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Abstract—This paper presents a hierarchical control
system to mitigate the variability of solar photovoltaic
(PV) power plant and provide ancillary services to
the electric grid without the need for additional non-
solar resources. With coordinated management of each
inverter in the system, the control system commands
the power plant to proactively curtail a small fraction
of its instantaneous maximum power potential, which
gives the plant enough headroom to ramp up produc-
tion from the overall power plant, for a service such
as regulation reserve. This control system is practical
for continuously changing cloud cover conditions in
partially cloudy days. A case study from a site in Hawaii
with one-second resolution solar irradiance data is used
to verify the efcacy of the proposed control system.
The proposed control algorithm is subsequently com-
pared with the alternative control technology from the
literature, the grouping control algorithm; the results
show that the proposed hierarchical control system
is over 10 times more efective in reducing generator
mileage to support power fuctuations from solar PV
power plants.

Index Terms—Hierarchical control system, Power
system operation, Regulation reserve, Solar power
plant

I. Introduction

ELECTRIC power grids are complex networks in
which electrical energy is produced by a diverse

set of generation technologies and delivered to energy
consumers through transmission and distribution lines.
Conventionally, the primary sources of fuel for production
of electric power were coal, oil, natural gas, nuclear, and
hydro power. However, in recent years the desire for
carbon-free generation has begun a transition towards
the integration of inverter-based resources (IBR) [1]. This
transition has accelerated as the cost of energy generation
from solar photovoltaic (PV) and wind resources continues
to rapidly decline [2]. For example, Southwest Power Pool
(SPP) recently reported a peak instantaneous renewable
generation record of 85.3%. Certainly, this transition is
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in line with many national energy policies around the
world. The Biden administration in the US has set goals to
develop a carbon-free power sector by 2035, and a net-zero
emission economy by 2050 [3]. Similarly, other countries
including Western Europe led by the United Kingdom,
Germany, and France at the forefront, alongside many
non-European countries such as Japan and Australia,
have established the common goal of releasing net-zero
emissions by 2050. Also some countries with developing
economies, including Saudi Arabia (by 2060) [4], India
(by 2070) [5] are pursuing this goal. While this world-wide
trend toward zero-emission power systems is a critical goal
in combating the worst efects of climate change, there
are many technical challenges that must be overcome to
materialize it.

One of the main challenges with the integration and
operation of power systems with increasing levels of wind
and solar PV generation is the variable and uncertain
nature of wind speeds and solar irradiance, making them
variable renewable energy sources (VRE) [6]. Because
of the uncertainty in their availability, they have not
traditionally been treated as non-frm power, nor have
been relied on for providing regulation reserves or other
forms of ancillary services. Particular to solar PV power
plants, on which this paper emphasize, the nature of clouds
and their rapid formation and movement often creates
undesired fuctuations in the plant power output. The lack
of consistent and dispatchable power production paired
with the current power market structure incentivizes the
solar producers to operate at maximum instantaneous
power regardless of the operational state of the grid. This
can results in extreme power fuctuations and challenge
the stability and reliability of the power grids, especially
when operating with high shares of VRE. Most famously,
California’s duck curve [7] is an indicative of how massive
power fuctuations in a short period of time can chal-
lenge system frequency response which can quickly lead
to blackout in a large region and interruption of power
delivery [8]. As a solution, often solar PV power plant
developers situate energy storage [9]–[11] or pair solar PV
with fossil fuelled, dispatchable forms of generation [12]–
[14] to enhance the plant’s fexibility. Combining multiple
generation technologies is commonly known as a hybrid
power plant and requires signifcant additional capital
costs and complicates market procedures. It is expected
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that in the near-future, solar PV instantaneous penetra-
tions will reach levels at which they will need to be phys-
ically and economically responsible for providing critical 
grid-supporting services. This requires the development of 
advanced control algorithms for VRE technologies with 
the functionality required to provide ancillary services 
without the need for additional resources, which is the 
main direction of this paper. 

A review of the literature suggests that two main di-
rections of research have emerged to address this issue. 
The frst direction focuses on the development of control 
algorithms that would rely on additional resources bundled 
with the solar PV power plant, including energy storage 
and dispatchable generation units to provide fexibility and 
ancillary services [15]–[25]. The second direction, which is 
more recent, focuses on the development of control algo-
rithms for the mitigation of solar PV variability without 
reliance on additional resources [26]–[29]. In [26], a cur-
tailment strategy is proposed, namely sequential module-
level tripping (SMT) to control micro-inverters for the 
integration PV systems into low-voltage feeders with a 
goal to provide local over-voltage protection, regardless 
of cloud conditions. The method developed in [27] is 
an internal forecasting method that would allow a solar 
PV power plant to forecast cloud coverage and adjust 
in discrete time intervals. This approach is intriguing, 
but does not provide an algorithm that could be easily 
translated into an embedded control system. The real-
time grouping control method developed in [28] and [29] 
provides a centralized control algorithm that can react 
to changes in cloud coverage at second and minute time 
resolutions. This control technology has recently been 
integrated into a 141MW Chilean PV power plant [30], 
which is the frst entirely solar PV power plant that is 
able to bid into ancillary markets without additional non-
PV resources. However, the main drawback for this control 
technology is its central decision-making process that sets 
a homogeneous setpoint for entire groups of PV inverters 
and neglects that the scattered nature of cloud movements 
over such large utility-scale PV plants can afect gener-
ation at the individual inverter resolution. Accordingly, 
this paper advances the feld, in the second direction, by 
proposing an algorithmic solution for controlling the PV 
solar power plants. 

