous and the MPPT algo
rithm power of the i-th inverter, respectively. 

The reference of SLL (P*
lim) is designed to avoid excessive curtailment 

losses, as those exemplified in Fig. 4(b). First of all, P*
b would always be 

positive, then P*
lim is always higher than Pg. As a result, when Pg is higher 

than Plim, the loop error (εlim = Pg + P*
b − Plim) and, consequently, r*

max 
would be high; hence, following (6), no limitation would be applied. 
Only when εlim is small enough r*

max would have an effect on Plim. In this 
condition, if r*

max is applied to each of the inverters, the total power plant 
increase would be (7): 

ΔPlim(k) = r*
max(k − 1)⋅

Neff

N
(k) (7)  

where N is the total number of inverters, 35 in this work, and Neff is a 
quantity representing a hypothetical number of inverters whose power 
increases at r*

max with the same effect as all the N inverters increasing 
with different rates (some at r*

max and others at lower values). To be 
clear, at the beginning of any severe positive power fluctuation a few 
inverters start to increase before the rest, as in Fig. 4(a), and they are the 
first to be limited, in the limit just one is (Neff = 1). On the other hand, in 
the middle of the fluctuation, most of the inverters are experiencing 
severe power fluctuations (most of them need to be curtailed), in the 
limit all of them are (Neff = N). Finally, at the end of the event, only a few 
inverters need to be limited, the last ones that start to change, and the 
effect is the same as at the beginning of the fluctuation, but with 
different inverters being curtailed. 

As will be seen, the communication delays, two in the feedback loop 
and one in the measurement of Pg (see Fig. 7), have no significant impact 
on the performance of the algorithm and it can operate correctly with 

Fig. 6. Proposed control to regulate coordinately PV inverters and battery system.  
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the 5-second sampling time of our data. 

5.1.1. SLL tuning 
The open loop of SLL (Fig. 7), without saturation, is: 

G =
Plim

P∗
lim

= Kr
Neff

N
z− 2 1

1 − z− 1 (8)  

which comprises a variable DC gain (KrNeff/N) and an integrator with 
double delay (z− 2/

(
1 − z− 1). Its Bode plot with unity proportional gain 

(Kr = 1) and the extreme conditions of Neff are shown in Fig. 8. 
The DC gain displaces the magnitude plot of (8) in the y-direction, 

which modifies the cutoff frequency. From Fig. 8, it can be concluded 
that Kr < 1, given that if KrNeff/N = 1 and Kr = 1 the phase margin of (8) 
would be zero and the system would be unstable. The reader should 
remember that the value Neff/N can vary between 1 and 1/N, which 
means that the maximum cutoff frequency is determined by Kr and that 
the maximum instability condition is produced when Neff/N = 1; in any 
other condition the total gain would be smaller and the system would be 
more stable. 

Using a proportionality relationship, the desired cutoff frequency 
(ωc) and the required gain (Kr) can be related to the known SLL's cutoff 
frequency with unity gain (ω′

c ≈ T− 1, see Fig. 8): 

Fig. 7. Smart Limitation Loop (SLL) during upward fluctuations.  

Fig. 8. Bode plot of the proposed loop to coordinate PV plant inverters (Fig. 7).  
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logωc − logω′
c

− 20logKr
= −

1
20

→logωc = logKr + logω′
c→ωc = Krω′

c ≈
Kr

T
(9)  

therefore, the phase margin (PM) would be: 

PM ≈ 180 − arg[G(Kr/T) ] (10) 

From (9) and (10), an adequate value of the proportional gain is Kr =

0.5, which would produce a maximum cutoff frequency close to 0.1 rad/ 
s and a phase margin of 46◦ (with a 5-second sampling time). 

5.2. Implementation of strategies 

Fig. 9 shows the schematic performance of the strategies presented in 
[26,27] (hereinafter Strategy 1 and Strategy 2, respectively) and a novel 
smart coordinated inverter-limitation (SCIL) which was developed to 
ensure a well-limited charging power and a considerable reduction in 
the limitation losses, commonly associated with inverter limitation- 
based strategies. SLL is able to implement all of them by applying 
minor modifications, i.e. by choosing the values of P*

b and rmin. 

