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 Abstract – Demand Side Management (DSM) is being 

actively considered as potentially effective way to enhance 

power system operational flexibility. Due to the fact that 

DSM changes not only total demand but also demand 

compositions at affected hours, it could subsequently affect 

system dynamic response and stability performance. This 

paper investigates the potential impact of DSM on power 

system angular stability depending on the type of demand 

and demand composition. The results show that the main 

indicators of angular stability, namely transient stability and 

damping of the most critical electromechanical mode, are 

very dependent on the type of the load model used to model 

demand, and on actual demand composition. All simulations 

are carried out in DigSILENT/PowerFactory environment 

using a modified version of the 68 bus NETS-NYPS test 

system.  

 

Keywords – Angular stability, demand side management, 

demand modelling, load composition, probabilistic analysis. 

 
I.  INTRODUCTION 

With the continuing growth in Renewable Energy 
Sources (RES), integration of non-linear load, and 
application of new control technologies and devices, 
modern power systems tend to operate more and more in 
reasonably stressed conditions [1]. Demand side 
management (DSM) is seen as a potential source of 
flexibility in the network, enabling efficient use of volatile 
distributed generation, maintaining network reliability or 
reducing the cost of supply. The effectiveness of DSM 
actions largely depends on the flexibility of the demand 
side. Until now, mostly large industrial users have been 
included in DSM programs [2]; according to [3], there is 
more than 500 MW of capacity for short-term operating 
reserve in the UK. On the other hand, there is a significant, 
though mainly untapped potential for DSM from the 
distribution network (DN) comprising mainly of 
residential users. In the US, it is estimated that residential 
customers’ participation in DSM might bring up to half of 
the total peak reduction [4]. Taking the UK as an example, 
residential (domestic) sector is the largest final user of 
electrical energy, presenting around 30% of overall 
consumption, followed by industrial and commercial 
sector using 26% and 21% of the total consumption, 
respectively [5]. 

Wide area DSM, i.e. changing the load pattern of a 
larger number (e.g. hundreds) of end-users simultaneously, 
will have much larger effect on the network than changing 
electrical patterns of individual users. This effect will 
depend not only on the size of the load, but also on its 
composition (shares of induction motors (IM), resistive 
loads, etc.). Shifting/curtailing the load will change load 
composition at the affected hours, and consequently the 
dynamic response of the aggregated demand, which in 
turn might affect the angular and voltage stability of the 
overall power system [6]. It has been long recognized that 
the power system loads could have significant effect on 
system stability [7], which is why the load type and 
composition before and after DSM should be further 
analyzed.  

This paper examines the effect of wide-scale DSM 
actions on angular stability of the transmission network 
considering different types and composition of demand 
and hence different load models to represent each load 
bus in the network (namely constant impedance, constant 
power and composite load model) before and after DSM 
action.   

II. POWER SYSTEM ANGULAR STABILITY 

Power system angular stability is broadly defined as 
the ability of interconnected synchronous machines to 
remain in synchronism after being subjected to small or 
large disturbances [1].  

It is typically assessed and quantified using 
appropriate stability indices, for example, damping and 
damping ratio for small-disturbance stability, and 
transient stability index (TSI) and settling time for large-
disturbance stability [8]. In this study, damping of the 
most critical electromechanical mode (1) and TSI (2) are 
selected to characterize small and large disturbance 
stability performances, respectively.  

                                 𝛌 =  𝛔 + 𝐣𝛚                                (1) 

                         𝐓𝐒𝐈  = 100 × 
𝟑𝟔𝟎− 𝜹𝐦𝐚𝐱  

𝟑𝟔𝟎+𝜹𝐦𝐚𝐱  
                (2) 

In the above equations, 𝜆 is the eigenvalue of the most 
critical electromechanical mode in the system, 𝜎  is the 
damping of that mode and ω is the angular frequency of 
that mode. 𝛿max is the maximum angle deviation 
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between any two generators in the system during the 
simulation time. The abovementioned stability indices can 
quantify corresponding stability performance in such a 
way that the higher the damping and TSI values are, the 
more stable system is following small and large 
disturbances, respectively 