The core contribution of this paper is in the devel-
opment of a hierarchical control system for utility-scale 
PV solar power plants that enables them to mitigate 
the generation variability and provide ancillary services 
accurately, even in changing weather conditions without 
the need for additional non-PV resources. The hierarchical 
control architecture ofers a distributed decision-making 
process at multiple layers and time scales allowing it to 
send specifc directed control signals to each individual 
inverter in pursuit of the overall system goal. The proposed 
hierarchical control system maintains a headroom reserve 
at each solar array in order to utilize during generation 
fuctuation periods. This headroom reserve intrinsically 
enables the solar power plant to not only follow a genera-

tion commitment, but also to respond adequately to real-
time dynamic regulation signals from an ancillary service 
market. 

To verify the efcacy of the proposed hierarchical control 
system, a case-study is presented based on data measure-
ments from Oahu, Hawaii. The results from the proposed 
hierarchical control are then compared with the grouping 
control method [28], [29]. The results are presented for two 
operational functions: (1) following a generation commit-
ment schedule to examine the precision of the algorithm 
in satisfying the generation level that the plant operator 
has committed to market and (2) responding to dynamic 
reserve signals while accurately maintaining and evalu-
ating the status of available headroom for fast reserves. 
In this paper, PJM’s dynamic regulation ancillary service 
signal (RegD), which includes providing reserves in both 
the upward and downward directions, from 9am to 5pm, 
is used as a two second system operator signal [31]. 

The results of computer simulation show that our hier-
archical control algorithm is able to satisfy 99.35% of the 
generation commitment and 99.88% of the ancillary RegD 
signal requests, whereas by PJM standards and tarifs, a 
regulation generator responding to a signal needs to com-
ply 75% of the time [32]. Compared to our implementation 
of the grouping control algorithm [28], our hierarchical 
approach produces 18 times less mileage when providing 
regulation reserve and requires 19 times less supporting 
regulation reserve when providing the commitment-level 
output. 

II. Concept of Solar Power Curtailment and 
The Current State of the Art 

Without relying on any resources other than solar PV, a 
curtailment control approach allows a generation entity to 
meet the generation commitment and potentially provide 
ancillary services to the grid. This section outlines the 
fundamentals behind curtailment control and elaborates 
on the current state-of-the-art algorithm for implementing 
curtailment control into utility scale solar power plants. 

A. Curtailing from Maximum Power Point 
The curtailment of power production from a solar PV 

array principally means reducing its power output to a 
specifed fraction of its maximum power potential (MPP). 
Curtailment is achieved by the adjustment of the voltage 
(V ) and current (I) levels of solar PV arrays. This is 
accomplished through a change in the set point of the 
power electronic equipment which serves as the interface 
between the solar PV arrays and the power plant collection 
system, and subsequently, the total power output of a PV 
power plant will be adjusted [33], as shown in Fig. 1. 

By adjusting the operational set point of the power 
electronic equipment to a fractional value of its maximum 
potential, enough headroom becomes available to ramp 
up if needed, and regardless of the headroom availability, 
the production can continue to ramp down from its MPP. 
This basic mechanism can be intelligently used in a solar 
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Fig. 1: Solar I -V and P-V curves showing relationships 
between voltage, current, and the MPP shown by Pmax 

PV power plant to enhance operational fexibility and, 
as the simplest task, the power plant could maintain a 
consistent power output in response to partial shading 
and rapid cloud movements. Additionally, the available 
positive headroom can be used to provide ancillary services 
to the grid by instantaneously adjusting generation power 
output. 

B. Formulation of Grouping Control 

The current state-of-the-art technology for solar PV 
power providing ancillary services is the grouping control 
method [28], [29]. Its principle of operation is to set 
reference inverters to constantly operate at MPP, with-
out curtailment, to have real-time measurement of MPP 
values. All other inverters, called non-reference inverters, 
are grouped with a reference inverter that has similar solar 
availability. 

Once reference inverters and their corresponding non-
reference inverter groups have been established for the 
instant, the grouping algorithm determines the desired 
fnal output of each curtailed (non-reference) inverter, as 
follows. 

The estimated maximum power output capacity, de-
noted by P est , for the ith group can be calculated by max 
multiplying the number of inverters associated in the 
group, denoted by Ninv,i, with the MPP value of Pmpp,i 

from the reference inverter using the following expression: 
Ngroups 

P est 
max = Ninv,i · Pmpp,i (1) 

i=1 

Using the estimated maximum power capacity (in 
Watts), the grouping algorithm then calculates the power, 
denoted by Pset,i, to reduce each group to (in Watts) after 
curtailment where curtailed power is represented by ∆P . 

= (1 − ∆P ) · P estPset,i max,i (2) 

Finally, the power for every curtailable inverter (non-
reference inverter) in each group, denoted by Pinv,i, is 
determined by reducing curtailable inverters beyond the 
desired headroom level to compensate for the reference 
inverter always operating at MPP, as: 

Pset,i − Pmpp,i
Pinv,i = (3)

Ninv − 1 

A simple sanity check can be done by plugging in the 
resulting curtailment from Eq. (3) into Eq. (4) for the 
curtailed power output of the group (Pgroup,i). 

Pgroup,i =Pmpp,i + (Ninv − 1) · Pinv,i 

=Pmpp,i + Pset,i − Pmpp,i (4) 

=Pset,i 

For more detail on this similarity grouping control method, 
please see reference [28]. 

The drawback of the grouping control algorithm is that 
it has the potential to create a signifcant amount of error 
between the theoretical and actual power production, if 
the grouped inverters have difering instantaneous power 
outputs. Grouping the solar array with higher resolution 
(adding more reference inverters operating at MPP and 
thus reducing the range of curtailment) will reduce the 
error in this algorithm enough to be operational [28], 
[29]. Nonetheless, the existence of this computational error 
leaves room for improvement. The grouping algorithm 
commands all inverters under the assumption that they 
all have the exact amount of generation potential as their 
reference inverter (in practice this assumption does not 
hold valid for an extended period of time), thus causing 
averaging errors. This existing gap is the basis for the 
proposed hierarchical control system as explained in the 
next section. 

