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A bstr a ct — T hi s p a p e r p r es e nt s a p pli c ati o n s of t h e E x p o n e nti al 

St ati c L o a d m o d el u s e d t o r e p r es e nt v olt a g e d e p e n di n g l o a d s.  
T hi s m o d el h a s b e e n u s e d t o r e p r es e nt l o a d s of diff e r e nt t y p es: 
I n d u st ri al, R esi d e nti al a n d of P et r ol e u m E xt r a cti o n Fi el d s.  

T h es e  l o a ds  b el o n g  t o  “ Sist e m a  I nt e r c o n e ct a d o  P at a g ó ni c o ”  
( S I P), a s m all p o w e r s yst e m of 1 2 0 0 M W of p e a k l o a d sit u at e d i n 
t h e S o ut h of A r g e nti n a.  

M o d els of s e v e r al l o a d t y p es h a v e b e e n v ali d at e d b y t est s.  

T est s w e r e m a d e b y a p pl yi n g st e ps t o t h e f e e di n g l o a d v olt a g e. 

L o a d  v olt a g e  s e nsiti vit y  c o effi ci e nt s  w e r e  o bt ai n e d  f o r  t h e  
diff e r e nt l o a d t y p es t est e d.  

L o a d  m o d els  v ali d at e d  b y  t est s  w e r e  u s e d  f o r  S I P  m o d al  
a n al ys es. 

 
I n d e x  T er m s--  L o a d  –  L o a d  M o d el  -  P o w e r  s yst e m  d y n a mi c  

st a bilit y – Si m ul ati o n - T esti n g. 
 

I.  I N T R O D U C TI O N  

E V E R A L t e st s w er e m a d e at m e di u m v olt a g e f e e di n gs of 
diff er e nt  l o a d s.  T h e s e  t est s  w er e  m a d e  t o  v ali d at e  t h e  

m o d eli n g of diff er e nt l o a ds us e d f or r e pr es e nt ati o n of v olt a g e 
s e nsiti v e  l o a ds.  T est e d  a n d  m o d el e d  l o a ds  b el o n g  t o  SI P,  a  
s m all p o w er s yst e m of 1 2 0 0 M W of p e a k l o a d, sit u at e d i n t h e 
s o ut h of Ar g e nti n e a n c o nti n e nt al t errit or y. 

Diff er e nt l o a d t y p es w er e t est e d: I n d ustri al, R esi d e nti al, of 
P etr ol e u m  E xtr a cti o n  Fi el ds  a n d  s e v er al  c o m bi n ati o ns  of  
t h e m. 

T est s w er e c arri e d o ut a p pl yi n g t a p c h a n g es t o t h e v olt a g e 
f e e di n g tr a n sf or m er s. T est r e c or d s w er e u s e d t o v ali d at e l o a d 
m o d el si m ul ati n g l o a d b e h a vi or wit h Si m uli n k- M at L a b. 

L o a d  m o d els  v ali d at e d  b y  t est s  w er e  us e d  t o  c arr y  o ut  
s m all si g n al a n al ys es t o o bt ai n SI P m o d al b e h a vi or as p art of 
st u di es of p o w er s yst e m d y n a mi c st a bilit y c arri e d o ut o v er t h e 
p o w er s yst e m. 

II.  S T A TI C L O A D M O D E L  
A  g e n er al  f or m,  n a m e d  P ol y n o mi al  L o a d  M o d el,  is  

n or m all y  u s e d  t o  r e pr e s e nt  A cti v e  ( P)  a n d  R e a cti v e  ( Q)  
p o w er s of v olt a g e d e p e n d e nt st ati c l o a ds, [ 1]-[ 4].  

E q u ati o ns f or t his l o a d r e pr es e nt ati o n ar e: 
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T his w or k w a s p arti all y s u p p ort e d b y T R A N S P A S A. 
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W h er e:  
•  P 0 / Q0 :  N o mi n al  A cti v e/ R e a cti v e  p o w er  at  n o mi n al  

v olt a g e U 0 .  

•  p 1 / q1 ,  p2 / q2  a n d  p 3 / q3 :  Di stri b uti o n  c o effi ci e nt s  f or  
A cti v e/ R e a cti v e p o w er, wit h ( p 1 / q1 ) +( p2 / q2 ) +( p3 / q3 ) = 1 

•  n P 1 / nQ 1 ,  nP 2 / nQ 2  a n d  n P 3 / nQ 3 :  e x p o n e nt s  f or  
A cti v e/ R e a cti v e p o w er, w h er e n P 1 / nP 2 / nP 3 / a n d nQ 1 / nQ 2 / nQ 3  
ar e r e al n u m b er s. 

