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ABSTRACT

This paper presents an extended method of
Newton-Raphson power flow algorithm to incorpo-
rate nonlinear model of induction motor loads. The
proposed method is used for finding correct power
system operating conditions, which can be employed
for solving the problem of initializing the dynamic
models of induction motor for stability studies. The
power flow solution with a group of induction mo-
tor loads is demonstrated through 14buses indus-
trial power system. Moreover, the computational ef-
ficiency of the extended algorithm has been investi-
gated using IEEE-30buses network. The results show
that this algorithm gives an exact solution of mo-
tor’s active and reactive powers that are related with
converged slips, terminal voltages, and mechanical
torque profiles. Furthermore, the extended algorithm
shows a good convergent characteristic in quadratic
manner.

Keywords: Power Flow Analysis, Induction Motor
Load

1. INTRODUCTION

The problem of power system voltage and tran-
sient stabilities due to dynamic behavior of induction
motor loads has been a major area of attractions for
planner and operation engineers all over the world
[1-2]. The research studies show that the induction
motor loads play an important role on the power sys-
tem stabilities when the systems are heavily stressed.
For dynamic studies and stability assessment, ini-
tializing the power system with the motor loads us-
ing the converged power flow solution is required as
starting point [3-4]. Generally, the current industry
practice is to obtain power flow solution with induc-
tion motors represented by normal PQ load (constant
power type). The initial active and reactive powers
of induction motors are scheduled. After the power
flow solution successfully converges, the initial ac-
tive power and the converged voltage are employed to
compute the actual values of motor’s reactive power.
At this point, the differences between the actual and
the scheduled reactive powers are compensated by a
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fictitious admittance that is added into the load bus
admittance matrix [4-5]. For example, if the actual
reactive power of the motor is greater than the reac-
tive power initially scheduled, the value of compen-
sating capacitor is automatically calculated. Then,
this capacitor will be placed at the motor terminal
bus. This initializing method may not provide the
exact value of the motor reactive power consumption
and may not yield a meaningful analysis in dynamic
studies and stability assessments [6-7].

The IEEE Task Force on Load Representation of
Dynamic Performance [4] pointed out the need for
further development of accurate procedure to account
for the differences that are found between the actual
and initial scheduled reactive powers of motors. One
solution [6] that has been put forward to solve the
problem is to incorporate a steady-state model of in-
duction motor in the initial power flow study in order
to find the correct initial bus voltage in relation to
the motor’s actual reactive power. In this work, the
Newton-Raphson algorithm has been used by taking
into account the actual behavior of induction motors
subject to a constant mechanical toque profile (mo-
tor’s active power is assumed to remain unchanged
with variation in the terminal voltage). Hence, in this
method, the power flow solution is only limited with
constant torque profile. In recent publication [7], a
technique has been put forward to obtain the correct
motor’s reactive power in the PSS/E software pack-
age, which may also find application in other soft-
ware packages that treat the induction motor as a
PQ load. However, the method resorts to trial-and-
error adjustments in the motor’s reactive power and
repetitive power flow calculations until a zero mis-
match exists between the actual and initial reactive
powers.

Hence, in this paper, the Newton-Raphon power
flow algorithm has been further extended to incor-
porate the non-linear characteristics of the induc-
tion motor load. A variety of motor’s mechanical
torque profiles is accounted through the extended al-
gorithm. The algorithm incorporates motor’s slips,
air-gap powers, and transient induced voltages that
are automatically adjusted and updated during power
flow iteration process. Moreover, the numerical re-
sult of 14buses industrial power system with a group
of induction motors is demonstrated. The impacts
of induction motor loads on the convergence char-
acteristics of the extended power flow algorithm are
investigated through the industrial power system and



Newton-Raphson Power-Flow Analysis Including Induction Motor Loads 75

IEEE-30buses test network.

2. INDUCTION MOTOR MODEL FOR
POWER FLOW STUDY

The differential equation, describing motor nonlin-
ear characteristic, can be given by [§],

equl
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Rearranging the motor’s input current I, in term of
steady-state condition by setting dE!, /dt = 0 gives,

((Xlr + )(m)/)(m)2
R, /s

7 Xl?" + Xm -
According to (2) and (8), the motor’s equivalent cir-
cuit can be drawn as shown in Fig. 1. It consists of in-
ternal bus (E’,’n ), which represents transient induced
voltage due to the motor current I,,. The motor’s
output is per-unit air-gap power P,q4. It is noted that
the per-unit air-gap power is equal to the per-unit
shaft torque since the synchronous speed is chosen as
base quantity. In this paper, this equivalent circuit is
used for the power flow calculation.