5.2.1. Benchmark strategies 
The reader must remember that strategies 1 and 2 apply similar 

battery control loops (see Fig. 6) with identical reference (E*
b = 100%) 

[26,27], but differ in the way in which the plant limitation is performed, 
i.e. with regard to the trajectory of Plim during fluctuations (see Fig. 9 
(a–b)). 

To implement Strategy 1, P*
b must be equal to PΔ, the value of the 

proportional action of the loop of the Battery System (see Fig. 6). Finally, 
in order to obtain, at least, the same performance of Strategy 0, rmin takes 
the same value as the ramp-rate restriction (r). Its performance in the 
same conditions as Strategy 0 in Fig. 4 is shown in Fig. 10, which include 
r*
max as is requested by SLL and, as a comparison, Plim of Strategy 

0 (yellow dashed line). 
Looking at Fig. 10 there is an evident improvement achieved with the 

coordination allowed by SLL, first of all because there would no longer 
be any curtailment if Pg is higher than Plim and no battery discharge 

would be extended in a counterproductive way (compare Fig. 10(b) and 
Fig. 4(b)). In addition, in Fig. 10(a) it can clearly be appreciated that 
when some inverters suffer sudden drops, SLL compensates them by 
increasing r*

max, particularly after 12:46. For the entire day, the curtail
ment losses incurred by Strategy 1 would be 20.5 and 6.1, for ramp-rate 
restrictions of 2 and 10 %/min, respectively. 

In Strategy 2, the inverters are not limited until the battery is at its 
setpoint; in practice, it should be done before E*

b = 100 %, given that the 
required sharp Plim reduction can be fast but not instantaneous (see 
Fig. 11(a)). This can be achieved if P*

b is defined as a function of Eb, for 
example through a look-up table. P*

b takes a high value, e.g. 1 pu, when 
the battery is far from full charge, which would avoid any limitation, 
and must decrease rapidly to zero when the battery approaches its 
reference. To produce the sharp reduction and avoid any further charge, 
the parameter of the saturation block (rmin, see Fig. 7) must be negative, 
for this strategy rmim was set to − 3r. A demonstration of the imple
mentation of Strategy 2 can be seen in Fig. 11, showing the same fluc
tuation cases used for Strategy 0 (Fig. 4) and Strategy 1 (Fig. 10). 

It is clear how the limitation problems highlighted in Fig. 4 are 
resolved: no discharge prolongation is produced in Fig. 11(b) and in 
both Fig. 11(a–b) Plim is always equal to or higher than that of Strategy 
0 (yellow-dashed line). In fact, no limitation is performed in Fig. 11(b) 
and very little in Fig. 11(a), outperforming not only Strategy 0 but also 
Strategy 1. For the entire day, Strategy 2 would induce limitation losses 
of 12.3 and 2.9 %, for r = 2 %/min and r = 10 %/min, respectively. 

Fig. 11(a) demonstrates the notable performance of SLL to produce 
the desired operating plant condition (Plim), in particular, the requested 
severe Plim reduction just after 12:44. It is evident how the changes in 
r*
max produce the Plim drop and then its constant growth, limited to r. 

5.2.2. Proposed control strategy: Smart Coordinated Inverter Limitation 
(SCIL) 

The proposed strategy (SCIL) is based on a coherent definition of the 
references of the two control loops present in the system (E*

b and P*
b, see 

Fig. 6 and Fig. 7). Firstly, the SLL reference (P*
b) is set to a proper value Δ 

(see Fig. 9(c)), which enables the Plant Controller to limit all battery 
charges to this value, avoiding high charging power/currents (triggers of 
accelerated degradation processes [32–34]), as Strategy 2, and excessive 
energy curtailments, as Strategy 1 and particularly Strategy 0. This can 
be done by means of a look-up table as a function of the stored energy, as 
in Fig. 12 (see below). The selection of the proper definition of P*

b is out 
of the scope of this study, but it should depend on the chemistry of the 
battery and especially on the evolution of its equivalent internal series 
resistance and the open circuit voltage with SOC and temperature. 