III. Proposed Hierarchical Control System 

In this paper, three layers of hierarchy for decision-
making are considered as depicted in Fig. 2. These three 
layers consists of an adaptive layer with a centralized 
controller at the highest level, a supervisor layer with a 
small number of supervisory controllers as intermediaries, 
and a direct control layer with several inverter controllers 
at the lowest level of control. Although, only three layers 
of control are used in this paper, one large beneft of 
hierarchical control is the modular nature that would allow 
for adding more supervisor layers (e.g. a super-supervisor 
layer) in order to efectively expand and coordinate control 
to more than one power plant. The following provides the 
decision-making processes, individual responsibilities, and 
control goals of each control layer. 

Direct Control Layer: This layer is the lowest level of 
control consisting of several control agents that directly 
regulate voltage and power output of each solar PV in-
verter at the device level. This layer initially computes 
the estimated inverter maximum power potential (IMPP) 
of an inverter and then determines if the IMPP is above 
the requested power output. If the inverter cannot produce 
the requested power output, it will ask for “help" from 
its supervisor controller. Using typical signaling hardware 
these computations should be able to send out updated 
signals in less than 1 second. 

Supervisor Layer: This layer works as the “middle-man" 
of control. Supervisors frst survey the performance of their 
“control agents" (corresponding to direct controllers). If 
any one of the control agents has been fagged for needing 
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Fig. 2: Hierarchical layout of proposed control scheme. 
Direct controllers on each inverter communicate with their 
corresponding supervisor controller, and supervisor con-
trollers communicate with the central controller. 

“help", then the supervisor attempts to solve the missing 
amount of power generation by fnding another one of 
it’s control agents to provide additional power production. 
If all the constituent control agents of a supervisor are 
operating at IMPP and the cluster is still experiencing a 
power production defcit, then the supervisor signals to 
the above layer (adaptive central controller) and requests 
support from other supervisory clusters. Once the entire 
system has found a feasible solution, the supervisor signals 
the fnal curtailment set points down to each of its control 
agents. Signal requests could operate within a 10 second 
window with typical signaling equipment. 

Adaptive Layer: This layer uses one centralized con-
troller to receive the external ancillary services signal 
for power generation, and command the lower tier con-
trollers to fnd a global solution for power production 
while considering partial shading impacts. This upper 
tier communication requests additional production from 
supervisor clusters that have enough available potential 
to help compensate for shaded supervisor clusters. Final 
curtailment set points are then communicated from the 
adaptive layer to the supervisory layer, to the direct con-
trol agents, respectively. As the fnal stage of this iterative 
signaling, controllers at this level will be operating at less 
than 1 minute resolutions. 

A great advantage of the hierarchical control architec-
ture is its ability to coordinate the PV system opera-
tion by more than one decision-making center. Necessary 
information is available to each controller at diferent 
time frames and at diferent rates, which allows for less 
computational intensity while providing the opportunity 
for the expansion of communications between multiple 

solar power plants. Dispersing control into a hierarchy 
of micro-controllers also increases the resiliency of the 
system, and it can even be implemented with simple, 
of-the-shelf computing systems. Fig. 3 breaks down the 
communication and the exchange of requests between the 
hierarchical layers, while also depicting the chronological 
order and resolution of all the information transfer and 
the corresponding decision-making timescales. 
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Fig. 3: Conceptual diagram of information exchange be-
tween the hierarchical layers and the upper-bounds of their 
computational decision-making timescales. 

After the hierarchy of control is established and in-
stalled, the layers exchange information formulaically to 
compute the optimal set point for curtailment at each 
inverter. The proposed control algorithm for information 
exchange and computation involves the following iterative 
steps: 

Step 1: Estimate System IMPP 
Step 2: Compute Initial Power Output for Controllers 
Step 3: Conduct Correlative Neighbouring 
Step 4: Solve & Reassign Curtailment Levels 
Step 5: Return to Step 1 

A. Step 1: Estimate System IMPP 

In the frst step the IMPP is computed for each in-
verter iteratively at computational speeds much faster 
than changes in solar availability, which is usually over 
a minute. Hence, there is very little variation in IMPP 
between iterations, which greatly reduces the error in 
IMPP computation that is managed at the direct control 
layer.

Formulation: To evaluate the IMPP of the ith inverter 
at tth iteration, represented by a subscript index of i and 
superscript index of t, the algorithm must take in the 
desired fractional curtailment level, denoted by αt−1 , andi 
fnal (after curtailment) inverter power output, denoted 
by P t−1 

final,i, of the previous iteration, represented by su-
perscript index of t − 1, as arguments. Thus, the estima-
tion algorithm for the IMPP, represented by P t 

IMP P,i, at 
iteration t can be described by: 

P t = P t−1 
IMP P,i IMP P,i 

P t−1 (5)
final,i = 
αt−1 . 

i 
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Next, the total plant MPP, P t 
MP P,system, is computed 

by simply summing across all N inverters by: 
N 

P t = P t (6)MP P,system IMP P,i 
i=1 

B. Step 2: Compute Initial Power Output for Controllers 

Headroom is a positive value that indicates the difer-
ence between IMPP and the curtailed operational level 
of a solar inverter. After the IMPP estimation, the same 
amount of power generation is requested of all inverters, 
defned by power request point and denoted by Prequest. 
This request point is the diference between the expected 
generation level and the average IMPP of all inverters 
in the system if all inverters were exposed to the same 
amount of solar irradiance. The power set point then is 
compared with the actual available IMPP at each individ-
ual inverter and each supervisor controller. The diference 
between the power set point and IMPP constitutes the 
residual generation signal. If the residual generation signal 
for an inverter returns a negative value, the requested 
generation amount (Prequest) is larger than the IMPP, and 
the controller will be fagged as “in need of assistance." 

