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Abstract —In this paper, the development of a mathematical 
model for islanding detection method based on the concept of a digital 
twin is presented. This model estimates the grid impedance seen by 
a distributed energy resource. The proposed algorithm has 
characteristics of passive and active islanding detection methods. 
Using a discrete state-space representation of a dq0 axis power 
system as equality constraints, a digital twin is optimized to match 
the power system of interest. The fundamental concept is to use the 
estimated grid impedance as the parameter that will identify the 
difference between normal operation and islanding scenarios. 
Selecting arbitrary initial values, the proposed method was able to 
approximate the response of the system and therefore a value for 
the system impedance. Results indicate that the proposed method 
has the potential to estimate the grid impedance at the point of 
common coupling.  Further, ongoing work is required to explore 
possible limitations and challenging scenarios for accurate 
impedance estimation and eventual islanding detection.

Index Terms—IEEE Std 1547, islanding detection, distributed 
generation, renewable energy, Lagrange, optimization

I. INTRODUCTION

ower systems are expected to be reliable and resilient when 
operating under a variety of conditions [1], [2]. 
Distributed energy resources (DERs) can contribute to the 

diversity in generation of a power system [3]. When these DERs 
are subjected to abrupt conditions such as frequency and voltage 
deviations, unintentional islanding may occur. This means that 
DERs could disconnect from the grid but remain energized, 
creating a safety concern for utilities [4], [5]. The IEEE Std 
1547-2018 describes the types of islanding that can occur in an 
electric power system. The two types of islanding are 
intentional and unintentional islanding [6]. For unintentional 
islanding, these guidelines not only require DERs connected to 
a power system to detect when islanded and disconnect, but 
mandate that these DERs identify the island and trip within two 
seconds of detection. Moreover, standards require that DERs 
comply with grid support functionality as well as ride-through 
capabilities [7]. For this reason, extensive research has been 
performed in determining effective methods that will 
successfully identify islanding conditions [8], [9].

A no-detection zone (NDZ) is an area of operation in where 
the islanding detection methods fails to detect islanding 
conditions. The NDZ can define the effectiveness of an 
islanding detection method.  An ideal method would have NDZ 
of zero, or close to zero. Unintentional anti-islanding (UIA) 
active detection methods may have little NDZ when generation 
and load are matched. Although active techniques are used 
frequently, they usually involve positive feedback or injection 
of disturbances into the system to identify an island [10]. Active 

techniques may not affect performance when the DER is 
connected to the power system but will destabilize the DER 
system when islanded. Alternatively, passive techniques are 
simple to implement but can have a large NDZ when generation 
and load are matched. Low distortion of the signal and fast 
detection time are two main characteristics when using passive 
techniques. Although both kinds of islanding methods can be 
combined into hybrid methods, there isn’t a single method that 
would fit every application. On the other hand, due to the ability 
to detect an islanding condition without trying to destabilize the 
system, the proposed method can be considered as a passive 
islanding detection method [11]. 

Herein, this paper proposes an islanding detection method 
that uses a discrete state-space representation of a dq0 axis 
power system as equality constraints. The fundamental concept 
is to use the estimated grid impedance as the parameter that will 
identify the difference between normal operation and islanding 
scenarios.

II. PROPOSED ISLANDING DETECTION METHOD

A. Method Description
An effective and non-invasive approach for detecting un- 

intentional islanding is proposed. An overview of the approach 
is presented in Fig. 1 [11]. A discrete mathematical model 
represents the real system. The starting point for the model is 
taken from the initial value of the impedance of the grid. An 
algorithm then optimizes the value of impedance of the digital 
twin such that an optimal match is reached. A digital twin is a 
simulated representation of an actual physical system [12]. This 
optimal point is reached when the function generated by the 
digital twin is closest to the measurements of the real system. 
The equivalent grid impedance in an islanding scenario will 
tend to be significantly larger than normal operation impedance.

Fig. 1. Digital Model Schematic for Islanding Detection.
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B. Fundamentals of the Concept
In order to demonstrate the fundamental concepts of the 

proposed islanding detection approach, an example of a circuit 
diagram with constant supply voltage and RL load is presented 
in Fig. 2. The simplified circuit can be analyzed using a simple 
circuit analysis approach.

