
Contents lists available at ScienceDirect 

Electric Power Systems Research 

journal homepage: www.elsevier.com/locate/epsr 

Influence of load dynamic response on the stability of microgrids during 
islanding transition 
Juan Diego Rios Penaloza⁎, James Amankwah Adu, Alberto Borghetti, Fabio Napolitano,  
Fabio Tossani, Carlo Alberto Nucci 
Department of Electrical, Electronic and Information Engineering (DEI), University of Bologna, Bologna, Italy  

A R T I C L E  I N F O   

Keywords: 
Distributed energy resources 
Droop control 
Islanding 
Load composition 
Load model 
Microgrid 

A B S T R A C T   

Microgrids (MGs) are characterized by faster dynamics than conventional grid-connected distributions systems. 
This is in part due to the lack of inertia of inverter-interfaced distributed energy resources such as photovoltaic 
and energy storage systems. In this context, load dynamics considerably affects the transient stability perfor-
mance of MGs, especially if disconnected from the main grid. The aim of the paper is to analyze the influence of 
the load modeling and the load composition in the transient stability assessment of a medium voltage MG during 
islanding transition. The MG we analyze consists of a photovoltaic power plant, two battery energy storage 
systems, a synchronous generator and different classes and types of load, which we consider representative for 
the problem of interest. The system is implemented in the EMTP-RV simulation environment. The importance of 
appropriate load modeling for the adequate analysis of the transient response of an islanding microgrid is also 
addressed and discussed.   

1. Introduction 

The increasing deployment of inverter-interfaced distributed energy 
resources (DER) such as wind, photovoltaic (PV) and battery energy 
storage systems (BESS) reduces the inertia of the power system, re-
sulting in larger frequency and voltage deviations due to power im-
balances that could lead to the system instability. These phenomena are 
prone to occur especially during islanding transitions of microgrids. 

In dynamic power system analysis performed by transmission and 
distribution system operators, loads are often represented using static 
models [1,2]. However, in microgrids (MGs) with low inertia DERs the 
influence of the dynamic response of loads might be of great sig-
nificance. Therefore, it is worth to analyze on the one hand the impact 
of load modeling techniques in the stability assessment, and on the 
other hand the influence of the load composition, particularly during 
islanding maneuvers. 

In [3,4] the results of unplanned islanding transitions in a real low 
voltage (LV) MG are presented. The experimental MG can adopt a single 
or multi master operation mode. In the single-master operation mode, 
one source is chosen to be controlled as voltage reference, while the 

remaining sources are operated in PQ mode (grid-connected). In the 
multi-master operation mode, two or more sources are chosen to be 
controlled as voltage references with a droop control strategy [5]. If the 
master function is disabled for all sources, i.e. they are continuously 
controlled in PQ mode, the system blackout is almost unavoidable after 
the islanding transition. This is due to the lack of inertia especially if all 
components, sources and loads, are connected to the system through 
power converters. In [6] the islanding transition of a medium voltage 
(MV) MG with two BESSs and different percentages of rotating and 
stationary load is analyzed. The results shown in [6] indicate that when 
the droop control of the inverters is implemented, the stability after the 
islanding transition can be maintained provided a large ratio of rotating 
loads is present. However, MGs may supply many different types of 
loads [7], thus the distinction of the loads into rotating or stationary 
without considering their specific dependence on the frequency and 
voltage supply may not be sufficiently comprehensive. In [8] a study of 
the effect of different types of loads on the dynamic response of a LV 
MG is presented. The study contemplates i) a three-phase fault and the 
recovery after clearance when the MG is in grid-connected mode, ii) a 
load step change in islanded mode, and iii) a load step change in grid- 
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connected mode. The results show the large influence of the load 
characteristics on the MG stability in the first two cases. This paper 
extends the analysis to the islanding transition. 

