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Abstract — The P-V Curve, Q-V Curve, or P-Q-V Curve have been
widely used to analyze power system behaviors under varying loading
conditions. These curves have been generated under the condition that
the constant P-Q load component of a bus (or a collection of buses) var-
ies, with the constant current load and constant impedance load being
kept indeed “constant”. As such, the physical meaning of these curves
can be easily explained. Motivated by the facts that load models have
profound impacts on power system behaviors and that the nonlinear
load model, ZIP-model, is popular in modeling nonlinear behaviors of
loads, this paper proposesa new class of curves, called ZIP-V curves, to
better trace power system steady-state stationary behavior due to load
and generation variations. The ZIP-V curves encompass the traditional
P-V, Q-V, P-Q-V curves (constant P-Q load), |-V curve (constant cur-
rent load), Z-V curve (constant impedance load), or generalized curves
such as IP-V (constant current and constant power load), ZP-V (con-
stant impedance and constant power load) or 1Z-V (constant current
and constant impedance load) curve when the values of corresponding
components are kept constant. A tool based on the Continuation Power
Flow (CPFLOW) method useful for generating the ZIP-V curves is
developed and its application to generate ZIP-V curves of a 4561-bus
inter connected power system isillustrated.

1. INTRODUCTION

The P-V Curve, Q-V Curve, or P-Q-V Curve have been
widely used to analyze power system behavior under varying
loading conditions. Voltage stability analysis and loadability
analysis are examples of the application of these curves in
power system analysis. These curves are obtained by Contin-
uation Power Flow (CPFLOW) [1] as the constant P-Q load
component of abus (or acollection of buses) varies, with the
constant current load and constant impedance load being
kept indeed “constant”. As such, the physical meaning of
these curves can be easily explained and these curves serve
their purpose well - on the conservative side in predicting
several system limits such as voltage stability limit or load-
ability limit.

Load models are known to have profound impacts on
power system behaviors. It is well-recognized that the con-
stant P-Q load model gives unsatisfactory results for power
system voltage stability analysis. The nonlinear load model,
ZIP-model which is a combination of constant current, con-
stant power and constant impedance, is popular in modeling
the nonlinear behaviors of loads. The purpose of this paper is
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not to evaluate the assumption of fixing the values of con-
stant current loads and constant impedance loads in generat-
ing the P-V Curve, Q-V Curve, or P-Q-V curves; instead its
purpose is to show that the assumption can be relaxed and a
new class of curves, called ZIP-V curves can be generated.
ZIP-V curves represent power system quasi-steady-state
behaviors as all the values of constant Z, I, P-Q (ZIP) vary
and their variations are uniform. The ZIP-V curve can
become an I-V, Z-V, IP-V, ZP-V or 1Z-V curve when the
values of the corresponding component are kept constant. A
new set of parameterized power flow equations is proposed
in the paper. A tool based on the CPFLOW method is devel-
oped and its application to generate ZIP-V curves for a4561-
bus interconnected power system isillustrated.

2. CPFLOW METHOD

The CPLFOW method is used in this paper to obtain a
class of ZIP-V curves. We next briefly discuss the funda-
mental idea of the CPFLOW method.

Let P,o Py —Py and Q° Q,-Qy - The lowercase g rep-
resents generation and the lowercase d represents load
demand. The set of power flow equations can be represented
in compact form as

f(x) © |:P(X) - P:| = 0, wherex = (V,q) (1)
Q¥ -Q

Now one can investigate the steady-state behavior of the
power system under slow variation of both loading condi-
tions and real power redispatches. For example, if one needs
to trace the power system state from the base-case load-gen-
eration condition [P’ Q,"P,"] to a new load-generation
condition [P, Q,", P,'], then one can parameterize the set of
power flow equations as such

Fixl)° f(x)=1b = 0 @)

where the load-generation vector b is

1 0
1 0
Q" -Q
It follows that the parameterized power flow equations
become the base-case power flow equationswhen | = 0,
0
F(x0) = [P(X)—P] =0 @)
Q) -Q”
and when | = 1, the power system is at the new load-gen-

eration condition [P,", Q ", P,] and can be described by
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F(x,1) = f(x)=b = {P(X)—Pl] =0 ()
Q) -Q"

As shown in the above procedure, one can investigate the
effects of varying real power generations as well as varying
load demands on power system steady-state behaviors by
analyzing the set of parameterized power flow equations (2).
In fact, one can parameterize any change in PQ loads in con-
junction with any change in P generations by selecting an
appropriate vector b. One can thus compute the desired P-V,
Q-V, P-Q-V curves based on equation (2) by varying the
parameter |1 . However this approach fails when the set of
parameterized power flow equations approaches its bifurca-
tion point (nose point) due to the numerical ill-condition of
equation (2). Special indirect methods have been constructed
to overcome this difficulty[1][2][3][4], such as continuation
methods. CPLFOW is one of them and overcomes this
numerical difficulty asfollows:

1.Treat the | asanother state variable

ne1 = | (6)

2.Introduce a new parameter s, the mathematical meaning of s is
the arclength on the solution curve, which is defined as follows:

n+1
& (x-%(9)° = (Ds)’ )

j=1

It can be shown that the new set of equations (2) and (7)
is numerically well-conditioned, even at the ‘nose’ point.
CPFLOW solves these augmented power flow equations to
obtain a solution curve passing through the ‘nose’ point
without encountering the numerical difficulty of ill-condi-
tioning.