Secondly, the way in which the previous strategies (0, 1 and 2) define 
E*

b makes them unnecessarily increase their limitation losses [29], we 
would therefore propose a variable reference that avoids charging at low 
irradiance conditions if no ramp-rate violation occurs. This would in
crease the margin of energy recovery when the next ramp-up is 
smoothed. The Plant Controller continuously calculates the proper 
reference, using the worst-case fluctuation model (1)–(3), and then 
transmits it to the Battery Subsystem. If ΔPmax is replaced by Plim in (3), 
which assumes a total power reduction that disregards diffuse radiation, 
the required stored energy to mitigate the maximum instantaneous 
power drop (Edrop) that could happen can be estimated: 

Edrop(k) = Plim(k − 1)
(

Plim(k− 1)

2r
− τ

)

(11)  

with the use of (11), it can be determined whether the stored energy (Eb) 
is sufficient to cover the eventual drop, therefore, a proper reference can 
be obtained: 

Fig. 9. Schematic behavior of strategies with coordinated inverters. (a) Strat
egy 1, (b) Strategy 2 and (c) Smart Coordinated Inverter Limitation (SCIL). 
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Fig. 10. Strategy 1 performance during portions of 28th of January. (a) r = 10 %/min and (b) r = 2 %/min. Available PV power Ppv (black-dotted), limited PV power 
Plim (red), injected power Pg (blue), uncoordinated Plim (yellow-dashed), inverters' production Pinv (gray) and ramp limitation r*

max (green). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Strategy 2 performance during portions of 28th of January. (a) r = 10 %/min and (b) r = 2 %/min. Available PV power Ppv (black-dotted), limited PV power 
Plim (red), injected power Pg (blue), uncoordinated Plim (yellow-dashed), inverters' production Pinv (gray) and ramp limitation r*

max (green). In (b), r*
max was ommited 

due to the absence of limitation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 12. Sets of control parameters to implement inverter limitation based strategies. For all cases, KE/Cb = 1
[
h− 1

]
and Kr = 0.5.  

Fig. 13. Performance of strategies with coordinated inverters using SLL during 28th of January and zoom view with individual inverters (r = 2 %/min). (a) Strategy 
0, (b) Strategy1, (c) Strategy 2 (d) SCIL. Available PV power Ppv (black-dotted), limited PV power Plim (red), injected power Pg (blue), stored energy Eb (yellow). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A. González-Moreno et al.                                                                                                                                                                                                                    



Journal of Energy Storage 72 (2023) 108621

11

if Emin + Edrop > Eb(k − 1)
E*

b(k) = Emin + Edrop

else
E*

b(k) = Eb(k − 1)

(12)  

where Emin is the minimum permitted condition. Based on (4), Emin = 20 
%. 

Finally, in order to avoid the possible full charge or discharge of the 
battery due to small steady-state fluctuations, a safety margin (Es) limits 
the maximum and minimum value of E*

b: 

Emin +Es < E*
b < Emax − Es (13)  

where Emax = 100%. In this study Es was set at 3 %. 
The simulated performance of SCIL is shown in Fig. 13(d) (see 

below). 

6. Simulation results 

All the strategies based on inverter-limitation (0–2 and SCIL) were 
simulated using 1-year data from a real multi-megawatt PV plant (see 
Fig. 1). The simulations requiring inverter coordination were performed 
using the flexibility of SLL. Following the tuning rule suggested in [35], 

KE was set to meet KE/Cb = 1
[
h− 1

]
. According to SLL tuning, in the case 

of coordinated inverters Kr = 0.5. The remaining control parameters 
used to simulate the strategies (rmin and P*

b) are summarized in Fig. 12. 
The strategies were evaluated in the short-term (the performance in a 

day with severe power fluctuations) and in the long-term (for different 
ramp-rate restrictions). The analysis of the short term makes it possible 
to justify the results of the long term. 

Under identical ramp-rate constraints, the battery capacity (Cb) was 
set for all strategies following (4). The values of the simulated capacities 
are shown in Table 1, both in absolute terms (in MWh) and relative to 
the plant nameplate capacity (in minutes of storage). As can be seen, the 
required storage increases dramatically as the ramp-rate limitation be
comes more restrictive. The initial condition (Eb(0)) for all the strategies 
was the same (fully charged). 