As MGs are relatively small systems, and thus voltage changes at 
DERs terminals largely influences neighboring loads, an accurate re-
presentation of the sensitivity of the loads with respect to the nodal 
voltage is required to evaluate the stability of the system [8,9]. This 
specific characteristic of MGs is also exploited in various dynamic 
voltage control schemes, as those presented in, e.g., [10,11]. In [10] a 
control strategy is proposed for islanded MGs in which the voltage 
setpoints of the DERs depend on the frequency deviation. If the fre-
quency drops, the voltage setpoint decreases, in order to reduce the 
power consumption. Clearly the performance of the proposed strategy 
is affected by the load mix. Indeed, as the voltage dependency of loads 
decreases, the effect of this droop voltage control becomes less efficient. 
In [11] the same principle is applied to a diesel generation unit in an 
isolated high voltage system, and some measurement results in real 
operating conditions are presented. As the voltage of the MG fluctuates 
during unplanned islanding transition, the load consumptions will also 
vary, even without any intentional voltage control, thus influencing the 
MG stability and the success of the islanding maneuver. 

This paper assesses the influence of load modeling and composition 
in the stability analysis of a MV MG during unplanned islanding tran-
sitions. Typical load models used by system operators in dynamic power 
system analysis are compared. Moreover, the influence of the load 
composition is appraised by means of a sensitivity analysis that shows 
the impact of the load parameters on the MG stability during the is-
landing phase, expressed in terms of the minimum of frequency and 
voltage values reached in the MG. The analysis is first carried out for a 
simple system and then extended to a realistic MV network in order to 
evaluate the general validity of the results. Different types of loads are 
connected to the MV MG during the islanding transition. Loads are 
categorized in four classes, namely residential, commercial, industrial, 
and agricultural. Each load class is composed by a combination of 
different elementary types of loads that we consider representative for 
the problem of interest. All the results are obtained by simulations 
performed in the EMTP-RV environment. 

The paper is structured as follows. Section 2 provides an outline of 
the load models most used in dynamic transient analysis that will be 
adopted in this paper. In Section 3 the control strategies applied to the 
DER units are summarized. Sections 4 and 5 presents the simulation 
cases for the different load modeling techniques and different load 
compositions, respectively. Section 6 concludes the paper. 

2. Load modeling and load composition 

This section aims at a) summarizing the load models adopted in this 
paper, selected among those typically adopted in steady state analysis 
and dynamic calculations according to the global survey presented in  
[1] and [2] and b) at describing the system considered as test case, 
along with the relevant load composition. 

2.1. Static load models 

Two of the most frequently used static load models are the ex-
ponential model, in which absorbed powers are expressed by (1) and 
(2), and the ZIP model in which absorbed powers are expressed by (3) 
and (4), 
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where: P and Q are the active and reactive powers at voltage U and 
frequency f; Pn and Qn are the active and reactive powers at the rated 
voltage Un and frequency fn; Δf is the relative frequency deviation; kpu, 
kqu, kpf and kqf are the parameters of the exponential model for the load, 
and; p1, p2, p3 and q1, q2 and q3 represent the weights of the constant 
impedance, constant current and constant power components that 
constitute the ZIP model for the active and reactive power, respectively. 
Both sums of p1, p2, and p3 and q1, q2 and q3 are equal to one. 

The other widely used static load models are the constant im-
pedance, constant current and constant power [12]. 

2.2. Dynamic load models 

Induction motors (IMs) constitute the most common type of dy-
namic loads connected to residential, commercial and industrial MGs  
[13]. Two models will be used in this paper, namely the model avail-
able in the EMTP-RV library [14] (hereafter called EMTP-model), and 
the model represented by the steady-state equivalent circuit of the IM, 
shown in Fig. 1 (hereafter called slip-model) [15]. The EMTP-model 
represents the IM in the dq0-frame, making it very accurate as it re-
presents the stator and rotor electrical transients, other than the me-
chanical one. The slip-model does not require such a transformation as 
it includes only the representation of mechanical transients, making it 
simpler. 

2.3. Studied system 

The studied system, as shown in Fig. 2, is a modified version of the 
Cigré benchmark for the integration of DERs in MV distribution net-
works [16], in which a synchronous generator (SG), a PV power station 
and two BESSs are included. 

2.4. Load composition 

As mentioned in the Introduction, loads are categorized in four 
classes, namely residential, commercial, industrial, and agricultural. 
Each load class is supposed to be composed by different load compo-
nents, as summarized in Table 1. The load compositions of residential, 
commercial and industrial classes are based on the data reported in  
[17–20]. The agricultural load composition is assumed to be largely 
dominated by pumps; hence other load components are neglected. The 
power factor values are taken from [21]. The load parameters for each 
component for the different load models are reported in the Appendix. 
In particular, Table 8 of the Appendix shows the total load absorbed 

Fig. 1. Steady state equivalent circuit of the IM (slip-model).  
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and the load class composition at each bus of the MG at the beginning of 
the considered islanding transition. 