The implementation of CPFLOW is shown in Figure 1.
The major loop of CPFLOW consists of two parts: a predic-
tor and a corrector. The predictor finds an approximation
point for the next solution on the solution curve and the cor-
rector computes the exact solution based on the combined
equation set (2) and (7).

3. ZIP LOAD VARIATION

Traditionally, when one applies CPFLOW to compute
P-V curves, only the constant PQ portion of a load varies,
while the constant current portion and constant impedance
portion are kept indeed “constant”. As such, the physical
meaning of these curves can be easily explained but the load
model may not be accurate. Load models are known to have
significant impacts on simulating power system behaviors.
In order to accurately characterize the voltage behavior of a
power system, it is necessary to use accurate load modelsin
the computation of P-V, Q-V curves. For a power system of
n buses, the equation (2) of i-th bus can be expressed as fol-
lows:

compute the base-case power flow

Y

Parameterize the load and generation variation

=

| Predicator |

Y

| Corrector |

No

The whole P-V curve
obtained?

Yes

Figure1l Anoverview of CPFLOW
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where Py;,Q, are the base-case real and reactive power
injection at the busi respectively, v; : is voltage magnitude at
busi. G;;, B;; arethereal part and imaginary part of the net-
work admittance between bus i and bus j respectively. d;; is
the angle difference between busi and busj. DP; isthe pro-
posed real generation variation at busi and. DQy; is the pro-
posed reactive generation variation at bus i. DP;, NQ,; are
the proposed real and reactive load variations at bus i
Without losing generality, equation (8) can be rewritten
in the following form:
ifp(d, v) +1 DGp—I DLp =0

i fy(dv)-1DL =0 ©)
where fo(d, v), o (d, v)T R" are the set of base-case power
flow equations. DG, T R" isa proposed real generation vari-
ation. DL, DLqi an are the proposed real and reactive load
variations respectively.

Assuming that the load variation can be expressed as a
composition of ZIP (constant impedance, constant current
and constant PQ) format and this composition keeps con-
stant, DL can be expressed as follows:

i 2

iDL, = a +ta, V+a

: p 1pV2 2pY * d3p (10)
1DLy = ayqV" + ayqv + agq

where: ay;, a5, a3, 81 g A3 R" " are diagonal coeffi-
cient matrices and respectively represent the constant imped-
ance, constant current and constant PQ portion of the load
variation and vi R" isthe voltage magnitude vector.



Substituting (10) into (9), we have the following new
set of parameterized power flow equations with ZIP varia-
tions
I q 2 _
}fp(d, i NGp—l (alpv +agv+ asp)— 0 (11)
I fy(d v @V +ayV+ay,) = 0

If only the constant PQ load component varies, then the
coefficient matrices a, ,, a,, and a,, a,, become zero matri-
ces and the new set of parameterized power flow equations
(12) is reduced to the traditional set of parameterized power
flow equations (2).

4. CPFLOW WITH ZIP LOAD VARIATION

Combining equation (11) and (7), one gets the following
augmented (parameterized) power flow equations:

if(d,v) +1 DG -1 (a,v° +a,v+az)= 0
P s (12)
I a (x—x(s))” = (Ds)

i=1

where: a, = |17, a, = |%2¢| and a, = |23,
a a as

f(d,v) = {fp(d' ")} ,G = {Gﬂ
f,(d, v) 0
Solving equations (12) give rise to the desired ZIP-V
curves. Next we will show how to modify the origina
CPFLOW method described in [1] to solve the new set of
parameterized power flow equations (12).

Predictor

The predictor in CPFLOW is used to find the approxi-
mation of the next point in the solution curves. CPFLOW
used two predictor approaches: secant and tangent. The
secant method, extrapolating the next solution point based
on the previous two solution points in the solution curve is
not affected by the load model used in the computation. The
tangent method, using the tangent at the current point to pre-
dict the next solution point, is affected by the load model
used.

We define the power flow state variable vector X asfol-
lows:

vy, v BN (13

v Vi

X = [dy, 74, d

n

Differentiating (13) with respect to the arclength s, we have:

dX _ [Tl ya o Vg 3, ﬂ} (14)
ds ds’ ’'ds’ds’ ’'ds’ds
where the arclength sis defined as follows:
DX - 4DXA' = (Ds)? (15)

Differentiating both side of the equation (12), it follows:

dX _
D-Gs =0 (16)
_ [qf
D [ﬂ_d B C} a7

f 2
where B = “_V-(2a1v+a2)| C = DG-(a,V’ +a,V +a3)

ﬂ_f:{ﬂ_f%ﬂ_f} andﬂ_fz[ﬂ_f%ﬂ_f}

.vi R" " isadiago-
vy, Ty, fd |1d,  1d, o
nal matrix of voltage magnitude at each bus.