III. SYSTEM MODELLING  

A. Test Network  

The test network adopted in this study is a modified 
version of IEEE 68-bus NETS-NYPS system, as shown in 
Fig. 1, which contains 35 loads that have been classified 
into industrial users (loads with relatively small demand) 
and DNs (loads with relatively large demand). In total 12 
loads (loads 33, 36, 40, 41, 42, 50, 52, 56, 59, 60, 61 and 
64) are assumed to be industrial users, and all remaining 
loads are considered as DNs. Normalized daily loading 
curves of both industrial users and DNs [9], as well as 
normalized daily output curves of renewable generators 
[10], have been added to the test network in order to 
appropriately account for daily generation and demand 
variation. Further information about the test system can be 
found in [11]. 

B. Uncertainty Modelling 

With the consideration of power system operational 
uncertainty, uncertainty of wind speed, photovoltaic (PV) 
output, load demand and fault profile (fault location and 
fault duration) have been modelled. As shown in Table I, 
the wind speed follows a Weibull distribution [12] and the 
PV output follows a Beta distribution [13]. Furthermore, 
the load demand and the fault duration have been assumed 
to follow normal distributions with different mean values 
and standard deviations [14]. Finally, faulted lines and 
fault locations are selected randomly.  

C. Load Modelling 

In order to investigate the impact of DSM on power 
system angular stability with different load models, all 
loads in the system have been modelled as static ZIP load 
model, consisting of constant impedance (Z), constant 
current (I) and constant power (P) component (as shown 
in (3) and (4)), connected in parallel with an induction 
motor (IM) model.  

𝑃 =  𝑃𝑛(𝑎(𝑉 𝑉𝑂)⁄ 0
+  𝑏(𝑉 𝑉𝑂)⁄ 1

+  𝑐(𝑉 𝑉𝑂)⁄ 2
)      (3) 

𝑄 =  𝑄𝑛(𝑎(𝑉 𝑉𝑂)⁄ 0
+ 𝑏(𝑉 𝑉𝑂)⁄ 1

+  𝑐(𝑉 𝑉𝑂)⁄ 2
)     (4) 

𝑃𝑛 , 𝑄𝑛  and 𝑉𝑜 are nominal active power, nominal 
reactive power and nominal voltage, respectively; 𝑎 , b 
and c are coefficients for P, I and Z loads, respectively. 
IM are modelled as an aggregation of a number of small 
unit motors with a nominal active power of 5 kW. The 
load model (load composition and its size) can be adjusted 
by changing the values of coefficients 𝑎, b and c in (3) 
and (4), and number of unit motors in the aggregated IM 
model.  

 
Figure 1. Modified 68 bus NETS-NYPS test system 

 

TABLE I 

PROBABILITY DISTRIBUTIONS AND CORRESPONDING 
PARAMETERS OF SYSTEM INPUT UNCERTAINTIES [12-14] 

Input 

Uncertainties 

Probability 

Distributions 

Modelling Parameters 

Wind Speed Weibull Distribution 𝛼 = 2.2, 𝛽 = 11.1 

PV Output Beta Distribution a = 13.7, b = 1.3 

Load Demand Normal Distribution Mean based on load 

curves, 𝜎 = 3.33% 

Fault Line Randomly N/A 

Fault Location Randomly N/A 

Fault Duration Normal Distribution Mean = 13 cycles, 

𝜎 = 6.67% 

 
Due to the existence of two load categories (industrial 

users and DNs), the load compositions of these categories 
are modelled separately. The composition of industrial 
demand is calculated using the information reported in 
[15] and [16], where IM represent 70-80% of the total 
load, constant impedance load represent 10-12%, constant 
current loads have a share of 7-8%, while the rest is taken 
to be constant power load. The demand at DN buses is 
modelled as purely residential and its composition is 
determined using CREST tool [17]. The example of load 
compositions for industrial users and DNs are shown in 
Fig. 2 and Fig. 3, respectively. The figures illustrate the 
normalized shares of different load components in the 
total demand at every hour during the day. Based on the 
demand composition and load categories involved, it has 
been assumed that all IM and a part of constant 
impedance loads are controllable; as a result, 
controllability of each load bus is different at each hour. 