3. Distributed energy resources 

This section describes the characteristics of the different DERs and 
storage units assumed to be installed in the MG. 

3.1. Synchronous generator 

The parameters of the SG are reported in Table 2. 

Fig. 2. Studied system: Modified version of the Cigré benchmark [16] for the integration of DERs in MV distribution networks.  

Table 1 
Load composition for each of the considered load classes.      

Load class Load component Power factor %  

Residential Fan 0.87 5.0  
Refrigeration 0.84 10.0  
Air conditioner 0.75 50.0  
Washing machine 0.65 3.0  
Dryer 0.99 3.0  
Lighting 0.90 20.0  
Resistive loads 1.00 5.0  
TV 0.77 4.0 

Commercial Fan 0.87 11.9  
Refrigeration 0.84 13.4  
Air conditioner 0.75 14.9  
Pumps and other motors 0.87 5.5  
Office equipment 1.00 13.1  
Lighting 0.90 34.5  
Resistive loads 1.00 6.7 

Industrial Small motor 0.83 20.0  
Large motor 0.89 56.0  
Lighting 0.90 19.0  
Resistive loads 1.00 5.0 

Agricultural Agricultural pump 0.85 100.0 

Table 2 
Parameters of the Synchronous generator.    

Rated Power 1 MVA  

Rated Voltage 6.3 kV 
Active power reference 1 pu 
Active power droop 2.4% 
Inertia constant 1 s 
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3.2. PV power plant 

The PV power plant is connected to the network through a DC-DC 
converter in cascade with an inverter. In the former, the perturb and 
observe technique of the maximum point power tracking (MPPT) 
strategy is implemented, while the latter is controlled to maintain the 
voltage at the DC-link constant. The PV unit is represented by the 
single-diode model as developed in [22]. The parameters of the PV unit 
are reported in Table 3. 

Both power converters are represented by the average model 
[23,24], which is considered suitable for determining the frequency 
transients of the network [25]. 

3.3. Battery energy storage system 

The dynamic response of the battery is modelled by three RC 
branches in series with the battery resistance, which parameter values 
are reported in [26]. Such values depend on the state of charge, which 
is assumed to remain constant during the transients considered in this 
paper, as in [27]. 

The power converters of both BESSs are controlled in the PQ-mode 
with a droop control strategy, as shown in Fig. 3. The droop control 
modifies the power reference in order to respond accordingly to gen-
eration/load variations as follows 

= +P P
k
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where fref, vref, Pref, and Qref are the reference values for the frequency, 
voltage, active and reactive powers, respectively, kP and kQ are the 
droop constants for active and reactive power control, respectively and, 
P* and Q* are the reference values modified by the droop control. The 
power converter, as for the PV power plant, is represented by the 
average model. The parameters of the BESS are reported in Table 4. 

4. Influence of load modeling 

In this section the influence of load modeling during the islanding 
transition of the MG is analyzed. The 6 cases reported in Table 5 are 
simulated and the relevant frequency and voltage transients are com-
pared. The load representation in the Exp+EMTP case is the most de-
tailed therefore this case is taken as benchmark. The transients are in-
itiated by a three-phase fault in the main grid at t = 0 s followed by the 
opening of the coupling breaker (CB) after 50 ms. The base case load 
composition of Table 8 is considered. 

Dynamic loads are controlled to provide constant mechanical torque 
during the entire simulation. 

With the P-model, the islanding transition leads to the system in-
stability. For all the other models this does not occur: the frequency and 
voltage transients are shown in Figs. 4 and 5. After the islanding 
transition the frequency and the voltage steady state values differ from 
the nominal values because of the droop strategy adopted. The fre-
quency and voltage deviations are proportional to the active and re-
active power supplied by the DERs, as can be deduced from (5) and (6). 
Typically, secondary frequency and voltage control layers, not included 
in the model, are responsible of taking these values back to the rated 
settings. The same frequency and voltage late time values are obtained 

Table 3 
Parameters of the PV power plant.      