Us u all y, e x p o n e nt s f or ( 1)-( 2) ar e s et t o: 
•  n P 1 / nQ 1  = 0 t o r e pr e s e nt c o n st a nt p o w er l o a d s. 

•  n P 2 / nQ 2  = 1 t o r e pr e s e nt c o n st a nt c urr e nt l o a d s. 

•  n P 3 / nQ 3  = 2 t o r e pr e s e nt c o n st a nt i m p e d a n c e l o a d s. 
F or  s m all  v olt a g e  v ari ati o ns,  P ol y n o mi al  L o a d  M o d el,   

( 1)-( 2),  c o ul d  b e  r e pl a c e d  b y  E x p o n e nti al  L o a d  M o d el  
d es cri b e d b y t h e f oll o wi n g e q u ati o ns: 
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W h er e:  
•  P 0 / Q0 :  N o mi n al  A cti v e/ R e a cti v e  p o w er  at  n o mi n al  

v olt a g e U 0 .  

•  n P / nQ : A cti v e/ R e a cti v e p o w er e x p o n e nt s, w h er e nP / nQ  ar e 
r e al n u m b er s. 

I I I.  T E S T S A N D S I M U L A TI O N S 

A.  T e st s 
T est s w er e c arri e d o ut at s e v er al l o a d f e e di n gs i n t h e SI P 

o v er diff er e nt l o a d t y p es: I n d ustri al, R esi d e nti al, of P etr ol e u m 
E xtr a cti o n Fi el ds a n d s e v er al c o m bi n ati o ns of t h e m.  

T est s  w er e  c o n d u ct e d  b y  a p pl yi n g  st e ps  t o  f e e di n g  l o a d  
v olt a g e.  V olt a g e  st e ps  w er e  g e n er at e d  b y  m e a ns  of  
tr a nsf or m er t a p c h a n g es.  

F or f e e di n g p oi nt s wit h t w o p ar all el tr a nsf or m er s, o n e-t a p 
c h a n g es f or e a c h tr a nsf or m er w er e a p pli e d s e q u e nti all y. 

R e c or d s  of  A cti v e  p o w er  ( P),  R e a cti v e  p o w er  ( Q),  
Fr e q u e n c y  D e vi ati o n  ( d F)  a n d  F e e di n g  V olt a g e  ( U)  w er e  
t a k e n d uri n g t est s. 

B.  Si m ul ati o ns 
T est  r e c or ds  w er e  us e d  t o  si m ul at e  l o a d  b e h a vi or  wit h  

Si m uli n k- M at L a b,  usi n g  t h e  m o d el  s h o w n  i n  Fi g.  1 ,  w h er e  
gr a y bl o c ks ar e t est r e c or ds. T h e m o d el us e d f or si m ul ati o ns 
h as l o a d r e pr es e nt ati o n gi v e n b y ( 3)-( 4). P/ Q w er e si m ul at e d 
wit h t h e bl o c ks “ P/ Q M o d el ” r es p e cti v el y. O ut p ut s P s/ Qs ar e 
t h e si m ul at e d A cti v e/ R e a cti v e p o w er r es p e cti v el y. 

J. L. A g ü er o I E E E S e ni o r M e m b er ( *), M. B. B ar bi eri I E E E S e ni o r M e m b er ( *) a n d M. C. B er o q ui ( *) 

Volt a g e D e p e n di n g L o a d M o d els. 
Vali d ati o n b y Volt a g e St e p Tests 
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Fig. 1.  Load Model for simulation.  

Measured and simulated Active and Reactive powers are 
inputs of the blocks: P and Q Quadratic Error. These blocks 
calculate Quadratic Errors between measured and simulated 
quantities. Quadratic Errors, Ep and Eq for P and Q 
respectively, are given by: 
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Calculating Ep and Eq is the selected way to verify Ps and 
Qs congruencies with Pm and Qm. Simulations results were 
taken as valid when Ep ≤ 5% and Eq ≤ 5%. Also, P and Q 
Quadratic Error blocks of Fig. 1 smoothed measured and 
simulated P and Q, by passing these quantities through a first 
order filter of 5 seconds of time constant to obtain the 
following variables: Filtered Active power, measured and 
simulated (Pm_f and Ps_f respectively) and Filtered Reactive 
power, measured and simulated (Qm_f and Qs_f respectively). 
Then, small load variations due to intrinsic load 
characteristics that are not depending on feeding voltage 
variations were filtered. 