IV. THE METHODOLOGY 

A. Probabilistic Analysis Method  

A Monte Carlo based probabilistic analysis method 
has been implemented in this study. At each simulation 
hour, system uncertainties are generated in Matlab 
according to corresponding probability distributions and 
modelling parameters, and an Optimal Power Flow (OPF) 
is performed by Matpower [18] to determine the 
scheduling of synchronous generators [19]. Output results 
are saved as files for further model analysis in 
DigSILENT PowerFactory. Two separate Monte Carlo 
simulations are conducted in DigSILENT PowerFactory 
at each simulation hour: one for small disturbance 
stability study and one for large disturbance (transient) 
stability study. Because of the consideration of system 
uncertainty and the application of Monte Carlo 
simulations, a large set of stability indices is produced for 
both small and large disturbance stability studies at each 
simulation hour, therefore, some statistic values (mean 
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values, most probable values and median values) of 
corresponding stability indices are adopted to illustrate 
system angular stability performance at that hour. 

 

Figure 2. Example of demand composition of an industrial load bus [15-

16] 

 
Figure 3. Example of demand composition of a DN load bus [17] 

 

B. Study Cases  

Six case studies have been developed, as shown in 
Table II, to assess the impact of load models and DSM on 
system angular stability. Depending on the case study, as 
depicted in Table II, all loads in the test system are 
modelled as constant impedance, constant power and 
composite load model (ZIP and IM). In order to 
investigate system angular stability with static load 
models, value of coefficients 𝑐 in (3) and (4) has been set 
as 1, while coefficients b and c are both equal to zero 
(constant impedance load) in Cases 1 and 2. Similarly, for 
Cases 3 and 4, values of coefficients 𝑎, b and c in (3) and 
(4) are 1, 0 and 0, respectively, to represent constant 
power loads. There are no IM connected in constant 
impedance and constant power load models. With the 
consideration of load dynamics, composite load model is 
adopted in Cases 5 and 6, in which IMs were reconnected 
and it has been assumed that each load has a unique 
combination of  𝑎, b and c values in (3) and (4) based on 
[15-17]. Regardless of the load model used, the DSM 
potential (shares of the controllable load) follows a 
predefined hourly pattern at every load bus. For example, 
if the DSM potential of a bus at certain hour of the day is 
50%, it will be 50% whichever load model is used to 
represent that bus. The penetration level of renewable 
generation in all cases has been assumed to be 30%. 

C. DSM Application Methodology 

In this study, the DSM actions are applied with the 
aim of obtaining a flatter system daily loading profile. 
Load flattening reduces the number of system balancing 
actions [20], and the variable cost associated to 
conventional generation providing regulation services 
[21]. Therefore, an upper threshold and a lower threshold 
have been set based on mean system daily load demand. 
Part of the controllable loads in the system will be 
disconnected if the total demand is higher than the upper 

threshold (1.1 ×  mean load demand) and they will be 
reconnected when the total demand is below the lower 
threshold (0.85 × mean load demand). The total system 
loading curves without and with DSM are shown in Fig. 4 
as solid line and dashed line, respectively. According to 
Fig. 4, the loads are disconnected at 10 hours (hours 10, 
11, 12, 15, 16, 17, 18, 19, 20 and 21) and reconnected at 6 
hours (hours 1, 2, 3, 4, 5 and 24).  Furthermore, it was 
assumed that no matter how much load (in MW) is 
curtailed during peak-hours, the same amount of load (in 
MW) will be reconnected during off-peak hours 
(providing “energy neutral” DSM over 24 hours).  