Fig. 2. Example of Circuit Diagram Representing the RL Load. 

In this diagram, the resistance of the circuit is represented by 
the variable R, while Leq represents the equivalent circuit 
inductance. The voltage equation of the circuit is expressed in 
equation (1). Where i is the current response of the system and 
is defined by equation (2). In this equation, i(0) = 0, and 
i(∞) = V/R.

𝑉 = 𝑅 ∙ 𝑖(𝑡) + 𝐿𝑒𝑞 ∙
𝑑𝑖(𝑡)

𝑑𝑡 #(1)

𝑖(𝑡) =
𝑉
𝑅 ∙ 1 ― 𝑒

―𝑅
𝐿𝑒𝑞

∙𝑡
#(2)

The actual device current and iterations of the estimated value 
of the digital twin are shown in Fig. 3. The actual current, 
represents the target current for the optimization algorithm to 
emulate after iterating the inductance values in order to 
minimize the error between the actual current and its estimated 
value. The algorithm is able to yield the estimated system 
impedance that minimizes the error between the actual system 
current and the current estimated with the digital twin providing 
a simulated representation of the actual system. The estimated 
impedance would become the basis for an islanding detection 
method.

Fig. 3. Example of the Iterative Approximation for the Islanding 
Detections Approach.

C. Problem Statement and Modeling
Using equations (3) through (5) the ordinary differentials 

equations can be solved for a state vector x(t) given an initial 
state x(t0) = x0 and specific input signal u(t). The instant output 
of a state given a specific input is represented by equation (4). 
Where A, B, C, and D are represented by matrices of dimension 
n ×  n, n ×  p, q ×  n, and q ×  p, respectively. 

𝑥 =  𝐴 ∙ 𝑥(𝑡) +  𝐵 ∙ 𝑈(𝑡)#(3)

𝑦 =  𝐶 ∙ 𝑥(𝑡) +  𝐷 ∙ 𝑈(𝑡)#(4)

𝑥 =  𝑓 (𝑥, 𝑈)#(5)

D. Cost Function and Optimization
A discrete representation of the state-space system of 

equation (3) is shown in equation (6). 

𝑥 =  𝐴𝑑 ∙ 𝑥 +  𝐵𝑑 ∙ 𝑈#(6)

The input matrix U is defined by equation (7). 

𝑈 =  [𝑈1 𝑈2 𝑈3 𝑈4]𝑇 =  [𝑉𝑄 𝑉𝑄𝑆 𝑉𝐷 𝑉𝐷𝑆]𝑇#(7)

VQ and VQS are the voltage of inverter and equivalent grid 
voltage referred to the quadrature axis, respectively. VD and VDS 
are the voltage of the inverter and equivalent grid voltage in the 
direct axis, respectively. The discrete state-space model can be 
derived using equation (8) and equation (9). 

𝐴𝑑  =  𝑒𝐴∙𝑡#(8)

𝐵𝑑 =  𝑖𝑛𝑣(𝐴) ∙ (𝐴𝑑 ―  𝐼) ∙ 𝐵 #(9)

Introducing the estimated parameter, µ = [ZTH] into the discrete 
state-space model in equation (10) yields equation (11), where 
the variable k represents the number of the iteration.  

𝑥[𝑘 +  1] =  𝐴𝑑 ∙ 𝑥[𝑘] +  𝐵𝑑 ∙ 𝑈 [𝑘]#(10)

𝑥[𝑘 +  1] =  𝐴𝑑(µ) ∙ 𝑥[𝑘] +  𝐵𝑑(µ) ∙ 𝑈[𝑘]#(11)

The equality constraint must satisfy equation (12). 

𝐻 = 𝑥 ―  𝑓 (𝑥, µ) =  0#(12)

The discrete representation of equation (12) is shown in 
equation (13).