Fig.1:

Induction motor equivalent circuit

3. NEWTON-RAPHSON ALGORITHM
WITH INDUCTION MOTORS

This section demonstrates an extension of Newton-
Raphson power flow algorithm to incorporate induc-
tion motors. Because motor’s variables, such as the

transient induced voltage (E,), phase angle (6!)),
slip (s) are added, the nonlinear set [9] of function
f(x)can be written by,

f(x) = -J(x)Ax (9)
where,
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The function f(x) in (9) gives the differences be-
tween the scheduled and the calculated quantities,
known as mismatch. The superscripts sche and cal
indicate scheduled and calculated, respectively. The
subscripts 1-n and 1-m denote the total number of
network buses and motor internal buses, respectively.
The Newton-Raphson power flow algorithm can be
modified as follows,

1. Incorporating motor’s impedance enclosed by
the dashed line in Fig. 1 into the network
admittance matrix.

2. Psche(x) is scheduled air-gap power (injected

quantity) can be calculated by

(Xir + Xn) / Xm)?

Psche — _ E12 13
mot ( ) Rr/S m ( )
The scheduled reactive power Q3¢ (x) of motor

is zero since the element jX?2 /(X;r + Xp) in
Fig.1 is already integrated into the admittance

matrix.
3. Tehe(x) and TS (x) are scheduled electrical

torque and calculated mechanical torque of
motors, which are given by,

VB R cos(0,, — 0.,)+
T (=g x|\ X5l ~0,) ) ¢ (14)
RZ + X' R.E! [V
T, (x) = =T (A(1 — $)° + B(1 — 5)+ C) (15)

The jacobain matrix J(x) consists of conventional
jacobian matrix Jeen(x) and motor-related jacobian
matrix Jmet (x), which can be derived by differentiat-
ing the mismatches AP,,, AQ,, and AT,, in (10).
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4. POWER FLOW TEST CASE Table 1: Power Flow Solution of 1/buses Power

In this section, the power flow solution obtained System
from the extended algorithm is demonstrated using Bos T Vot angle 5 9 <D
14buses industrial power system as illustrated in Fig. No. pu. deg. MW | MVAR %

. . : 1| 1.0000 0 6.6764 | 0.2107 B
2. The system parameters are given in Appendix A. T 09970 31403 50 16335 .
The study system counsists of slack bus (bus 1), PV 3 | 0.9777 | -3.3395 | 0.0 0.4 -
bus (bus 2) and PQ bus (bus 3-14). The PQ buses are 4 ] 09990 | -0.1117 2.0 0.0 -

. o . 5 | 0.9965 | -2.1509 0.0 i5 -
mainly connected with induction motor loads, whose 6 109962 | -2.1556 0.0 0.0 .
parameters are also given in Appendix B. 7 [ 0.9764 | -4.3578 0.0 0.0 -

8 | 0.9963 | -2.1555 0.0 0.0 B
9 | 0.9767 | -4.3222 0.0 0.0 B
@ 10 | 0.9964 | -2.1522 0.0 0.0 B
11 | 0.9863 | -3.0774 0.0 0.0 B
- 2 I 12 | 0.9963 | -2.1544 0.0 0.0 5
7 13 | 0.9750 | -4.3216 0.0 0.0 -
14 | 0.9718 | -4.3055 0.0 0.0 -
4 i 15 | 0.9223 | -13.327 | 1.6785 0.0 0.79
; 16 | 0.9231 | -13.138 | 1.6524 0.0 0.78
! ) 17 | 0.9083 | -13.637 | 0.373 0.0 1.53
T s 18 | 0.9121 | -14.399 | 0.119 0.0 0.91
l a 19 | 0.9144 | -10.865 | 1.119 0.0 5.42
6 g 10 :L_ - From bus - To bus Motor’s input MVA
B | Se?? or P4+5Q
! & I Ay % 7-15(M;) 1.8155¢72° 77 or 1.697+;0.644
? 9 L i T o 9-16(Ma) 1.7876e72°-5% or 1.671+50.636
11-17(M3) 0.4148¢723-0% or 0.3824-50.162
@ @ 13-18(My) 1.2203e721%8 or 1.136+50.447
250417 22504F 100047 il s 14-19(Ms) 1.2561e7%%% or 1.135450.537
Fig.2: 14buses industrial power system