C.  Results 
Table I summarizes results of tests and simulations carried 

out for a representative subset of typical loads tested. 
Table I. Test and Simulation results. 

Type Power 
Factor 

P0 
(MW) 

nP EP 
(%) 

Q0 
(MVA

r) 

nQ EQ 
(%) 

Fig. 

P1 0.936 7.04 0.4 4.3 2.64 3.6 2.8 2 

P2 0.966 3.68 0.0 5.0 0.98 3.4 3.1 3 

R 0.915 2.95 1.1 0.9 1.30 4.5 1.7 4 

I 0.891 3.816 0.1 1.5 1.94 2.0 0.8 5 
P1=0.6/R=0.4 0.964 11.28 0.8 1.2 3.12 6.0 0.9 6 
P1=0.9/R=0.1 0.997 25.36 0.4 1.7 2.10 15 4.7 7 

P1=0.9/R=0.1 0.874 25.36 0.4 1.7 14.10 4.0 0.8 8 

Where load Type is:  
• P1: of Petroleum Extraction Fields using Rod Pumps. 
• P2: of Petroleum Extraction Fields using Submersible 

Electrical Pumps.  
• R: Residential 
• I: Industrial (Petrochemical). 
Fig. 2 to Fig. 11 show records of some made tests and 

their simulations. Variables in gray and black traces were 
obtained from test records and from simulations respectively. 

Fig. 2.a to Fig. 2.c show test records and simulations for a 
test made at 132/33/13.2 kV feeding transformer of a “P1” 
load type. P and Q were recorded at 132 kV side, meanwhile 
U was recorded at 132 kV and 33 kV. Simulation was made 
by taking into account Q absorbed by transformer (QT) by 
means of: 

[ ]VAr
S

U
X

U

QP
Q

n

mI
T

mI

mm
T

2

2

22

**
+=  (7) 

Where:  
• Pm/Qm [W/VAr]: Recorded Active/Reactive power at 132 kV  
• UIm[V]: Recorded Voltage at 132 kV  
• XT [pu]: Transformer longitudinal reactance between 132 kV 

and 33 kV 
• Sn [VA]: Nominal transformer VA at 132 kV side 

For this test, simulation yields EP ≤ 4.3 % and EQ ≤ 2.8 % 
for nP = 0.4 and nQ = 3.6, at 33 kV transformer side.  

Fig. 3.a to Fig. 3.c show test records and simulations for a 
test made at 132/33/13.2 kV feeding transformer of a “P2” 
load type. P, Q, U and dF were recorded at 33 kV. Simulation 
shown in Fig. 3.b was made with nP = 0.05. It can be seen 
that P does not have dependence on U. For this test, 
simulation yields EP ≤ 5.0 % and EQ ≤ 3.1 % for nP = 0.0 and 
nQ = 3.4.  

Fig. 4.a to Fig. 4.c show test records and simulations for a 
test made at 132/33/13.2 kV feeding transformer of “R” load 
type. P, Q, U and dF were recorded at 13.2 kV. For this test, 
simulation yields EP ≤ 0.9 % and EQ ≤ 1.7 % for nP = 1.1 and 
nQ = 4.5.  

Fig. 5.a to Fig. 5.e show test records and simulations for a 
test made at 132/33 kV feeding transformer of an “I” 
(Petrochemical) load type. P, Q, U and dF were recorded at 33 
kV.  

Fig. 5.a and Fig. 5.b show P, Q, U and dF complete test 
records. This industrial plant has a cyclic working time as it 
can be seen in Fig. 5.b.  

Simulation was made during a stable part of working time, 
without sudden P variation.  

Fig. 5.c and Fig. 5.e show P, Q, U and dF partial test 
records and corresponding simulations. For this test part, 
simulation yields EP ≤ 1.5 % and EQ ≤ 0.8 % for nP = 0.1 and 
nQ = 2.0.  

Fig. 6.a to Fig. 6.c show test records and simulations for a 
test made at 132/13.2 kV feeding autotransformer of a 
combination of 60 % “P1” and 40 % of “R” load types. P, Q, 
U and dF were recorded at 13.2 kV. For this test, simulation 
yields EP ≤ 1.2 % and EQ ≤ 0.9 % for nP = 0.8 and nQ = 6.0.  