Module  Array   

Open-circuit (OC) voltage 32.9 V Num. cells per module 54 
Short-circuit (SC) current 8.21 A Num. modules in series 44 
Temp. coefficient OC −0.123 V/ °C Num. modules in 

parallel 
171 

Temp. coefficient SC 0.00318 A/ °C Series resistance 0.083 Ω 
Diode ideality constant 1.025 Parallel resistance 43.404 Ω 

Fig. 3. Control scheme of the power converters of the BESSs.  

Table 4 
Parameters of the BESS.    

Rated power 1 MVA  

Rated voltage 0.4 kV 
Active power droop (kP) 2.4% 
Reactive power droop (kQ) 10.0% 
Active power reference (Pref) 0 pu 
Reactive power reference (Qref) 0 pu 
Frequency reference (fref) 50 Hz 
Voltage reference (vref) 1 pu 
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by using all the models except the Z-model that presents a slightly 
different frequency value, as shown by Fig. 4b). By using the Exp+slip 
and the ZIP+slip models, the representation of the frequency transient 
well matches the reference one. It is worth noting that there are not 
significant differences between the Exp+slip and the ZIP+slip models 

during the transient and in the late time response. 
In order to analyze the frequency and voltage transients in a system 

in which all DER units are inertia-less, the SG is disconnected from the 
MG. Then, the same fault is simulated at t = 0 s, followed by the is-
landing transition after 50 ms. 

As the aim is the assessment of the influence of the load dynamic 
response during the islanding transition of the MG, the change of 
control strategy of the BESS from PQ to Vf-mode (which normally 
should take place to guarantee a proper operation in standalone when 
all DER units are inverter-connected) is deliberately disregarded. 

The simulation results show that when all loads are represented by 
some static model, namely by the Exp, P or Z models, the islanding 
transition leads to the system instability. For the cases in which the 
dynamic representation of the load is included, the frequency and 
voltage transients are shown in Fig. 6. 

In this case, the Exp+slip and ZIP+slip models are accurate enough 
to represent the transient response during the islanding transition of the 
considered MG. The steady state values after the disturbance are equal 
for the three cases. Since the exponential model is simpler than the ZIP- 
model, the Exp+slip model might be preferred. 

5. Influence of load composition 

This section focuses on the analysis of the influence of the load 
composition. First, a sensitivity analysis is carried out in a small system, 
in which the influence of the main load parameters in the frequency and 
voltage transients is compared. Afterwards, the analysis is extended to 
the complete system of Fig. 2. 

Table 5 
Study cases for assessing the influence of load modeling.    

Case models Load representation  

Exp+EMTP Stationary loads are represented by the exponential model. Rotating loads are represented by the EMTP-model of the IM. 
Exp+slip Stationary loads are represented by the exponential model. Rotating loads are represented by the slip-model of the IM. 
ZIP+slip Stationary loads are represented by the ZIP model. Rotating loads are represented by the slip-model of the IM. 
Exp Stationary and rotating loads are represented by the exponential model. 
P Stationary and rotating loads are represented as constant power loads. 
Z Stationary and rotating loads are represented as constant impedance loads. 

Fig. 4. Frequency transient during islanding transition. SG is connected to the 
MG. 

Fig. 5. Voltage transient during islanding transition. SG is connected to the MG.  

Fig. 6. a) Frequency and b) voltage transients during islanding transition. SG is 
disconnected from the MG. 
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5.1. Sensitivity analysis 

The analysis is carried out considering the system shown in Fig. 7. 
Loads are consisting of stationary and rotating loads, represented by the 
exponential and the EMTP models, respectively. The base values are 
kpu = kqu = 1, kpf = kqf = 0, H = 1 s and 50% of rotating load. Before 
islanding, the MG was importing both active and reactive power. The 
islanding transition begins with the opening of the CB. The fault in this 
case is not simulated. 

First, we analyze the influence of the inertia constant of the rotating 
loads. Fig. 8 shows the minimum values of frequency and voltage 
during the islanding transition. Both increase as the inertia constant 
increases. However, the voltage increase is limited. For values of H less 
than 0.5 s, the system is unstable. 

Subsequently, we analyze the influence of the percentage of rotating 
load (ηrot), assuming H = 1.5 s. Fig. 9 shows the minimum values of 
frequency and voltages. Both increase with the increasing of the ro-
tating load percentage. For load compositions with less than 35% of 
rotating load, the system is unstable. 