The following equation is required to ensure that the
scalar sisthe arclength on the solution curve

5] -+ as

The tangent vector along the solution curve ‘;l; is obtained by
solving the set of equation (16), (17) and (18).
The predicted vector at the next solution point X, ; by the

tangent method becomes:
dX,
Xivg = Xi’“hd—_,:‘I (19

where histhe step size of arclength s.

Corrector

The corrector solves the augmented equations (12) with
the predicted point, say (19) asthe initial guess. In principle,
any effective numerical procedure for solving a set of non-
linear algebraic equations can be used for a corrector. In
CPFLOW, we used the Newton-Raphson method in which
the system Jacobian matrix plays an important role.

In order to accommodate the ZIP load model in the load
variation, we must derive the Jacobian matrix considering
ZIP load variation which can be expressed as follows:

J= H (20)
E

D isgivenin (17) and

E = 2(X=X(s))" (21)
where X;is the i-th solution in the solution curve. Note that
the required modifications only appear on the diagonal ele-
ments and the arclength s related elements.

5. NUMERICAL STUDY

We have implemented the ZIP load variation model in
the CPFLOW and applied the modified CPFLOW to a real
system to generate a family of ZIP-V curves for different
load variations and different load compositions.

Networ k Components

Buses: 4561, swing bus. 1, Generator: 1225, Loads:
2754, fixed shunts:916, switchable shunts: 186, Lines: 7512,
Fixed transformer: 755, Fixed phase shifter:2 ULTC Trans-
former: 294, ULTC phase shifter: 13, Areas:22.




Simulation Results

Due to space limitation, only one numerical simulation
is presented. The real power demands at two load buses in
area 63 increases 2000 MW, which is supported by the
swing bus. The reactive load demands increases proportion-
ally in order to maintain constant power factors. We assume
that the load increase is uniformly between these two loads
based on their base-case load demands and nominal voltage
level (say 1.0). For example, if the base-case load demands
for the two buses 37886, 38280 are 10MW and 20MW
respectively, a uniform load increase of atotal 30 MW adds
another 10 MW (at voltage 1.0) to bus 37886 and another 20
MW (voltage 1.0) to bus 38280.

We investigate four different load compositions in the
proposed load variation: (1) constant P-Q load; (II) constant
current load, (I11) constant impedance load and (1V) 20%
constant impedance load, 20% constant current load and
60% constant P-Q load. Bus 38280 at 138kv, one of the two
load buses that are subject to load variations, is monitored.
The generated P-V, 1-V, Z-V, and ZIP-V curves for the four
different load compositions are shown in Figure 2, Figure 3,
Figure 4, and Figure 5, respectively.
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Figure2 P-V curve at bus 38280 for load composition (i)
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Figure5 ZIV-V curve at bus 38280 for load composition (iv)

The load margins limited by the nose points for each
load composition arelisted in Tablel.

Tablel Load margin to the nose point for different load models.
L oad Model | 1 11 \Y
Load Margin 2405 2516 2566 2472
Load margin
increase against the | 0% 4.62% | 6.7% | 2.79%
constant P-Q load

Among the four different load compositions, the con-
stant P-Q load model has the minimal amount of load mar-
gin, which is 2405MW, and the constant impedance load
model carries the maximal amount of load margin, which is
2566MW and 6.7% more than that of the constant P-Q load.
The constant current loads can carry more load than the con-
stant P-Q load and the constant impedance loads is able to
carry most load among the four studied load models, which
has been observed in our extensive numerical studies.

This numerical results reconfirm the traditional assump-
tion that the constant P-Q load model servesits purpose well
- on the conservative side in predicting several system limits
such as voltage stability limit or loadability limit. However
the numerical study has demonstrated the significant impact
of load model on the load margin of a power system. If one
can relax this assumption and take a more accurate load
model into consideration, one is able to take an aggressive
step to bear more load and achieve more financial benefit. In
above example, the constant impedance |oads can bear about
6% more load than that of the constant PQ loads.

6. CONCLUSION

In this paper, we have developed atool to generate ZIP-
V curves for tracing power system steady state stationary
behavior due to both real generation and load variations. We
have developed a new set of parameterized power flow equa-
tions with ZIP load variations. We have implemented this
new function in CPFLOW. The numerical study on a 4561-
bus real power system shows that (i) the traditional assump-
tion that only constant P-Q load varies makes the predicted
results always on the conservative side; (ii) the above
assumption can be relaxed and a new class of curves, called
ZIP-V curves, can be generated; and (iii) the load margin
based on the ZIP-V curveis generally greater than that based
on the traditional P-V curve.
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