Fig. 7.a to Fig. 7.c show test records and simulations for a 
test made at 132/35/10.4 kV feeding transformer of a 
combination of 90% of “P1” and 10 % of “R” load types. P, 
Q, U and dF were recorded at 35 kV. For this test, simulation 
yields Ep ≤ 1.7 % and Eq ≤ 4.7 % for nP = 0.4 and nQ = 15.  

Fig. 8. shows corrected test records and a new simulation 
for Q of the previous test, by discounting the shunt capacitor - 
of 3x4 MVAr at 35 kV bus - effects over Reactive power.  

Capacitor was simulated like a load given by (4) with  
nQ = 2. For this Q corrected test, simulation yields EQ ≤ 0.8 % 
for nQ = 4.0.  

Authorized licensed use limited to: MINCYT. Downloaded on November 03,2020 at 19:33:33 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 2.a.  P1 load. Measured feeding Voltage (Um, upper gray trace, right scale) 

and measured Frequency deviation (dFm, lower gray trace, left scale). 

 
Fig. 2.b.  P1 load. Measured/Simulated Active power without filtering (Pm/Ps, 

upper gray/black traces, left scale) and with filtering (Pm_f/Ps_f, lower gray/black 
traces, right scale). 

 
Fig. 2.c.  P1. Measured/Simulated Reactive power without filtering (Qm/Qs, 

upper gray/black traces, left scale) and with filtering (Qm_f/Qs_f, lower gray/black 
traces, right scale). 

 
Fig. 3.a.  P2 load. Measured feeding Voltage (Um, upper gray trace, right scale) 

and measured Frequency deviation (dFm, lower gray trace, left scale). 

 
Fig. 3.b.  P2 load. Measured/Simulated Active power without filtering (Pm/Ps, 

upper gray/black traces, left scale) and with filtering (Pm_f/Ps_f, lower gray/black 
traces, right scale). 

 
Fig. 3.c.  P2 load. Measured/Simulated Reactive power without filtering (Qm/Qs, 
upper gray/black traces, left scale) and with filtering (Qm_f/Qs_f, lower gray/black 

traces, right scale). 

 
Fig. 4.a.  R load. Measured feeding Voltage (Um, upper gray trace, right scale) 

and measured Frequency deviation (dFm, lower gray trace, left scale). 

 
Fig. 4.b.  R load. Measured/Simulated Active power without filtering (Pm/Ps, 

upper gray/black traces, left scale) and with filtering (Pm_f/Ps_f, lower gray/black 
traces, right scale). 

Authorized licensed use limited to: MINCYT. Downloaded on November 03,2020 at 19:33:33 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 4.c.  R load. Measured/Simulated Reactive power without filtering (Qm/Qs, 
upper gray/black traces, left scale) and with filtering (Qm_f/Qs_f, lower gray/black 

traces, right scale). 

 
Fig. 5.a.  I load. Measured feeding Voltage (Um, upper gray trace, right scale) 

and measured Frequency deviation (dFm, lower gray trace, left scale). Complete 
test records. 

 
Fig. 5.b.  I load type. Measured Active power without filtering (Pm, upper gray 

trace, left scale) and Measured Reactive power without filtering (Qm, lower gray 
trace, right scale). Complete test records. 

 
Fig. 5.c.  I load. Measured feeding Voltage (Um, upper gray trace, right scale) 

and measured Frequency deviation (dFm, lower gray trace, left scale). Partial test 
records. 

 
Fig. 5.d.  I load. Measured/Simulated Active power without filtering (Pm/Ps, 

upper gray/black traces, left scale) and with filtering (Pm_f/Ps_f, lower gray/black 
traces, right scale). Partial test records. 

 
Fig. 5.e.  I load. Measured/Simulated Reactive power without filtering (Qm/Qs, 

upper gray/black traces, left scale) and with filtering (Qm_f/Qs_f, lower gray/black 
traces, right scale). Partial test records. 

 
Fig. 6.a.  P1 = 60 % and R = 40 % load. Measured feeding Voltage (Um, upper 

gray trace, right scale) and measured Frequency deviation (dFm, lower gray 
trace, left scale). 

 
Fig. 6.b.  P1 = 60 % and R = 40 % load. Measured/Simulated Active power 
without filtering (Pm/Ps, upper gray/black traces, left scale) and with filtering 

(Pm_f/Ps_f, lower gray/black traces, right scale). 