TABLE II 
STUDY CASE 

Case 

Number 

Load Model DSM Application 

Case 1 Constant Impedance Only No 

Case 2 Constant Impedance Only Yes 

Case 3 Constant Power Only No 

Case 4 Constant Power Only Yes 

Case 5 ZIP + IM No 

Case 6 ZIP + IM Yes 

 
Figure 4. Total system loading without/with DSM [9-10] 

In Cases 2 and 4, due to the fact that all loads are 
modelled as constant impedance or constant power loads, 
the disconnection and reconnection are achieved by 
changing the active and reactive power of each load (𝑃𝑛 
and 𝑄𝑛  in (3) and (4)). As mentioned before, each load 
has a unique controllability at each hour, therefore, the 
total DSM capacity at each hour is segmented into 35 
different values based on controllability of each load and 
as a result of that, all loads have different DSM capacity 
(5) at different hours. The equation used to segment DSM 
capacities has been shown in (5). Note: DSM potential of 
a bus refers to the share of controllable load at that bus, 
while DSM capacity refers to the amount of disconnected 
load; therefore, DSM capacity is always lower or equal to 
DSM potential. 

DSM capacity at bus𝑖= 
𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝐿𝑜𝑎𝑑 𝑎𝑡 𝐵𝑢𝑠 𝑖

𝑇𝑜𝑡𝑎𝑙 𝑆𝑦𝑠𝑡𝑒𝑚 𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝐿𝑜𝑎𝑑 
× DSM capacity (5) 

 In Case 6, the DSM capacities for each load at each 
hour have been kept the same as those in Case 2 and 4, 
however, these are further divided into two values based 
on the shares of controllable ZIP load (namely 
controllable Z load) and IM at that bus, as shown in (6) 
and (7). 

 DSMZIP =
𝑍𝐼𝑃 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑

𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑏𝑢𝑠 𝑖
× DSM capacity at bus 𝑖     (6) 

  DSMIM =
𝐼𝑀 𝑙𝑜𝑎𝑑

𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑎𝑏𝑙𝑒 𝑙𝑜𝑎𝑑 𝑎𝑡 𝑏𝑢𝑠 𝑖
× DSM capacity at bus 𝑖     (7) 

  For composite loads, DSM actions are achieved by 
changing active and reactive power and re-calculating 
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Figure 5. TSI changes with different load model used 

 

 
Figure 6. Damping changes with different load model used 

 

coefficients 𝑎, b and c in (3) and (4). In the case of IM, 
the aggregation number of small unit motors is changed in 
order to adjust the total load demand.  

V. RESULTS AND ANALYSIS 

A.  Impacts of DSM on Angular Stability with Different 
Load Models 

As introduced in the previous section, the impact of 
DSM on system angular stability is assessed by changes 
of corresponding stability indices before and after DSM. 
The changes are evaluated using (8), which is applied to 
both small and large disturbance studies. 

         Index change = Index before DSM – Index after DSM   (8) 

The mean values of TSI changes and damping 
changes with different load models are shown in Fig. 5 
and Fig. 6, respectively. It can be seen from Fig. 5 that 
when the loads are all modelled as constant impedance 
load, system transient stability performance can be 
improved at most of the load disconnection hours (8 out 
of 10 hours except hours 11 and 12). When the 
disconnected loads are reconnected, system transient 
stability can be either improved (hours 2 and 24) or 
deteriorated (hours 1, 3, 4 and 5). In terms of constant 
power load, system transient stability improvement can be 
obtained from 7 out of 10 load disconnection hours and 2 
out of 6 load reconnection hours. Furthermore, when all 
loads are modelled using  ZIP + IM model, load 
disconnection can lead to better transient stability 
performance at 8 out of 10 hours and worse transient 
stability performance at hours 10 and 18. Load 
reconnection will always result in worse transient stability 
performance in this case. It can be concluded that in all 
cases the load disconnection mainly improves transient 
stability indicator and reduces the number of unstable 
cases, therefore, the overall system transient stability gets 
improved. The load reconnection on the other hand 
mainly deteriorated transient stability (compared to the 
performance before DSM); the extent of the change will 
vary based on the load model in use. 