𝐻𝑘 =  𝑥[𝑘 + 1] ―  𝐴𝑑(µ) ∙ 𝑥[𝑘] ―  𝐵𝑑(µ) ∙ 𝑈[𝑘]#(13)

The cost function in equation (14) is a quadratic function that 
represents the error between the state variables of the system and 
the digital twin. The variable Q is the weight assigned to each 
state variable of the system, x are the state variables of the 
system, and the variable x* is the real-time measured variables. 
Lagrange’s method establishes the conditions for minimizing 
equation (14), subject to 𝐻𝑘 = 0. Lagrange’s equation is 
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expressed in equation (15). Finally, the derivative of the 
Lagrange equation with respect to each of the independent 
variables is calculated. The derivatives with respect to the 
independent variables are then said to be equal to zero [14], [15]. 

  𝐶(𝑥) = (𝑥 ―  𝑥∗)𝑇 ∙ 𝑄 ∙ (𝑥 ―  𝑥∗)   #(14)

𝐿(𝑥,µ) =  𝐶(𝑥) +  𝜆𝑇 ∙ 𝐻(𝑥, µ)#(15)

𝑑𝐿
𝑑𝑥 =

𝑑𝐶
𝑑𝑥 + 𝜆𝑇 ∙

𝑑𝐻
𝑑𝑥  =  0#(16)

Modifying equation (16), it is possible to obtain the value of the 
Lagrange multiplier 𝜆 using equation (17).

                                   𝜆𝑇 = ―
𝑑𝐶
𝑑𝑥 ∙

𝑑𝐻
𝑑𝑥

―1

                  #(17)

To calculate 𝑑𝐶 𝑑𝑥 and 𝑑𝐻 𝑑𝑥, equation (18) and 
equation (19) are used, respectively. 

                                
𝑑𝐶
𝑑𝑥 = 2 ∙ (𝑥 ― 𝑥∗)𝑇 ∙ 𝑄                  #(18)

𝑑𝐻
𝑑𝑥 =

𝑑𝐻1
𝑑𝑥[𝑘]

𝑑𝐻1
𝑑𝑥[𝑘 + 1] 0 0

0
𝑑𝐻2

𝑑𝑥[𝑘]
𝑑𝐻2

𝑑𝑥[𝑘 + 1] 0

0 0
𝑑𝐻3

𝑑𝑥[𝑘]
𝑑𝐻3

𝑑𝑥[𝑘 + 1]

0 0 0
𝑑𝐻4

𝑑𝑥[𝑘]

 #(19)

The coefficients of the matrix shown in equation (19) are 
defined by equation (20) and equation (21).

           
𝑑𝐻

𝑑𝑥[𝑘] = ―𝐴𝑑(µ)#(20)

𝑑𝐻
𝑑𝑥[𝑘 + 1] = 𝐼#(21)

Partial derivative, 𝑑𝐿 𝑑𝜆, must be equal to the equality 
constraint in equation (22). Then, partial derivative 𝑑𝐿 𝑑µ is 
calculated as shown in equation (23). The optimization will run 
until partial derivative 𝑑𝐿 𝑑µ is equal to zero. 

                                           
𝑑𝐿
𝑑𝜆 = 𝐻(𝑥,𝜇) = 0                    #(22)

                                           
𝑑𝐿
𝑑𝜇 = 𝜆𝑇 ∙

𝑑𝐻
𝑑𝜇                           #(23)

In equation (23), variable 𝑑𝐻 𝑑𝜇 is defined by equation (24).

               
𝑑𝐻
𝑑𝜇 = ―𝑥[𝑘] ∙

𝑑𝐴𝑑(𝜇)
𝑑𝜇 ― 𝑈[𝑘] ∙

𝑑𝐵𝑑(𝜇)
𝑑𝜇 #(24)

The variable µk+1 is calculated for the estimated parameter, ZTH, 
using equation (25). 

𝜇(𝑘+1) =  𝜇(𝑘) + 𝛼 ∙
𝑑𝐿
𝑑𝜇  #(25)

In this equation, variable α is the step size, and 𝑑𝐿 𝑑µ 
represents the direction. Variable α, can be obtained by iteration 
dependent on the value of the cost function [16].