Finally, we analyze the influence of kpu, kqu, kpf and kqf. Figs. 10–13 
show the minimum values of frequency and voltage during the 

islanding transition. The minimum frequency increases when kpu or kpf 

increase (Figs. 10a and 12a) and decreases when kqu or kqf increase 
(Figs. 11a and 13a). As shown by Figs. 10b, 11b and 13b, the increase of 
kpu, kqu or kqf leads to an increase of the minimum voltage, while kpf has 
a negligible influence on it. 

Fig. 7. Simple MV system containing a BESS and rotating and stationary loads.  

Fig. 8. Influence of inertia constant H on a) frequency and b) voltage transients 
during the islanding transition. 

Fig. 9. Influence of the percentage of rotating load on a) frequency and b) 
voltage transients during the islanding transition. 

Fig. 10. Influence of parameter kpu on a) frequency and b) voltage transients 
during the islanding transition. 

Fig. 11. Influence of parameter kqu on a) frequency and b) voltage transients 
during the islanding transition. 

Fig. 12. Influence of parameter kpf on a) frequency and b) voltage transients 
during the islanding transition. 

Fig. 13. Influence of parameter kqf on a) frequency and b) voltage transients 
during the islanding transition. 
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5.2. Study cases 

Now we extend the above analysis to the network of Fig. 2. The load 
composition is characterized by estimating representative values for H, 
kpu, kqu kpf and kqf. The equivalent inertia constant Heq is estimated, 
according to [28], as 

=H s Heq
i

i rot i,
(7) 

where si,rot is the portion of load (apparent power) of type i with inertia 

Hi with respect to the total rotating load. It is worth noting that this 
equivalent is referred only to the rotating load. The inertia constant of 
the entire system instead, would be expressed as 

= =H s H Hsys
i

i i eq rot
(8) 

where si is the portion of load of type i with inertia Hi with respect to the 
total load. The exponential parameters kpu,eq, kqu,eq, kpf,eq and kqf,eq are 
estimated from an equivalent characteristic such that 

=V p Vk
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where pi,st (qi,st) is the portion of active (reactive) power absorbed by 
the load of type i with exponential parameters kpu,i, kqu,i, kpf,i and kqf,i 

with respect to the total stationary active (reactive) power. 
The equivalent parameters and percentage of rotating load of the 

residential, commercial, industrial, and agricultural classes of load are 
shown in Table 6. 

The percentages of load classes in each bus were varied keeping 
constant the total load. The equivalent parameters and the obtained 
results for all cases are presented in Table 7. 

From Cases A to D parameters that improve stability, i.e. Heq, ηrot, 
kpu, kpf, increase, while those worsening it, i.e. kqu and kqf, decrease, so 
from A to D the frequency and the voltage responses improve in terms 
of minimum reached values, as shown by the results of Table 7. 

Table 6 
Equivalent parameters of all load classes.         

Case Heq ηrot kpu,eq kqu,eq kpf,eq kqf,eq  

Residential 0.320 71.0 1.21 6.94 0.69 −21.62 
Commercial 0.440 45.7 0.86 7.38 0.61 −26.60 
Industrial 1.289 76.0 1.14 7.38 0.77 −26.60 
Agricultural 0.800 100.0 – – – – 

Table 7 
Study cases. Equivalent parameters and minimum frequency and voltage va-
lues.           

Case Heq ηrot kpu,eq kqu,eq kpf,eq kqf,eq fmin vmin  

A 0.689 59.2 0.91 7.33 0.64 −26.02 48.83 0.810 
B 0.796 67.6 1.00 7.26 0.67 −25.19 48.97 0.819 
C 0.844 75.1 1.08 7.21 0.70 −24.62 49.04 0.825 
D 0.893 78.3 1.17 7.18 0.74 −24.23 49.08 0.830 
E 0.622 74.6 1.17 7.05 0.70 −22.85 48.95 0.800 
F 0.689 59.2 0.91 7.33 0.64 −26.02 48.83 0.810 
G 1.037 75.0 1.10 7.28 0.73 −25.46 49.11 0.842 
H 0.796 86.4 1.07 7.19 0.69 −24.43 48.05 0.826 

Table 8 
Load composition and total load absorption at each bus of the MG.                 