Formulation: The initial power request to each inverter, 
denoted by Prequesti , is computed considering the distribu-
tion of the generation capacity of each individual inverter. 
Using the desired total system power output, represented 
by Pdesired, and the individual capacity of ith inverter, 
represented by wi, the power requested from ith inverter 
is computed as: 

wi · Pdesired 
Prequesti = (7)

N 
i=1 wi 

Equation 7 assumes inverters across the power plant 
have heterogeneous capacities. This expression becomes 
simplifed when all inverters across a solar plant have 
homogeneous capacities as: 

Prequesti = 
Pdesired 

N 
(8) 

where N is the number of inverters in the system. 
The residual power at the ith inverter, represented by 

Pres, is the diference between the inverter IMPP value, 
PIMP P,i, from the expression (5) and the initial power 
request, (Prequest, in (7)). Next, these values are used to 
compute the index for the need for assistance for each 
inverter by simply subtracting the initial power request 
from the inverter IMPP value by: 

Pres = PIMP P,i − Prequest (9) 

where the sign of the value of Pres can be used as a 
reference to determine the state of power generation by 
the ith inverter and can be interpreted using the simple 
following rule: 

Pres ≥ 0 −→No need for assistance 

Pres < 0 −→In need for assistance 

The magnitude and sign of Pres is sent to the supervisor 
controllers. The aggregated power output operated by 
each supervisor controller, denoted by Psup, with Nagents 

constituent inverters, is computed similarly by summing 
Pres values across Nagents “agent" inverters. With more 
than 3 control tiers, the same procedure would be repeated 
for all higher tiers of control up until the centralized 
controller is reached. 

C. Step 3: Conduct Correlative Neighbouring 

Thus far, the need for help by individual direct control 
agents and supervisors has been established. The next 
natural step is to develop an augmented mechanism to 
systematically determine the signalling for the assistance 
procedure. Here a signaling mechanism is proposed with a 
goal to maximize the probability of receiving support from 
the inverters initially asked for additional support. To this 
end, a correlation matrix can be trained to describe the 
correlation of headroom availability among all inverters 
and per row. The time scale of this correlation analysis 
is dependent upon the meteorological characteristics of 
the site and pace of the cloud movements; the higher the 
elevation, the faster the clouds move and thus, the shorter 
this time scale, perhaps minutely correlation; in the areas 
closer to sea level, the cloud movements are slower and 
thus, perhaps hourly correlation would be more suitable. 

In the development of the correlation matrix, its diago-
nal elements will always return 100% correlation because 
an inverter will have perfect correlation with itself. Upon 
the need to request help to reach its power set point, the 
controller will go through the list by reaching out frst 
to the least correlated inverters, i.e. those inverters which 
have the highest probability of not experiencing similar 
power defcits. Such arrangement of all the controllers 
within a hierarchical algorithm will greatly afect how 
“high up the chain" inverters will have to ask for help. For 
example, geographically neighboring inverters will likely 
have very similar solar fuctuation patterns because a 
passing cloud may cover both of them simultaneously. 
The hierarchical controller will choose virtual neighbors of 
controllers that have uncorrelated – or (ideally) inversely 
correlated – solar fuctuations. 

The term virtual neighboring is used to suggest that 
the controllers are neighbors through the eyes of the 
signaling hierarchy of the controller, but they are not 
physically adjacent. In other words, virtual neighbors are 
two or more direct controllers where signals go to the 
same supervisory controller, but they are likely physically 
positioned on diferent locations across the power plant. 
The virtual neighbors are chosen under the condition that 
the controller will operate at maximum efciency if a 
virtual neighbor is more likely to have access generation 
when the inverter of interest is under-producing. As a 
general trend, this means virtual neighbors are often on 
opposing sides of a power plant so their incident solar 
irradiance is not impeded by the same clouding event. This 
structure makes the support process much more efcient 
and less computationally expensive as most controllers 
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likely will fnd an equilibrium solution at the supervisory 
layer without consulting the adaptive layer. 

Formulation: This study performed a statistical analysis 
using irradiance data to determine correlation matrix. 
This analysis established a n by n correlation matrix for 
the set of n inverters and each inverter will have a per-
unit rating of their level of behavioral correlation to all the 
other inverters in the plant. Each correlation coefcient C 
is calculated by the Pearson’s Linear Correlation Coef-
cient where two time-series vectors X and Y are inputted 
to the function: 

t 
(Xi − X)(Yi − Y ) 

C(X, Y ) = i=1 (10) 
t t 
(Xi − X)2 (Yi − Y )2 

i=1 i=1 

The smaller the value of correlation, C(X, Y ), the more 
suitable the neighboring of inverters X and Y . Using 
the fnal statistical characterization of the solar variation 
between power plant inverters from the correlation matrix, 
hierarchical tiers with non-similar or inversely correlated 
fuctuation patterns can be chosen as virtual neighbors for 
an improved response. 

The correlation matrix in this study was trained ofine 
using available historic data across the power plant area. 
In more advanced implementations, though not considered 
in this study, this correlation analysis could be conducted 
online using either real-time measurement data or incor-
porated with a forecast module with a forecasting horizon 
from minutes to weeks ahead as a multi-stage process. 
Such capabilities require intensive computation and high 
accuracy forecast modules, but would then allow for more 
adaptable profling over seasonal or yearly changes in 
weather patterns. 