The constraints applied during simulation are the set of Eqs. (14)– 
(18), expressed in pu: (14) ensures the ramp-rate limitation; (15) and 
(16) represent the conservation of energy; (17) guarantees that Pg will 
not be neither negative (charge from the grid), nor higher than the plant 
rated power; and (18) represents the battery operation limits. 

|ΔPg| ≤ r (14)  

Pg = Plim − Pb (15)  

Plim(k) =
∑

Pinv,i(k) ≤ Ppv(k) (16)  

min
{

0.1,Ppv(k)
}
≤ Pg(k) ≤ 1 (17)  

0.2 < Eb(k) < 1 (18)  

6.1. Short-term simulation: a day with severe power fluctuations 

As an illustration, one highly variable day of the entire simulated 
year (28th of January) is shown for all the strategies and the same ramp- 
rate restriction (r = 2 %/min). Fig. 13 shows the entire day: Strategy 
0 (Fig. 13(a)), Strategy 1 (Fig. 13(b)), Strategy 2 (Fig. 13(c)) and SCIL 
(Fig. 13(d)). 

Even though the different strategies can effectively limit the ramp- 
rate of Pg to the same value, with an identical storage amount, the use 
of one or another has different implications from the point of view of the 
battery stress factors and energy production. 

In the first case, for fixed setpoint E*
b = 100% strategies (0–2) the 

battery would operate at higher charge levels, on this particular day, it 
would operate between its setpoint and 65 %, as can be seen in Fig. 13 
(a–c) (which accelerates calendar degradation), while SCIL operates 
between 50 and 90 %. Furthermore, Strategy 2, the benchmark strategy 
with less losses, demands high power rates while charging (which in
creases cycling degradation), as can be seen in Fig. 13(c) after 12:45. In 
contrast, SCIL positively limits any charging power to the predefined 
value (see Fig. 12), which reduces the stress caused on the battery during 
the charging process. 

On the other hand, by comparing the difference between (Plim, red 
line) and the available power (Ppv, black dotted line), which defines the 
total limitation losses, it is clear that SCIL outperforms any of the pre
vious strategies (see Fig. 13). For this particular day, SCIL limits 3.8 % of 
the available energy, a negligible value compared to the range of the 
remaining strategies (between 12.3 and 32 %, see Table 2). The reason 
behind the SCIL low losses is the fact that its design makes the strategy 
recover energy in all ramp-up events, while in contrast, the previous 
strategies and their almost absent energy recovery in the consecutive 
power surges after midday (see Fig. 13(a–c)). This is due to the fact that 
SCIL not only avoids any limitation produced by a lack of coordination, 
such as in strategies 1 and 2, but also due to the fact that it operates with 
a less charged battery; thanks to the variable setpoint (11)–(13) the 
battery can be used to store and recover energy in all power surges. In 
contrast, as strategies 0–2 tend to be charged for a longer period of time, 
they reduce the possibility of absorbing energy while smoothing power 
fluctuations. 

The above can be easily corroborated in the progressive reduction of 
curtailment losses from Fig. 13(a) to (d). For example, the continuous 
disappearance of inverter limitation in the early morning (before 11:00) 
and the increase in energy recovery afterwards. 

The results of Fig. 13 are presented Fig. 14 in a different way to 
evidence the link between two variables directly related to the charging 
stress (Eb and Pb), which are paired in a simultaneous basis. In other 
words, Fig. 14 shows the severity of the charge/discharge process and at 
what estimated SOC level they would occur. As can be seen, the stra
tegies 0 and 1 have the lowest charging rates, but at high SOC levels 
(especially Strategy 0), and at the same time they are the ones that waste 
more energy. On the contrary, among the benchmark strategies, Strat
egy 2 (blue line) is the one that less energy curtails, but has high 
charging rates at high SOC levels (note the highlighted region). 

SCIL represents a tradeoff between them: on the one hand, extremely 
low energy losses (see Table 2), and, on the other hand, limited charging 
rates (0.3 pu in the simulated scenarios, see Fig. 12). Additionally, given 
the variable Eb reference (11)–(13), it is clearly appreciated how the SOC 
levels at which the charges occur are lower than in the benchmark 
strategies, allowing low charging rates with intermediate SOC levels. 
Finally, thanks to the ability of SLL to limit the charge rate, the profile 
used for P*

b (see Fig. 12), can be reduced to a lower constant value, such 
as 0.2 or 0.1 pu, to a further reduction of the charging stress (in exchange 
of higher curtailment losses), or even use more complex forms to set P*

b, 
but, as previously said, this is beyond the scope of this work. 