Load bus L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13 
Total load (kVA) 450 167 90 270 180 90 108 243 180 126 270 315 450 
Case Class (%)               

Base Residential 0 0 70 100 50 100 50 40 70 50 0 0 0  
Commercial 20 10 30 0 50 0 50 60 30 10 10 20 0  
Industrial 80 40 0 0 0 0 0 0 0 40 50 0 80  
Agricultural 0 50 0 0 0 0 0 0 0 0 40 80 20 

Case A and F Residential 0 0 30 60 10 60 10 0 30 30 0 0 0  
Commercial 60 50 70 40 90 40 90 100 70 50 50 60 40  
Industrial 40 20 0 0 0 0 0 0 0 20 30 0 60  
Agricultural 0 30 0 0 0 0 0 0 0 0 20 40 0 

Case B Residential 0 30 30 90 10 90 10 30 30 60 0 0 30  
Commercial 30 20 40 10 60 10 60 70 40 20 20 30 10  
Industrial 70 20 30 0 30 0 30 0 30 20 60 30 60  
Agricultural 0 30 0 0 0 0 0 0 0 0 20 40 0 

Case C Residential 0 50 30 80 0 80 0 30 30 60 20 30 30  
Commercial 20 0 0 0 30 0 30 50 20 0 0 0 0  
Industrial 80 20 40 0 40 0 40 0 30 40 60 30 70  
Agricultural 0 30 30 20 30 20 30 20 20 0 20 40 0 

Case D Residential 0 70 0 70 30 60 30 50 30 60 20 30 30  
Commercial 0 0 0 0 0 0 0 0 0 0 0 0 0  
Industrial 100 0 70 30 40 20 40 30 30 40 60 30 70  
Agricultural 0 30 30 0 30 20 30 20 40 0 20 40 0 

Case E Residential 40 40 100 100 90 100 90 80 100 90 40 40 40  
Commercial 0 0 0 0 10 0 10 20 0 0 0 0 0  
Industrial 60 25 0 0 0 0 0 0 0 10 35 0 60  
Agricultural 0 35 0 0 0 0 0 0 0 0 25 60 0 

Case G Residential 0 0 50 60 30 60 30 20 50 20 0 0 0  
Commercial 0 0 10 0 30 0 30 40 10 0 0 0 0  
Industrial 100 80 40 40 40 40 40 40 40 80 90 40 100  
Agricultural 0 20 0 0 0 0 0 0 0 0 10 60 0 

Case H Residential 0 0 50 60 30 60 30 20 50 35 0 0 0  
Commercial 0 0 10 0 30 0 30 40 10 0 0 0 0  
Industrial 60 10 0 0 0 0 0 0 0 25 20 0 40  
Agricultural 40 90 40 40 40 40 40 40 40 40 80 100 60 
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Cases E to H have a 40% increase of residential, commercial, in-
dustrial, and agricultural loads, respect to the Base case of Table 8. 
Although Case F has a larger Heq than Case E, the minimum frequency is 
smaller. This can be attributed mainly to the lower value of rotating 
load, but also to the lower value of kpu,eq and the larger value of kqu,eq. 
The best case in terms of minimum frequency and voltage is Case G, in 
which the industrial load is predominant. Such result might be attrib-
uted to the very large Heq and the relatively high percentage of rotating 
load. Case H too, in which the agricultural load is predominant, results 
in a smaller frequency deviation. 

In Figs. 14 and 15 the frequency and voltage minimum values with 
respect to Hsys are shown. It is evident how the minimum frequency 
increases with the increasing of the total system inertia, regardless of 
the other parameters. The same occurs for the minimum voltage, except 
for case E. 

6. Conclusions 

The paper has analyzed the influence of load modeling and com-
position on the transient stability of a MV MG during islanding transi-
tions. The considered MG consists of a PV power plant, two BESSs, a SG 
and different types of loads which are categorized in four classes, 
namely residential, commercial, industrial and agricultural, in which 
each load class is composed by different stationary and rotating load 
components. 