D. Step 4: Solve & Reassign Curtailment Levels 

By this stage, the available power of each controller has 
been determined as an indicator of their need for support 
from the other agents. A mechanism also has been estab-
lished to determine the most efcient inverter or cluster to 
reach out to for support. Starting at the supervisory level, 
any supervisory controller(s) that needs help then notifes 
the central controller at the adaptive layer and informs 
them how much power support they need. Subsequently, 
other supervisor controllers with positive headroom values 
then ramp up their power production to provide support. 
Once the power output of each supervisory cluster has 
been assigned, the process is recursively called to assign 
individual power curtailment operation levels for every 
inverter under each supervisor. Once this procedure is 
complete, the algorithm can settle on a fnal set point for 
each inverter that will accurately aggregate to the desired 
power plant output. 

Formulation: The amount of power required to ramp 
up to provide support, denoted by Phelp, is the cumulative 
sum of all power generation error signals, subject to ∃i : 
Pres,i < 0. The algorithm then adjusts the desired power 

production level of each controller as long as it does not 
exceed the IMPP. The control logic used here is recursive 
at each level of control throughout the hierarchical control 
algorithm to update the operational level of the controller. 
The threshold for the iterative process to be considered 
successfully converged is when Pres,i ≥ 0, ∀i, pertaining 
to all direct controllers, and thus a stable equilibrium is 
reached. The normal operation condition is that the power 
plant’s total aggregated IMPP value is above the desired 
power output, so that the output of all inverters can be 
coordinated and adjusted to achieve and maintain desired 
headroom. However, if the power plant’s total aggregated 
IMPP value drops below the desired power output during 
an abnormal operation, then the output of all inverters will 
be set exactly equal to their MPP with zero headroom. 
Nonetheless, in either case, the power balance expression 

N N 

0 = Pfinal,i − Pres,i − Poutput (11) 
i=1 i=1 

always holds valid and, thus, the convergence is guaran-
teed, where N is the total number of solar arrays across 
the plant, P t and P t are ith inverter power outputfinal,i res,i

and headroom, respectively, and Poutput is the power plant 
generation output. 

The fnal step of the iteration is to solve for the curtailed 
operational efciencies (αi) of each inverter i as: 

Pfinal,i 
αi = (12)

PIMP P,i 

The αi then is used to adjust the voltage ratio at the ith 
inverter. Next is to begin the subsequent iteration, back 
to Step 1. 

It should be noted that the implementation of this hier-
archical control system in utility-scale practice will require 
a reliable communication infrastructure to facilitate the 
interactions and exchange of information between control 
agents. This paper establishes the analytical feasibility of 
this control system and thus, the communication aspects 
are not considered. 

With the hierarchy of control established, and the 
formulaic communication and signaling of the proposed 
algorithm specifed, the next sections demonstrate how 
the designed hierarchical control algorithm performs in a 
simulated case study. 

IV. Case Study Oahu, Hawaiian Airport 

A. Solar Irradiance Data 

The measurement data from solar irradiance in Oahu, 
Hawaii, US, are used as a case study in this paper. This 
data has 1-second resolution global horizontal irradiance 
measurements from 17 devices around an airport on this 
island. These irradiance meters measured starting at 5am 
and ending at 8pm, every day, April through October, 
in 2010. In Fig. 6, the layout of the measured data is 
presented visually through a satellite image with solar PV 
graphics marking the location of each irradiance meter. 
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Fig. 4: Correlation heat map for all 17 inverters on April 1, 2010 for every hour of operation throughout the day. 
Blue signifes high direct correlation, and red suggests inverse correlation. The blue diagonal is expected because each 
inverter should have a correlation of 1 with itself. 

(a) Not Cloudy (b) Cloudy 

Fig. 5: Operational power availability relative to the necessary average power output per-inverter for an entire group 
of inverters; the time of day in these plots is indicated by hour:minute:second. 

Pacific 
Ocean

Hawaii

Oahu

Fig. 6: Satellite image of the distribution of 17 solar irra-
diance measurement devices around an airport in Oahu, 
Hawaii [34]. Virtual neighboring clusters are indicated by 
colors: Blue pins are cluster 1, Green pins are cluster 2, 
and Orange pins are cluster 3. 

B. Solar Irradiance Data to AC Power Data Conversion 

The raw data used in this case study was solar irradiance 
measurements in W/m2. For the purpose of this study, 
this data was converted into electric power output of 
hypothetical solar arrays. Intuitively, the physical power 
output from any solar array is dependent on the amount 
of solar irradiance to which the panels are exposed. To 
convert the irradiance data into a time series of potential 
AC power output equivalent solar arrays, the Sandia 
National Laboratory’s PVLib package [35] was used. This 
class also allows for input of temperature degradation and 
wind speeds, but these values were left in their default 
state. given that they are secondary impacts on power 
output. This conversion approximates an equivalent of a 
8MW PV solar power plant with arrays spread across 1.5 

square miles. 
C. Implementation 

The solar PV power plant and the proposed hierarchi-
cal controller were implemented in MATLAB Simulink 
R2020b. The overall system has 17 direct controllers, 3 su-
pervisory controllers, and 1 central controller. To operate 
all 17 inverters, the controller setup included two clusters 
associated with 6 inverters (green and blue in Fig. 6) and 
one cluster associated with 5 inverters (yellow in Fig. 6). 
These clusters have been selected such that the correlation 
between inverters within a cluster is at a minimum, so 
the probability of available headroom within a cluster is 
maximized. 