6.2. Long-term simulations: annual limitation losses 

The trend observed on 28th of January is the same when the entire 
year is considered. Table 2 shows the comparison of the different 

Table 2 
Summary of energy curtailment losses for different inverter-limitation strategies 
(r = 2%/min).  

Strategy Annual [%] 28th of January [%] 

0  6.4  32 
1  3.4  20.5 
2  2.2  12.3 
SCIL  0.28  3.8  
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strategies. For each strategy, its annual limitation losses are lower than 
those of January 28th, given that the curtailment on clear days is very 
low or non-existent (and these days are a majority in the overall). 
However, the trend observed on January 28th is maintained: Strategy 
0 shows very high losses, while SCIL presents negligible values (and 
strategies 1–2 would imply curtailment values closer to Strategy 0 than 
to SCIL). In fact, the annual limitation of SCIL (0.28 %) is an order of 
magnitude below the benchmark strategies (between 2.2 and 6.4 %). 

The same performance can be observed if the limitation losses are 
calculated for different ramp-rate restrictions. The results can be seen in 
Fig. 15. As expected, all strategies exhibit lower production losses as the 
ramp-rate limit becomes less restrictive, given that inverter curtailments 
become less frequent as dispersion smoothing becomes more effective 
[30,31]. 

Regardless of the required ramp-rate smoothing, the relative posi
tions of the strategies in Table 2 do not change: the uncoordinated 
limitation (Strategy 0) wastes more energy than any other smoothing 
method, while SCIL produces insignificant curtailment losses over the 
full range of ramp-rate restrictions (0.64 % curtailment at a ramp re
striction of 1 %/min and 0.05 % at 10 %/min). 

7. Conclusion 

This study addresses the implementation of ramp-rate limiting 

strategies in multi-megawatt PV plants. Although different limiting 
strategies have been proposed in earlier investigations, no algorithm 
capable of regulating the combined power of the inverters has been 
presented, particularly in scenarios of severe power fluctuations when 
there is a large dispersion in the operating point of the different PV 
generators. 

A control method has been presented to overcome this technical 
shortcoming. The method is based on the coordination between the 
control loop that governs the storage device and a new control loop 
implemented in the plant controller that regulates the overall operating 
point of the plant (called Smart Limitation Loop, SLL). The effectiveness 
and versatility of SLL have been demonstrated by correctly simulating 
the various inverter limitation strategies proposed to date. SLL is able to 
handle the 5-second sampling time in the system analyzed, a higher 
value than the communication delay in current PV facilities, which in
dicates that its implementation is feasible in real systems. 

Furthermore, a novel strategy (called SCIL: Smart Coordinated 
Inverter Limitation) has been proposed. Taking account of the potential 
of SLL and a correct coordination with the battery controller, SCIL makes 
it possible to limit the battery charge power to any desired value and to 
keep it constant during any positive fluctuation (without violating the 
imposed ramp-rate limit). This makes the system to recover energy 
during any upward fluctuation and to reduce the limiting losses to 
negligible values (<1 % for any ramp limitation). As an example, for a 

Fig. 14. Battery power (Pb) versus stored energy (Eb) during the 28th of January. Strategy 0 (red dashed), Strategy 1 (green), Strategy 2 (blue) and SCIL (black 
dashed). High SOC values coincide with high power/current charge rates in the region enclosed by the gray rectangle. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 

Fig. 15. Annual losses for different ramp-rate restrictions and inverter limitation-based strategies. Strategy 0 (red), Strategy 1 (green), Strategy 2 (blue) and SCIL 
(black). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ramp-rate restriction of 2 %/min, SCIL would waste 0.28 % of the 
available production, while different benchmark strategies would lose 
between 2.2 and 6.4 %. Finally, SCIL makes it possible to operate bat
teries in safer conditions: lower SOC levels and, as it is able to limit 
charge to any desired value, to reduce charge rates. 

The value of SLL is not only limited to the implementation of battery- 
dependent strategies; its ability to control the operating point of the 
plant by modifying each of the inverters makes it a viable technique for 
implementing battery-less strategies, which, with the help of PV fore
casting methods, proactively smooth out power fluctuations [36–39]. 
The synergies between these methods and SLL are an interesting topic of 
research that could have the capacity to minimize the effect of inter
mittency on the increasing number of large grid-connected PV 
installations. 
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