Fig. 5 shows that during the load reconnection period 
(hours 1 to 5 and hour 24), the use of ZIP + IM load 
model results in worse transient stability performance 
than when constant impedance and constant power load 
models are used. The system transient stability is the most 
improved though during the peak hours (hours 17 to 21) if 
constant power loads are used. In summary, DSM actions 
(load disconnection and reconnection) could have both 
positive and negative effects on transient stability. The 
same DSM action may have completely opposite impacts 
on transient stability with different load models (hours 2, 
10 to 12, 15, 18 and 24). This means that in case of an 
inappropriate load model, one may under/overestimate the 
effect of DSM on transient stability indicators in times of 
load disconnection/reconnection. 

System small disturbance stability, as seen in Fig. 6, 
can be improved at all load disconnection hours for both 
constant impedance (Case 2) and constant power (Case 4) 
load models. There is a significant negative effect at hour 
1 for these two load models due to the load reconnection, 

but at other load reconnection hours, the impact of load 
reconnection is negligible. In terms of ZIP + IM load 
(Case 6), small disturbance stability is improved 
significantly at hours 1, 17, 19, 20 and 24. For the rest of 
the DSM application hours, ZIP + IM load has relatively 
small impact on small disturbance stability.  

Focusing on the peak hours (hours 10 to 21), it can be 
seen from Fig. 6 that constant power load model has 
larger positive effects on the system small disturbance 
stability performance. Finally, ZIP + IM load model can 
improve small disturbance stability at hours 1 and 24, 
where this type of stability is deteriorated with constant 
impedance and constant power load models. 

Similarly to transient stability study, opposite impacts 
of DSM on small disturbance stability can be noticed at 
some DSM application hours, and different load models 
can lead to very different stability improvement or 
reduction with the same DSM action. It should be noted 
though that the system remains small disturbance stable in 
all study cases. 

 From the above discussions, DSM actions could 
either improve or reduce system angular stability 
(globally or different aspects of it) depending on the 
system operating condition. Furthermore, the same DSM 
actions could have completely different, or even opposite 
impacts on system angular stability depending on the load 
modelling methodology. In other words, an accurate and 
appropriate realistic load model is essential to investigate 
the impacts of DSM on power system angular stability.  

B.  Impacts of Load Composition on Angular Stability  

 Due to the fact that in Case 6, when all loads are 
modelled as ZIP + IM, the DSM capacity at each bus is 
divided into two parts (controllable Z load and IM), load 
composition at each bus before and after DSM actions is 
different. The shares of dynamic, i.e. IM load (in %) at 
Bus 17 during different hours of the day, before and after 
DSM, are normalized by actual power demand at the 
respective bus (with the consideration of daily loading 
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Figure 7. Dynamic load percentage before and after DSM of Bus 17 

normalized by actual demand power 

 
Figure 8. Boxplot of TSI percentage change in Case 6 (ZIP + IM) 

 
Figure 9. Boxplot of damping percentage change in Case 6 (ZIP + IM) 

 

 Figure 10. Mean values, most probable values and median values of 
TSI percentage changes in Case 6 (ZIP + IM) 

 
Figure 11. Mean values, most probable values and median values of 

damping percentage changes in Case 6 (ZIP + IM) 

 

curves) and shown as an example in Fig. 7. It can be 
noticed that IM load percentage has increased at load 
reconnection hours (on average of 1.34%) and decreased 
at load disconnection hours (on average of 0.86%). Due to 
the different IM load percentage (load composition) at 
each DSM application hour, dynamic response of system 
demand could be very different when the DSM is applied, 
which may subsequently lead to different effect of DSM 
on system angular stability. 

For the purpose of investigating to what extend 
different load compositions change the effect of DSM on 
system angular stability performance, simulations results 
in all time steps in Case 6 have been studied. The impacts 
of DSM on system angular stability with different load 
compositions have been investigated by percentage 
changes of TSI and damping, calculated by (9), together 
with the corresponding mean, most probable and median 
values. The results for TSI and damping percentage 
changes (PC) are shown in Fig. 8 and Fig. 9 as adjacent 
boxplot, respectively.  