The controller is implemented to follow the hierarchical 
process as described in the previous section. Commu-
nication signals are exchanged between controllers and 
layers (with communication delays neglected because of 
the signifcant time separation), and within each control 
MATLAB scripts are written to make the computational 
measurements and decision making necessary to interpret 
the status of their generation abilities. Once all inverters 
in the system have been assigned their fnal operational 
level, that value is recorded, and the next iteration be-
gin immediately. With a 2GHz quad-core processor, this 
simulation took 14.144 seconds to simulate 54000 seconds 
of operation. Assuming simulation time will be much 
faster than real-time processing and communication, a 
breakdown of the maximum amount of processing time 
we anticipate using common computational hardware is 
shown in the column labels of Fig. 3. 
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V. Results and Discussion 

The hierarchical control algorithm presented provides 
unique opportunities for solar PV plants to provide ancil-
lary services in electricity markets. This ability consists 
of two separate steps: being able to proactively curtail 
solar generation to a fraction of the rated capacity, and 
remain at this committed generation level during changing 
weather conditions, and to be able to deviate from that set 
point in both directions to follow a system operator control 
signal. Consider the solar irradiation and generation com-
mitment profles presented in Fig. 7 for April 1, 2010. The 
data shown in Fig. 7 indicates an ancillary potential added 
up to be 6.61 MWh from the day. The ancillary potential 
here is computed as the area between the maximum power 
generation available from the solar irradiance (the MPP 
of the entire plant and shown by the green plot in Fig. 7) 
and the generation commitment (shown by the blue plot 
in Fig. 7). The main goal here is to follow the committed 
generation profle with as little fuctuation as possible 
and to precisely monitor the headroom reserve available 
for fulflling instantaneous ancillary signal requests, thus 
demonstrating the frst requirement for providing ancillary 
services from solar PV plants. 

Fig. 7: Equivalent electric power available for solar irra-
diance recorded on April 1, 2010, and generation commit-
ment considered for case study. 

As a basis of comparison with the current state-of-
the-art, the grouping algorithm described in Section II 
is implemented to examine its performance for simply 
maintaining a constant 20% headroom. These results are 
shown in Fig. 8 where the blue line represents the amount 
of power that would be produced by a solar plant operating 
without curtailment (uncontrolled). The yellow line is the 
theoretical curtailment that grouping control predicts at 
which it would operate. The green line is the actual power 
production from the solar plant after grouping control. 
Root mean square error (RMSE) and mean absolute er-
ror (MAE) are calculated to quantify the discrepancies 
between theoretical curtailment and the actual resulting 
curtailment. The results indicate the RMSE would be 110 
kW and the MAE 46 kW. This error indicates a vast 
amount of untapped solar generation potential that are 
curtailed which is the drawback of the grouping algorithm 

and what the hierarchical control proposed here aims to 
leverage for improvement of system efciency. 

Fig. 8: Simulation results of maintaining 20% headroom 
for a partially cloudy day with the grouping method 
proposed in [28], [29]. 

The remainder of this section presents the results in 
the following order. First, the decision-making process and 
algorithms in the proposed controller is discussed and how 
each layer of hierarchy contributes to achieving the overall 
goal of the system. Second, performance of the proposed 
controller for mitigating the power output fuctuations 
when subjected to rapid-moving clouds is compared with 
the grouping controller. Third, the capability of the pro-
posed controller to respond to the dynamic frequency reg-
ulation signal (RegD signal) for providing fast frequency 
support is compared with that of the grouping controller. 

A. Inverter Signal Communication 

The proposed control system possesses a hierarchical 
structure and its performance relies on interaction among 
the control agents within layers and in between layers. 
This section demonstrates the performance of the virtual 
signaling and communication among the agents. 

Fig. 4 visualizes the temporal evolution of correlation 
matrix throughout the day for all 17 inverters considered 
in this case study for 8am to 6pm on April 1 in 2010. 
This evolution heat map shows how correlations among 
the inverters vary throughout the day as clouds move 
over the site. In this plot, red indicates the least corre-
lated (or inversely correlated) inverters, blue indicates the 
most correlated inverters, and the other colors in between 
should be accordingly interpreted as instructed in the 
heatmap color guide. It should be noted that throughout 
the day, the diagonal elements remain consistently equal 
to 1 which shows the self-correlation of inverters. The 
varying correlation among the inverter is the backbone 
of decision-making in the proposed control strategy in 
this paper which allows to leverage the temporal and 
spatial variation of availability of solar across the power 
plant to mitigate the output fuctuations. Accordingly, the 
correlation matrix is updated routinely to characterize the 
movement of cloud coverage. 
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(a) Output Signal: Inverter IMPP 
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(b) Return Signal: Ratio of output to IMPP 

Fig. 9: Communication signaling results focused on only two virtually neighboring inverters over a 3 minute window 
of daily operation. Fig. 9a shows the IMPP output signal from the direct control layer. Fig. 9b shows the fnal return 
signal to the direct control layer of necessary curtailment. 

Fig. 5 brings further insight into the correlation among 
the inverters and the availability of positive residual power 
for individual inverters across this power plant during 
the cloudy and non-cloudy conditions. The not cloudy 
time interval in Fig. 5a, where sunlight is available to 
all inverters, shows how all the inverters have positive 
residual power generation availability after meeting their 
generation obligation. Alternatively, Fig. 5b demonstrates 
scarcity of residual generation reserve where some arrays 
are experiencing negative residuals whilst some others 
have positive residual power available. The negative resid-
ual values will signify to higher control levels that the in-
verter is in need of help from other inverters. The strategy 
of requesting and providing help among the control agents 
(PV inverters) is achieved through the signaling process as 
explained next. 

For demonstration, Fig. 9 exhibits the output signaling 
and return signaling of two inverter controllers (on the 
direct control layer) that have been chosen as virtual 
neighbors because of their asimilar IMPP fuctuations 
in the hourly statistical analysis from Fig. 4. The in-
teractions between the other inverters are similar. On 
both ends of the time interval depicted in Fig. 9a, prior 
to 1:49:00 and after 1:50:30 a reasonably fat maximum 
power point (IMPP) potential from both inverters can 
be seen, which suggests little to no cloud coverage over 
their corresponding PV panels. However, throughout the 
middle of the time interval, between 1:49:00 and 1:50:30, 
a cloud-coverage event emerges where the inverters’ IMPP 
potentials are being reduced due to cloud cover. The IMPP 
status is the signal output from the direct control agent 
(in the direct control layer) to the supervisory controller 
in the layer above it and it is approximated using the 
expression presented in Eq. (5). As the shading passes 

over the power plant over about a minute and a half, 
the need for help is triggered by the IMPP levels falling 
below the expected power generation ability per inverter 
(black dashed line), which is defned by the generation 
commitment split evenly amongst all 17 inverters. 