In the power flow calculation, the internal induced
voltage buses 15, 16, 17, 18, and 19 of induction mo-
tor loads in connection with buses 7, 9, 11, 13 and
14, respectively, are additionally created into the net-
work. At first step, the initial values of motor’s slips
are computed by solving the steady-state torque equi-
librium point using the rated voltage. The obtained
slips are then employed, using the equivalent circuit
in Fig. 1, to calculate the initial internal bus voltage
of all motors for starting power flow calculation. For
the rest of PQ buses, the normal flat voltage profiles
(1.0pu.) are applied. In this study, the mechanical
torque profiles of all motor loads are set as constant
torque (A = B =0 and C = 1) except those of motor
M, whose torque profile is proportional to the square
of speed (A =1 and B = C = 0). After the power
flow study successfully converges to a mismatch tol-
erance of 1.0E~10 in four iterations, the final solution
is summarized in Table 1.

Table 1 shows voltage, angle, active (P) and re-
active (Q) powers of all buses. The active and re-
active powers of the first two buses (buses 1-2) are
related to the generation but the rests are related to
the demand of PQ buses. The transient internal in-
duced voltage, phase angle, air-gap power, and slip
of all motor loads are located at the buses 15-19.
These quantities are automatically obtained after the
power flow calculation is successfully converged. It
is noted that active powers drawn from the motor’s
internal buses are known as air-gap powers. Since
the equivalent circuits of all motor loads are directly
embedded into the network admittance matrix, the

reactive power demands drawn through the internal
buses are zero, as seen from Table 1. The results
obtained from the extended algorithm demonstrate
the exact solution of the operating conditions of all
different size motor loads in the industrial power sys-
tem. The slips of all motors in the sixth column are
exactly matched with their converged input voltages
and air-gap powers since they are automatically ad-
justed during the power flow iteration. For exam-
ple, although the electrical distance or impedances
of feeder and transformer between bus 5 and mo-
tors M; and My are equal, their obtained operating
points, such as the internal bus voltages, slips, and
air-gap powers, are distinct with regard to the dif-
ferent mechanical torque profiles being set. It can
be seen that the motor M; with a constant torque
profile has higher air-gap power (1.6785MW) than
that (1.6524MW) of the motor My with a square-of-
speed torque profile. As expected, their input appar-
ent powers are not equal. According to Table 1, the
percent change of the motor’s input MVA between
M; and M; is founded by 1.5% due to the differ-
ence in their mechanical torque profiles. Moreover,
Table 1 shows that, the air-gap powers of the indi-
vidual large-size motor My (1500HP) and the aggre-
gated medium-size motor M; (15x100HP) are equal
because both of them have the same equivalent horse
power output and torque profile. However, the input
reactive power of the aggregated M5 (0.537TMVAR) is
higher than that of My (0.447MVAR) by 20.1% since
the motor M5 operates with higher value of slip.

From the presented results, it can be said that
the extended power flow algorithm gives the exact
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amount of both active and reactive powers required
by the individual induction motor loads. Thus, any
artificial admittance added into the network admit-
tance matrix is not necessary for adjusting the differ-
ences between the actual and scheduled powers, when
initializing the power system dynamic studies includ-
ing the induction motor loads.

To verify the computational accuracy of the power
flow results given by the extended power flow algo-
rithm, the converged solution of motor’s active and
reactive powers are used to re-calculate using the
conventional algorithm, starting from the flat volt-
age profile. As expected, the power flow solutions
obtained from both conventional and extended algo-
rithms agree with each other, confirming the numer-
ical accuracy of the computational results.

5. CONVERGENCE TEST

In this section, the computational performances
between the conventional and extended Newton-
Raphson algorithms are investigated and compared
through their convergence characteristics. After the
power flow solution is arrived using the extended algo-
rithm, the converged motor’s air-gap power together
with active and reactive powers of all PQ buses are
used as input quantities for recalculation, but in this
times, using the conventional power flow algorithm.
The absolute mismatches in (10) of 14buses industrial
power system are plotted in Fig. 3 as a function of
iteration numbers for the cases of the extended and
conventional algorithms. Fig. 3 illustrates that the
extended algorithm converges in quadratic manner as
the conventional algorithm does. A slight difference
in the mismatches is simply shown. Hence, the num-
ber of iteration is very close.