III. MODELING AT THE POINT OF COMMON COUPLING

The state-space model of the system is shown in Fig. 4. The 
grid is reduced using power flow analysis [17]. The bus 
considered as the point of common coupling (PCC) is where the 
inverter is connected to the grid. Both the grid and the inverter 
are modeled using an equivalent voltage in series with an 
impedance. A dq0 transform is applied to the equivalent circuit 
to simplify the analysis. Using the two-axis reference frame 
theory, equivalent circuits in ‘q’ and ‘d’ axis are shown in Fig. 
5, respectively [18]. The state-space model is derived using 
circuit analysis. Parameter µ must be included as an 
independent variable in the state-space modeling. Substituting 
ZTH in equation (23) and equation (24) by µ, the state-space 
model is then described as dependent on the value of µ. A(µ) 
and B(µ) are then discretized for the optimization algorithm.

Fig. 4. System One Line Diagram for Equivalent Circuit at PCC.

(a)

(b)

Fig. 5. Equivalent Circuit Schematic (a) Quadrature Axis Equivalent 



Circuit at PCC. (b) Direct Axis Equivalent Circuit at PCC.

𝐴 =

―
(𝑅𝐷𝐺 + 𝑅𝐿)

𝐿𝐷𝐺
―

𝑅𝐿
𝐿𝐷𝐺

―𝜔 0

―
𝑅𝐿

𝑍𝑇𝐻
―

𝑅𝐿
𝑍𝑇𝐻

0 ―𝜔

𝜔 0 ―
(𝑅𝐷𝐺 + 𝑅𝐿)

𝐿𝐷𝐺
―

𝑅𝐿
𝐿𝐷𝐺

 

0 𝜔 ―
𝑅𝐿

𝑍𝑇𝐻
―

𝑅𝐿
𝑍𝑇𝐻

#(23)

𝐵 =

1
𝐿𝐷𝐺

0 0 0

0
1

𝑍𝑇𝐻
0 0

0 0
1

𝐿𝐷𝐺
0 

0 0 0
1

𝑍𝑇𝐻

#(24)

IV. DISTRIBUTION SYSTEM UNDER TEST

A case study is described using the power system 
illustrated in Fig. 6. Using per unit impedance values, shown 
in Table I, the bus admittance matrix is calculated to reduce the 
power system into a single impedance in series with an 
equivalent voltage from the grid. 

Fig. 6. Power System Diagram of the Case Study.

TABLE I:
LINE IMPEDANCE VALUES IN PER UNIT

Element From To Distance 
(km)

Impedance 
(p.u.)

Z1 1 1 5 0.005i
Z2 1 2 3 0.015i
Z3 2 2 1 0.200i
Z4 1 3 6 0.015i
Z5 1 4 10 0.020i
Z6 2 4 2 0.025i
Z7 3 4 4 0.030i
Z8 4 4 - 1 + 0.200i
Z9 4 4 - 1.5
Y1 1 1 - 0.05125i
Y2 2 2 - 0.05125i

V. SIMULATION RESULTS FROM MATLAB

An impedance smaller than the real impedance value is 
selected as the initial impedance. The algorithm finds an 
impedance similar to the impedance of the grid after 3 
iterations, as shown in Table II. The per unit initial value for ZTH 
is selected to be 0.0130i in this case. The calculated (real) value 
is ZTH = 0.0146i. For the second part of the case study, the initial 
impedance, ZTH = 0.0170i, is selected to be larger than the real 
impedance of the system. The algorithm approximated a value 
after 6 iterations, as shown in Table III.

TABLE II:
ITERATIONS FOR SMALLER INITIAL IMPEDANCE

Iteration (k) ZTH (p.u.)
1 0.0130 i
2 0.0136 i
3 0.0144 i

TABLE III: 
ITERATIONS FOR LARGER INITIAL IMPEDANCE

Iteration (k) ZTH (p.u.)
1 0.0170i
2 0.0167i
3 0.0164i
4 0.0160i
5 0.0155i
6 0.0146i

VI. VALIDATING RESULTS IN SIMULINK

Another simulation scenario was implemented with a 
higher order inverter-based distributed generator (DG) 
modelled in MATLAB/Simulink. This model includes the 
control scheme and parameter values from a real inverter. The 
control scheme, shown in Fig. 7, regulates real and reactive 
power by controlling the current of the inverter in the direct and 
quadrature axis, respectively. By using a PI control, the error 
between the current set-points and the measured currents was 
minimized. The inverter-based DG was implemented with the 
parameter values detailed in Table IV. The inverter-based DG 
model was connected to the PCC illustrated in Fig. 8.