Fig. 9b shows the returned signal – from the supervisory 
controller to the direct control agents – that communicates 
the fnal information about the curtailment level at which 
the controller should be operating. At the direct control 
layer (inverter level), this can be easily translated into 
adjustment of the output. Although other inverters and 
groups within this hierarchical controller are infuencing 
the return signal to the two inverters shown in Fig. 9b as 
well, the results presented here make it evident that the 
decision-making process for these controllers are working 
together in a efcient and efective manner. 

B. Satisfying the Generation Commitment 
Fig. 10 presents the results for the capability of the 

proposed hierarchical controller for the mitigation of power 
fuctuations and following the power generation commit-
ment. The results are compared with that of the grouping 
controller in the same plot. Mitigating the fuctuations 
shown by the red line is what will allow utilities to operate 
solar power plants without the need for additional sup-
port from additional resources (storage or fast responding 
hybrid resources) or stressing the network. The results 
here are visual evidence of the superiority of the proposed 
controller over the grouping controller by almost ideally 
following the generation obligation curve. 

To quantitatively assess the performance of the both 
control algorithms considered, Table I presents the results 
using three common power system operation metrics: (1) 
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(a) Grouping control (the algorithm proposed in [28]) 

(b) Proposed hierarchical control 

Fig. 10: Comparison of performance by grouping control vs. proposed hierarchical control in delivering generation 
commitment by the solar power plant considered in this case study. The red line represents supportive power generation 
that is required to meet generation commitment. 
TABLE I: Comparative results for the output regulation 
of the solar PV power plant for a partially cloudy day. 

Control 
Scheme Mileage 

Unsatisfed 
Commitment 

Satisfed 
Commitment 

Grouping 245 kW 8,089 kWh 88.36% 
Hierarchical 14 kW 435 kWh 99.35% 

Mileage in kW, (2) Unsatisfed Commitment in kWh – 
also known as Regulation, and (3) Commitment Satisfed 
as a percentage. Mileage is a metric used to measure the 
instantaneous ramping that the solar power plant would 
require of supportive generation and/or energy storage 
[36]. Unsatisfed commitment is the total amount of energy 
that was supplied from generation sources other than the 
solar power plant in order to maintain the load demand 
[37]. Commitment satisfaction is the percentage success 
rate of satisfying the precise generation amount that the 
power plant has committed to. The lower the unsatisfed 
commitment and mileage and the higher the commitment 
satisfaction, the better the system performance. 

The result presented in Table I yielded far less mileage 
and unsatisfed commitment throughout the day for the 
proposed hierarchical control system in comparison with 
the grouping control, as well as approximately 18 times less 
unsatisfed commitment. Hierarchical control also satisfed 
nearly 100% of its generation commitments with precision, 
which was 11% more than the grouping control method. 
In practice, this will result in reduced cost of operation 
and increased market efciency and reliability. 

The results presented in Fig. 10 and Table I clearly indi-
cate the efectiveness of the proposed hierarchical control 
in satisfying generation commitment. Having established 
that the proposed approach can efectively curtail during 

changing weather conditions, its ability to respond to an 
ancillary service signal request is simulated in the following 
subsection. 

C. Response to Ancillary Service Request 
The ability for utility-scale solar power plant to par-

ticipate in ancillary service markets adds a potential ad-
ditional source of revenue that is likely to become more 
common with increasing penetration levels of solar PV. 
Here, the solar power plant of the case study was subjected 
to a dynamic frequency response signal for the hours 
between 9am to 5pm in between which the ancillary service 
potential was available in both the upward and downward 
directions. The hours considered are the period that the 
solar availability was greater than the generation com-
mitment, when the solar PV was curtailed to satisfy the 
generation commitment as a frst priority. The dynamic 
ancillary service signal is Regulation D, commonly referred 
to as RegD, is a fast frequency ancillary request signal 
from the PJM market which is sent to participating units 
every 2 seconds. 

For this simulation, the RegD signal time-series was 
received directly by the adaptive layer of the control 
system. Subsequently, the command from the adaptive 
layer then fows through the hierarchy of decision making 
in order to set the plant at the desired operational level. 
The performance of the proposed hierarchical controller 
and the grouping controller for an identical day of RegD 
signals are evaluated and shown in Table II. In this table, 
the metric used to measure the plant response to the RegD 
signal is the amount of RegD signals that are fulflled 
entirely. Typically, fossil generators are required to satisfy 
more than 75% of requests in PJM. 
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TABLE II: Comparative results for response of the power 
plant output to the dynamics frequency response signal 

Control Scheme Satisfed RegD Signal 
Grouping Control 81.45% 
Hierarchical Control 99.88% 

The results presented in Table II shows superior per-
formance of the proposed hierarchical controller when 
compared to the grouping controller. The success-rate of 
hierarchical controller is more than 18% greater than the 
grouping controller in responding to the requests sent by 
RegD signal. 

D. Performance Under Various Conditions 

Thus far the performance of the proposed hierarchical 
control system was assessed using the condition of one 
single day, based on the data from April 1, 2010, as an arbi-
trary selection. To evaluate its robustness, its performance 
under a wide range of operating conditions is assessed and 
presented in this subsection. 

To emulate varying operational conditions, various solar 
availability daily profles were sampled from the measure-
ment data of the region in which the case study is located. 
The generation data are detailed with a granularity of 
1-second. For sampling, 9 equally spaced days from 7 
months of data available were simulated, spanning from 
April to October 2010. Having a total of 63 days in a span 
of 7 months simulated with variable irradiance behaviors 
has given a representative sample of how the controllers 
perform in various conditions. 