10 T T T T

S —— with extended algorithm
~ === with conventional algorithm

Mismatches
-

1 15 2 25 3
Iterations

Fig.3: Mismatches characteristic of 14buses system

Next, the effects of induction motor loads on the
convergence characteristic are further examined us-
ing the IEEE-30buses power network [10]. First, the
most critical load bus, having the biggest influence on

the power flow convergence, is identified using @ — V
sensitivity analysis in order to incorporate the motor
motors. It is found that bus 30 is one of the most
significant buses. Hence, the IEEE-30buses network
is modified to incorporate the industrial subsystem
(Fig. 2) into bus 30. The size of the network is now
increased from 30 up to 49 buses (including motor’s
internal buses). The amount of active and reactive
powers normally drawn by the constant power load
at bus 30 is reallocated for the industrial system in
such a way that the total amount remains the same
(10.6MW and 2MVAR). The absolute mismatches of
the unmodified and modified IEEE-30buses networks
are plotted as shown in Fig. 4.

—— Extended algorithm
=~= Conventional algorithm
=s=:= Conventional algorithm

Mismatcnes
-
4

3 o with
% 54 industrial
% %, subsystem
' "
\ \
3 5
without  *, AN
industrial 5 33
subsystem b
A,
.\' N,
10" L | I I N L AN
1 15 2 25 3 35 4 45 §
Iterations

Fig.4: Mismatches characteristic of unmodified and
modified IEEE-30buses networks

Firstly, let’s consider the case where the ITEEE-
30buses network is not yet modified to incorporate
the industrial subsystem. The mismatch (dashed-
dotted line) in Fig. 4 reveals that the power flow
calculation using the conventional Newton-Rapshon
algorithm converges in 3 iterations at the given
tolerance of 1.0E~!°. However, when the IEEE-
30buses network is modified to include the indus-
trial subsystem, the mismatches are all increased for
the cases where the power flow solution is directly
computed through the extended algorithm or re-
simulated through the conventional algorithm. How-
ever, the convergence characteristic of the extended
algorithm is satisfactory in quadratic manner. More-
over the mismatch of the extended algorithm is com-
paratively smaller than that of the conventional algo-
rithm. Hence, it can be concluded that the extended
algorithm does not only give correct active and reac-
tive powers of induction motor loads but also preserve
a convergent characteristic in quadratic manner.

6. CONCLUSION

The Newton-Raphson power flow algorithm has
been extended to incorporate the nonlinear model of
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the induction motors in this paper. The motor’s slip,
transient internal voltage, and a variety of torque pro-
files are embedded into the power flow jacobian ma-
trix. The numerical results have been demonstrated
using the 14buses industrial power system. The study
results show that the extended algorithm gives cor-
rect motor’s active and reactive powers that directly
relate to motor’s slip and internal bus voltage and
torque profiles. Hence, it provides a proper way of
initializing power system dynamic assessment. In ad-
ditions, the extended algorithm shows a great capa-
ble of finding the steady-state operating conditions
of a power system with a variety of motor mechan-
ical torque profiles by a judicious selection of the
torque coefficients. Furthermore, the studies are car-
ried out using the IEEE-30buses system to demon-
strate a computational efficiency. The extended algo-
rithm exhibits quadratic convergence characteristics,
in line with those of the conventional power flow al-
gorithm.
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APPENDIX A

Table A1: Line cable (10MVA base)

From | To | R(pu) X (pu)
1 4 | 0.001390 | 0.00296
2 5 0.00122 | 0.00243
5 6 0.00118 | 0.00098
5 8 0.00118 | 0.00098
5 10 | 0.00157 | 0.00131
5 12 | 0.00075 | 0.00063
Table A2: Transformer data
Name | MVA | Z(%) | X/R
T, 15 8 17
Ty 1.5 5.75 6.5
T5, T4 | 25 | 575 | 10
Ty 1.5 6.75 6.5
Te,T7 | 1.725 6 8

Table A3: Shunt capacitor (10MAV base)

Name | G(pu) | B(pu)
Cy 0 0.3

Table A4: Load

Bus | MW | MVAR
3 0.6 0.4
5 2.0 1.5

Table A5: Generation

Bus | MW A%
2 2.0 | 0.997

APPENDIX B

Table B1: Motor parameters (10MVA base)

motor R, Xis = Xy X R,
M; 0.0548 0.4276 24.6576 | 0.0416
M, 0.0548 0.4276 24.6576 | 0.0416
Ms 0.4953 2.2805 102.1225 | 0.3535
My 0.1059 0.7126 37.5566 | 0.0699
M; 0.0977 0.4751 22.4484 | 0.4222
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