PC (%) = 
𝑅𝑒𝑠𝑢𝑙𝑡 𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐷𝑆𝑀−𝑅𝑒𝑠𝑢𝑙𝑡 𝑊𝑖𝑡ℎ 𝐷𝑆𝑀

|𝑅𝑒𝑠𝑢𝑙𝑡 𝑊𝑖𝑡ℎ𝑜𝑢𝑡 𝐷𝑆𝑀|
× 100%             (9) 

In Fig. 8 and Fig. 9, red lines in the middle of boxplots 
represents the median values of result samples. The 
bottom and the top of the boxplot are the first and the 
third quartile values. The difference between these two 
values has been defined as interquartile range [22]. 
Furthermore, the line above the boxplot is the upper 
adjacent value, which is the largest observation from the 
sample that is less than or equal to the third quartile 
values plus 1.5 × interquartile range [22]. Similarly, the 
line below the boxplot is the lower adjacent value, which 
is defined as the smallest observation from the sample that 
is larger or equal to the first quartile values minus 1.5 × 
interquartile range [22]. All sample values larger than 
upper adjacent value or smaller than lower adjacent 
values are outliers and are represented by dots in Fig. 8 
and Fig. 9.  

According to Fig. 8, large interquartile ranges can be 
found at all load disconnection hours (hours 10 to 12 and 
hours 15 to 21), which indicates TSI changes have large 
variation ranges at these hours. This is caused by the 
reduction of transient stability unstable cases; cases which 
changed from unstable to stable lead to big variations of 
TSI values. Furthermore, it can also be concluded that at 
load disconnection hours load composition plays a higher 
role in the effect of DSM on TSI compared to the load 
reconnection hours. In other words, accurate and realistic 
load compositions are necessary to investigate the exact 
impact of load disconnection on system transient stability.  

Regarding system small disturbance stability 
performance, large interquartile ranges can only be found 
at hours 17 (load disconnection) and 24 (load 
reconnection) based on Fig. 9. At other hours, the range of 
the percentage change is not as significant. It can be 
concluded that in most time steps the load composition 
does not largely affect the changes in damping. In order to 
further investigate the indices’ changes with different load 
compositions, mean, most probable values and median 
values of TSI and damping percentage changes are shown 

as bar charts in Fig. 10 and Fig. 11, respectively. It can be 
seen in Fig. 10 that the mean values of TSI changes are 
positive most of the time, while the most probable values 
indicate better transient stability performance at 9 out of 
10 load disconnection hours, and worse transient stability 
performance at 5 out of 6 load reconnection hours. 
Median values of TSI changes show worse transient 
stability performance at all load reconnection hours and 
better transient stability performance at 5 out of 10 load 
disconnection hours. Based on Fig. 11, it can be seen that 
mean values of damping changes are very high at hours 1, 
17 and 24; similarly, large most probable damping 
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changes can be seen at hours 17 and 24. Median values of 
damping changes are close to zero except at hour 19. 

In Fig. 10 and Fig. 11, big difference between mean 
values, most probable values and median values can be 
observed at almost all DSM application hours; different 
statistic values could even indicate completely opposite 
impacts of DSM on system transient stability. The big 
difference between abovementioned statistic values means 
that the system angular stability performance changes 
significantly due to the varying load compositions at 
different hours. Accurate and realistic load compositions 
with corresponding DSM potentials are essential to study 
if and how much, DSM actions can improve system 
angular stability. Defining a more detailed relationship 
between load composition and effects of DSM will be the 
subject of future studies.   

VI.  CONCLUSION 

 This paper illustrated the effects of load modelling 
and load composition on assessing the impacts of DSM on 
power system angular stability. The probabilistic 
simulation has been performed over 24 hours of a day 
with the consideration of system uncertainties and 
different load modelling approaches. It has been found 
that the same DSM actions (load 
disconnection/reconnection) may have very different 
impacts on power system angular stability performance 
due to the different load models adopted in the study. The 
size of this impact (positive or negative) is also highly 
dependent on the load modelling methods.  

In terms of load composition, big variations of system 
angular performances and statistic values of stability 
indices have been observed with different load 
compositions, which showed that the load composition 
has a large effect on system dynamic response. The 
accurate and realistic modelling of load composition with 
corresponding DSM potential based on different load 
types (static and dynamic) are essential to investigate the 
exact impact of DSM on power system angular stability. 
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