Authorized licensed use limited to: MINCYT. Downloaded on November 03,2020 at 19:33:33 UTC from IEEE Xplore.  Restrictions apply. 
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Fig. 6.c.  P1 = 60 % and R = 40 % load. Measured/Simulated Reactive power 
without filtering (Qm/Qs, upper gray/black traces, left scale) and with filtering 

(Qm_f/Qs_f, lower gray/black traces, right scale). 

 
Fig. 7.a.  P1 = 90 % and R = 10 % load. Measured feeding Voltage (Um, upper 

gray trace, right scale) and measured Frequency deviation (dFm, lower gray 
trace, left scale). 

 
Fig. 7.b.  P1 = 90 % and R = 10 % load. Measured/Simulated Active power 
without filtering (Pm/Ps, upper gray/black traces, left scale) and with filtering 

(Pm_f/Ps_f, lower gray/black traces, right scale). 

 
Fig. 7.c.  P1 = 90 % and R = 10 % load. Measured/Simulated Reactive power 
without filtering (Qm/Qs, upper gray/black traces, left scale) and with filtering 

(Qm_f/Qs_f, lower gray/black traces, right scale). 

 
Fig. 8.  P1 = 90 % and R = 10 % load, discounting 3x4 MVAr shunt capacitor 
effects. Measured/Simulated Reactive power without filtering (Qm/Qs, upper 
gray/black traces, left scale) and with filtering (Qm_f/Qs_f, lower gray/black 

traces, right scale). 

D.  Analysis 
From all tests and simulations carried out, the following 

mean values for nP were obtained on each load type: 
• “P1”: nP ≈ 0.4 
• “P2”: nP ≈ 0.0 
• “R”: nP ≈ 1.1 
• “I”: nP ≈ 0.1 
On the other hand, nQ factor strongly depends on load 

power factor compensation.  
For the same load type, the higher power factor, the higher 

nQ factor was obtained from tests. 
Last example shown in Fig. 8 yields an nQ = 4.0 for power 

factor = 0.874, meanwhile an nQ = 15 was obtained for power 
factor = 0.997 in the same example shown in Fig. 7. 

In Argentina, it is a common practice to represent load 
Active power using (1) with the following parameters: 

• p1 = 0, p2 = 0.8 and p3 = 0.2  
• nP1 = 0, nP2 = 1 and nP3 = 2 
It means that Active power is represented by 80 % of 

Constant Current and by 20 % of Constant Impedance.  
By using (3), this load combination yields an equivalent  

nP = 1.2 for small voltage variation.  
This nP factor value is similar to those obtained from tests 

for “R” type loads and it only represents loads of this kind. 
Instead, in order to represent “P1”, “P2” or “I” type loads, 

an nP factor close to 0 must be used.  
These load types normally have associated electronic 

control devices and have quasi-constant Active power.  
In the same way, it is a common practice to represent load 

Reactive power using (2) with the following parameters: 
• q1 = 0, q2 = 0.5 and q3 = 0.5 
• nQ1 = 0, nQ2 = 1 and nQ3 = 2 
It means that Reactive power is represented by 50 % of 

Constant Current and by 50 % of Constant Impedance.  
By using (4), this load combination yields an equivalent  

nQ = 1.5 for small voltage variation. 
This low value used for nQ supposes a very low power 

factor taking into account the nQ values obtained from tests 
and displayed in Table I. 

Then, the nQ factor used to represent load Reactive power 
must be correlated with the load power factor. The higher 
power factor, the higher nQ must be set. 

Authorized licensed use limited to: MINCYT. Downloaded on November 03,2020 at 19:33:33 UTC from IEEE Xplore.  Restrictions apply. 
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IV.  CONCLUSIONS 
Models described in the technical literature and used to 

represent static loads were briefly presented.  
Also, results of several tests made at feeding load 

transformers were reported and analyzed. 
A procedure for model parameter validation was presented. 

This procedure uses the classical quadratic error technique. 
Parameters for different load types were obtained by test 

simulation with the proposed model.  
The following conclusions can be pointed out from test 

records and simulation presented: 
• The used model reproduces test records in a good 

agreement for all load types tested. 
• Active power exponents (nP) obtained from tests for all 

load types are in agreement with those reported in 
technical papers. 

• Reactive power exponents (nQ) obtained from tests for all 
load types strongly depend on load power factor 
compensation. 

In short, the static model described in the technical 
literature was validated by tests made at several feeding load 
transformers and for different load types. 

The model and its corresponding parameters for each load 
type obtained from test simulations were incorporated to the 
Data Base for dynamic studies and were used to conduct 
modal analyses. 
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