Fig. 7. Block Diagram of the Proposed Current Regulator Control 
Scheme for Inverter-based DG Implemented in MATLAB/Simulink.



Fig. 8. Point of Common Coupling (PCC) Implemented in 
MATLAB/Simulink with Equivalent Thevenin Grid Model.

A grid impedance of 𝐿𝑇𝐻 = 0.182 mH was calculated from the 
Thevenin equivalent of the grid using a 50 kVA base. The active 
or real power setpoint from the inverter was changed during the 
simulation time window. Starting at a 24 kW setpoint and 
applying a step to 30 kW at 1.2 s. For the first case, the digital 
twin estimated the grid impedance after 3 iterations starting 
with a smaller initial impedance value of 𝐿𝑇𝐻 = 0.159 mH. The 
iterative process of the digital twin is detailed in Table V. For 
the second case, a larger initial impedance of 𝐿𝑇𝐻 = 0.207 mH 
was selected. The digital twin estimated the equivalent 
impedance of the grid after 3 iterations. The iteration process is 
described in Table VI. Fig. 9 through Fig. 12 illustrates the 
response of the digital twin emulating the measured response of 
the system using a larger initial impedance. The cost function 
minimization and impedance parameter estimation for the 
second case are illustrated in Fig. 13 and Fig. 14, respectively. 

TABLE IV:
SIMULATION VALUES FOR INVERTER- BASED DG

Parameter Value Units
𝑅𝐷𝐺 0.1 Ω
𝐿𝐷𝐺 0.7 mH
𝐿𝑇𝐻     0.182 mH

𝑅𝐿 9.6 Ω
VLL 480 Vrms

Ki (PI) 563.9 -
Kp (PI) 0.1228 -

TABLE V:
ITERATIONS FOR SMALLER INITIAL IMPEDANCE IN SIMULINK
Iteration (k) LTH (mH) Cost Function Value

1 0.159 52.62
2 0.171 23.28
3 0.186 9.78

TABLE VI:
ITERATIONS FOR LARGER INITIAL IMPEDANCE IN SIMULINK
Iteration (k) LTH (mH) Cost Function Value

1 0.207 53.95
2 0.196 32.56
3 0.180 5.80

Fig. 9. Quadrature (‘Iq’) Axis Current from the Inverter Before and 
After Optimization by the Digital Twin.

Fig. 10. Direct (‘Id’) Axis Current from the Inverter Before and After 
Optimization by the Digital Twin. 

 
Fig. 11. Quadrature (‘Iqs’) Axis Current from the Grid Before and after 
optimization by the Digital Twin.

Fig. 12. Direct (‘Ids’) Axis Current from the Grid Before and After 
Optimization by the Digital Twin.
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Fig. 13. Cost Function Value Minimization Starting with Larger Initial 
Impedance. 

Fig. 14. Impedance Parameter Value Estimation with Larger Initial 
Impedance of the Digital Twin. 

CONCLUSION

The concept of an islanding detection method using a 
digital twin was proposed and evaluated through simulation 
scenarios. An optimization method was implemented. The 
objective of the method was to minimize the difference between 
the response of the real system and the response from the digital 
twin. In the process, the estimated equivalent grid impedance 
value would eventually be useful to help identify both islanded 
and non-islanded conditions. Simulation results point to minor 
dependence on the initial impedance selected and a promising 
first step towards ultimately identify islanding conditions. 
Further sensitivity analysis is needed i.e., signal noise, delays, 
errors, etc.  Also, it is expected that expanding on the ability of 
the digital twin to estimate other parameters, such as grid 
internal dq0 voltage source representation, will be necessary to 
support more realistic grid models.
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10-4 Impedance Parameter ZTH


