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Abstract—As conventional generation sources continue to be 
replaced with inverter-based resources. The traditional 
protection schemes used at the distribution level will no longer 
be valid.  Adaptive protection will provide the ability to update 
the protection scheme in near real-time to ensure reliability and 
increase the resilience of the grid. However, knowing and 
detecting when to update protection parameters that are 
calculated with an adaptive protection algorithm to prevent 
unnecessarily communicating with relays still needs to be 
understood.  The proposed method will provide a sensitivity 
analysis to understand when it is necessary to issue new 
parameters to the relays. The results show that rather than 
issuing new settings at every adaptive protection algorithm time 
step, by using the proposed sensitivity analysis, only the 
imperative protection parameters are communicated to the 
relay, which improves the optimal use of the communications 
resources.

Keywords—power system protection, inverter-based resources, 
adaptive protection, sensitivity analysis, Karush-Kuhn-Tucker, 
fault analysis.

I. INTRODUCTION 

The modernization of the electric grid continues to 
accelerate away from the use of fossil fuels and large 
synchronous machines towards solar, wind, and storage 
inverter-based resources (IBRs). This new grid will have the 
advantage to incorporate the IBRs in a distributed manner. 
Counter to the past, with centrally located generation, long 
transmission lines, and terminating with a distribution system. 
The paradigm shift in the generation and distribution of energy 
has created a host of power system opportunities [1]. New grid 
code requirements in Hawaii and California and the national 
level are being developed and deployed [2] to take advantage 
of the IBRs unique system locations and controls. 
Furthermore, unique system designs, such as microgrids, can 
be utilized to provide resilience to the grid during stressed 
events [3].

The increasing penetrations of IBRs on the distribution 
system are creating reverse power flows, which impacts the 
protective devices and fault location techniques [4, 5, 6]. A 
potential solution is adaptive protection that uses a relays 
ability to store multiple groups of protection settings, but this 
is limited by the number of setting groups that a relay can store 
internally, such as, the SEL-751. A solution to the limited 
number of group settings a relay can store is using centralized 
adaptive protection with communication to the relays. This 
typically involves the relays using SCADA to send their local 

current and voltage measurements back to a centralized 
location where an adaptive protection algorithm would use 
those measurements to calculate new protection parameters 
and then send the updated parameters back to the relays. 
However, the previously described architecture can be 
problematic for several reasons. A common issue with 
adaptive protection is determining how often to update the 
settings or what events could initialize new parameters being 
sent. In [7] the protection parameters could be updated at 
regular time intervals. In [8], the authors update after a system 
reconfiguration.

Here in we propose a sensitivity analysis to be used in 
conjunction with previous work in [7]. With communication 
enabled adaptive protection schemes, it will become 
imperative to know if new protective settings are needed to be 
deployed to the relays

This article is organized as follows.  Section II focuses on 
the introduction of the experimental setup. Section III 
describes background and sensitivity analysis. Section IV 
deals with the proposed method. Section V focuses on 
preliminary results.

II. EXPERIMENTAL SYSTEM 

 The test system is a modified version of the IEEE 13 bus 
system and is shown in Fig 1. The system models a small 
distribution feeder operating at 4.16 kV. The system is 
connected to the grid through a 115 kV to 4.16 kV substation 
transformer at bus 650. A voltage regulator is connected 
between bus 650 and 632. The system contains unbalanced 
overhead and underground lines and unbalanced loads, the 
total system load is approximately 3.15+1.58j MVA. The 
IEEE 13 bus system was modified by adding PVs and 
directional overcurrent relays to the system. Four 
photovoltaics (PV) systems rated at 1.5MW, 1.0 MW, 800 
kW, and 800 kW are connected to buses 650, 633, 675, and 
680 respectively. The PV systems are current-limited to 2 pu. 
The system is modeled in OpenDSS, which is used to perform 
the fault analysis required to generate and test directional 
overcurrent relay settings. 
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Figure 1 Modified IEEE 13 Bus System

III. BACKGROUND: KKT AND SENSITIVITY ANALYSIS

In general, sensitivity analysis can be used to determine 
whether changes in parameters or control variables of an 
optimization problem will push the solution to an 
optimization problem either into an infeasible region or into 
a suboptimal region.  This problem can become quite 
complex when control variables are considered, especially for 
a nonlinear constraint problem.

The optimal relay coordination problem is a mixed-
integer nonlinear programming problem (MINLP).  
However, let us momentarily consider the simple Linear 
Programming problem (LPP).  

Minimize 𝑍 = 𝐜𝐱, (1)
𝑠.𝑡.

𝐀𝐱 ≤ 𝐛 (2)
𝐱 ≥ 𝟎 (3)

According to [9], sensitivity analysis for the LPP can be 
classified as one of three types:

1) Changes in 𝑏𝑖
2) Changes in coefficients 𝑎𝑖𝑗
3) Introduction of a new variable

Note that in [9], the 2nd classification is divided into (i) 
changes in a basic variable and (i) changes in a nonbasic 
variable.  However, for the purposes of this paper, the broader 
classification is sufficient. 