Using the 63 sampled days, the proposed hierarchical 
controller and the state of the art grouping controllers were 
both simulated. To quantify their performance, generator 
mileage and unsatisfed generation commitment were mea-
sured (these concepts are explained in the previous subsec-
tion). The lower the mileage and unsatisfed commitment, 
the better the controller performance. The results are 
shown in Fig. 11. In this plot, mileage is shown on the 
x-axis and unsatisfed generation commitment on the y-
axis. The scattered data points shown in red represent the 
results from grouping control whilst those in blue represent 
the results from the proposed hierarchical control. It can 
be seen that both the mileage and the unsatisfed commit-
ment are signifcantly lower for the hierarchical controller 
than for the grouping controller for all daily solar profles 
considered. These results provide clear evidence that the 
proposed hierarchical control system is consistently supe-
rior to the grouping control system throughout all various 
operational conditions examined, 

E. Prospective and Application 

The academic and industrial stakeholders in the electric 
power sector well recognize the essential role that solar PV 
power plants play in a successful transition to carbon-free 
power grids. Nonetheless, challenges remain on both fronts 
for reliability and economics. This proposed control system 
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Fig. 11: The comparative results from various operating 
conditions; the grouping control displayed by red data 
points and the hierarchical control by blue data points. 

in this paper can set a basis for development of enabling 
technologies for a resilient power grid that cohesively 
control and manage multiple power plants at once with 
simultaneous reliability and market-driven objectives, as 
explained in what follows. 

From the reliability viewpoint, the proposed hierarchical 
control system transforms the solar PV power plants into 
a generation resource whose operational characteristics 
are more aligned with conventional natural gas units; 
dispatchability and frm power availability. This advantage 
enhances the system reliability and accommodates the 
need for fexible resources. Furthermore, the capability 
to operate independently without the need for additional 
non-PV sources allows for advanced mechanisms to en-
hance grid resilience. An example of such kind could be 
an intentional islanding of a grid segment to which the 
solar PV power plant is interconnected during the day 
when sunlight is available under emergency operational 
conditions, e.g. to isolate the fault and to avoid cascading 
failures. Under these circumstances the PV plant could 
ensure that all or parts of load can be served by the solar 
PV power plant. 

The hierarchical nature of the proposed control scheme 
in this paper has the potential for the development of 
coordinated regional operation plans such that multiple 
PV power plants can be simultaneously operated in a coor-
dinated manner to provide more dispatchable energy and 
ancillary services from solar PV. Such cases will further 
take advantage of the spatial and temporal distribution 
of clouds and mitigate their shading efect. The current 
“best solution" for mitigation of solar variability is the 
installation of large amounts of storage systems making 
the unit a hybrid power plant, as a capacity expansion 
solution for reliability purposes, to stabilize and manage 
power injections from a solar plant. It should be high-
lighted that the addition of energy storage alone as a ca-
pacity expansion solution does not necessarily mitigate the 
efects of solar variability, because intrinsically the storage 
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response is bounded by the availability of stored energy. VII. Acknowledgements 
Therefore, during charging hours or battery unavailability, 
the system can face signifcant challenges if it only relies 
on the support from energy storage. This gap highlights 
the advantage of the proposed control system here over 
the energy storage solution for partial shading problems. 

From the energy market and economics viewpoint, this 
hierarchical control scheme has the potential to mitigate 
the investment risks for stakeholders and industry leaders 
by ofering the opportunity to delay or ease more gradually 
into expensive storage deployment, considering the fact 
that their price continues to decline. The algorithmic ad-
vancements this paper ofers provide an option for delayed 
investment into large amounts of battery storage while 
still improving on the controllablity and reliability of solar 
generation. This allows for stakeholders on the front lines 
of sustainable grid transitions more time and savings to 
integrate improved storage technology with longer oper-
ational lifetimes into their smart controlled solar plants. 
Moreover, the technical capability to participate in the 
ancillary services market can create an additional revenue 
stream for investors to recover their capital faster and 
hedge the fnancial risk, provided market tarifs and recov-
ery mechanisms allow. In terms of generation performance, 
reduced unsatisfed commitment and mileage, which the 
proposed hierarchical control system enables, minimizes 
fuel and operational costs (and likely carbon emissions 
in grids dominated by fossil-fuel driven generators). Also, 
the increased commitment satisfaction reduces risk of 
regulatory fnes. 

VI. Conclusion 

This paper proposed a hierarchical control structure and 
algorithm for curtailment of solar PV power plants. The 
control goals were to (1) mitigate the variability of the 
plant power output caused by the movement of clouds over 
the plant, and (2) maintain a desired headroom reserve 
to provide the plant with the capability to participate 
in ancillary service provisions of the grid. The proposed 
control system was implemented on a case study from 
a site in Hawaii and was compared with the current 
technology which is grouping control algorithm which is 
the current state of the art. The results indicated that 
the proposed control strategy was able to satisfy 99.35% 
of generation commitment and 99.88% of ancillary service 
signal requests. Relative to the current state of the art, a 
grouping control method, the proposed hierarchical con-
trol algorithm operated with 18 times less mileage and 
unsatisfed generation, which could largely expand the 
lifetime of any connected storage system by optimizing 
charging cycles. 

Future research could include a more detailed execution 
of this algorithm by embedding the software into a physical 
test solar power plant. It also could look into the incorpo-
ration of communication infrastructure and signals. 

The authors wish to thank Nick Parker from Southwest 
Power Pool (SPP) for sharing the recent generation infor-
mation. 

This work was fnancially supported by the U.S. De-
partment of Energy (DOE) under Contract No. DE-AC36-
08GO28308. 
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