The influence of load modeling on the MG stability assessment 
during islanding transition has been addressed by taking as reference 
the results of the Exp+EMTP-model. If the SG is connected to the MG, 
which is the only DER with rotating inertia, all models except for the P- 
model predict the stability of the MG after islanding. There are no 
substantial differences between the Exp+slip and ZIP+slip models. 
While these two models are more accurate to represent the frequency 
transient, the Exp model performs better if one is interested in re-
presenting the voltage transient. However, if the SG is not connected to 
the MG, the Exp and Z models predict the system instability. In such a 
case, only the Exp+slip and ZIP+slip models, i.e. the models that in-
clude the rotating nature of the loads, are accurate enough to represent 
the stable transient response of the MG. 

Concerning the load composition, the increase of H, kpu and the 
percentage of rotating load improves the power quality during the is-
landing maneuver in terms of minimum frequency and voltage varia-
tions. The increase of kqu instead, worsen the voltage profile but im-
proves the frequency nadir. 

The analysis was extended to the modified version of a Cigré 
benchmark system. For such purpose, the percentages of load classes in 
each bus is varied keeping constant the total load. The load dynamic 
response of the system is represented by equivalent parameters Heq, 
kpu,eq and kqu,eq. The results agree with those obtained with the smaller 
system. In particular, the considered industrial and agricultural classes 
of load are more prone to ease the islanding transition with respect to 
the residential and commercial classes, due to their larger values of 
equivalent inertia and percentage of rotating load. 
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Appendix 

The total load and load composition for each bus of the system of Fig. 2 are reported in Table 8. 
Table 9 shows the IM load model parameters of the considered rotating load components. The parameters refer to the circuit of Fig. 1 and H 

Fig. 14. Minimum frequency values reached during the islanding transition, as 
reported in Table 7. 

Fig. 15. Minimum voltage values reached during the islanding transition, as 
reported in Table 7. 

Table 9 
Load Parameters [12,21,29–33].                   

Load component Rs Xs Xm Rr Xr H (s) kpu kqu kpf kqf p1 p2 p3 q1 q2 q3  

Lighting – – – – – – 0.96 7.38 1.00 −26.60 0.58 0.53 −0.11 8.04 −11.42 4.38 
Resistive loads – – – – – – 2.00 0.00 0.00 0.00 0.92 0.10 −0.02 0.00 0.00 0.00 
TV – – – – – – 2.00 5.20 0.00 −4.60 0.33 −0.57 1.24 19.00 −33.22 15.22 
Office equipment – – – – – – 0.36 0.00 0.00 0.00 0.34 −0.32 0.98 0.00 0.00 0.00 
Washing machine 0.110 0.120 2.0 0.110 0.130 0.69 0.08 1.60 3.00 1.80 0.05 0.31 0.63 −0.56 2.20 −0.65 
Dryer 0.120 0.150 1.9 0.130 0.140 0.11 2.04 3.27 0.00 −2.63 1.96 −2.23 1.33 2.51 −2.34 0.83 
Refrigerator 0.056 0.087 2.4 0.053 0.082 0.28 0.77 2.50 0.53 −1.46 1.19 −0.26 0.07 0.59 0.65 −0.24 
Air conditioner 0.100 0.100 1.8 0.090 0.060 0.28 0.20 2.30 0.90 −2.67 1.60 −2.69 2.09 12.53 −21.11 9.58 
Fan 0.079 0.120 3.2 0.052 0.120 0.70 0.08 1.60 2.90 1.80 0.26 0.90 −0.16 0.50 0.62 −0.12 
Pumps and motors 0.079 0.120 3.2 0.052 0.120 0.70 0.08 1.60 2.90 1.80 0.46 0.73 −0.19 2.17 −3.03 1.87 
Small indust. motors 0.031 0.100 3.2 0.018 0.180 0.70 0.07 0.50 2.50 1.20 1.35 −0.98 0.63 2.31 −3.72 2.40 
Large indust. motors 0.013 0.067 3.8 0.009 0.170 1.50 0.07 0.50 2.50 1.20 0.48 0.78 −0.26 2.01 −2.70 1.70 
Agricultural pumps 0.025 0.088 3.2 0.016 0.170 0.80 1.40 1.40 5.00 4.00 0.46 0.73 −0.19 2.17 −3.03 1.87    
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represents the inertia constant. Table 9 also shows the load parameters of all the considered load components, stationary and rotating, for the 
exponential and the ZIP models. Reference is made to Eqs. (1)-(4). The load parameters are based on diverse data found in literature [12,21,29–33].  
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