Similarly, for the MINLP, 
Minimize 𝑍 = 𝑓(𝐱), (4)

𝑠.𝑡.
𝐠(𝐱) ≤ 𝐛 (5)

𝐱𝐝 ∈ 𝐫 (6)
𝐱𝐝 ⊆ 𝐱 (7)

where, 𝐠(𝐱) ∈ ℝ𝐦 is the vector of nonlinear constraints, 𝐱 ∈
ℝ𝐧 is the vector of decision variable,  𝐱𝐝 ∈ ℝp is the vector 
of discrete decision variables, and 𝐫 ∈ ℝ𝐩 is a vector of 
integer constraint sets.  Similar to the LPP case, only (5) 
needs to be validated to establish feasibility.    

For the relay coordination problem, we seek to determine 
when a substantial event has occurred. That is, we seek to 
determine when the change in PV output or loading becomes 
sufficiently large that the prior result is no longer feasible.  

The above sensitivity analysis classifications can be 
rewritten for the general continuous nonlinear programming 
problem (exclude constraints (6) and (7)) as

1) Changes in 𝑏𝑖
2) Changes in the function 𝑔𝑖(𝐱) (the function itself, not 

x)
3) Introduction of a new variable
Then the currents are updated, the multiples of pickup will 

change, thus changing the constraint function g(x).  
Otherwise, the problem will remain unaltered.  Therefore, 
only the 2rd classification is of interest.  Neglect (6) and (7) 
momentarily and consider the general continuous nonlinear 
constrained problem.  Karush-Kuhn-Tucker (KKT) 
conditions define the necessary conditions for optimality.  
That is, a solution can be optimal if and only if there exists a 
set of values 𝑢1,..,𝑢𝑚 such that 
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𝑔𝒊(𝐱∗) ― 𝑏𝑖 ≤ 0 𝐎𝐑 𝒖𝒊[𝑔𝒊(𝐱∗) ― 𝑏𝑖] = 0 (9)
𝑥∗

𝑗 ≥ 0 (10)
𝑢𝑖 ≥ 0 (11)

for 𝑖 = 1,…,𝑚 and 𝑗 = 1,…,𝑚.  The * denotes the optimal 
solution. Note that the elements of the vector 𝐠 are present in 
both (8) and (9).  Therefore, if the solution in (9) is satisfied, 
the solution can be an optimal solution.  This only says that 
the solution can be optimal, not that it is.  The sufficient 
condition for optimality is as follows.  If 𝑓(𝐱) is concave and 
all elements of 𝐠(𝐱) are convex, the solution is an optimal 
solution.  Note that KKT uses curvature and derivatives to 
locate locally optimal solutions.

When constraints (6) are considered (7), the KKT 
conditions no longer hold because derivatives are no longer 
valid.  Therefore, no statement can be made about whether 
the current solution is locally optimal.  For relay coordination 
problem posed in this paper, all of the variables are discrete.  
Therefore, KKT conditions will not apply and statements 
about optimality cannot be made about local optimality based 
upon these conditions.

The focus in this paper will be solely on maintaining 
feasibility after a current-induced change in 𝐠.  If the solution 
remains feasible, keep it.  Otherwise, recalculate.  This is 
sufficient for protection because the only case where a 
solution would be considered “bad” is if the CTI is violated 
or if the damage curves for substation transformers are 
violated.  These specifically define the optimization 
constraints of the problem.  Therefore, any feasible solution 
will be acceptable from a protection standpoint.



Figure 2 Event-Driven Sensitivity 

IV. PROPOSED METHOD 

To avoid unnecessary computations, especially for larger 
systems, an event-driven optimization update process is 
proposed.  The update is triggered when the prior solution 
becomes invalid due to system-wide changes in the current 
related to load and PV fluctuations. The process is 
summarized in Fig 2. Keeping the notation of (4)-(7), 𝐱0 is 
this initial solution to the problem at the initial system state.  
Let 𝑛𝑟 be then number of relays.  Forward and reverse setting 
are treated as separate relays. 𝐱𝐓 = [𝐓𝐃𝐒𝐓,𝐓𝐲𝐩𝐞𝐓], where 
𝐓𝐃𝐒 is the 𝑛𝑟 × 1 vector of time dial settings and 𝐓𝐲𝐩𝐞 is the 
𝑛𝑟 × 1 vector of relay characteristics.   Both 𝐓𝐃𝐒 and 𝐓𝐲𝐩𝐞 
are vectors whose elements come from discrete, finite sets.  
These variables will be defined in greater detail later.   𝐠 
defines the coordination constraints.

V. PRELIMINARY RESULTS

As seen in Fig 3, results over a two-day time period with a 
five-minute time step are plotted. The vertical dash red lines 
indicate when new directional overcurrent settings will be 
communicated to the relays. As expected during periods 
without PV production (nighttime) there are few updates to 
the relays. The settings are recalculated when the load and PV 
generation are near equal. Which occurs in the morning and 
late afternoon. The first day a total of 11 different relay 
parameter updates. The second day requires 14 different relay 
parameters to be communicated. The full manuscript will 
include a yearlong sensitivity analysis of the test system under 
varying load and PV profiles. 

Figure 3 Two Day Sensitivity Analysis  
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