generator is a fourth order linear model including a third order
synchronous machine and a first order automatic voltage
regulator (AVR) model. This model is used for small signal
stability analysis and power system stabilizer (PSS) design. In
some power grids, the synchronous generators and excitation
system parameters are not available or valid because of derating,
while these parameters are essential to analyze the power
systems, design the controllers, and assess the security of the
network. In this paper, a genetic algorithm-based method is
proposed to identify the parameters of the synchronous generator
and excitation system in the frame of Heffron-Phillips model
using on-line measurements data. In the proposed method, the
reference voltage of AVR is considered as the input signal, while
the terminal voltage and output active power of the machine are
considered as output signals. The output signals are provided by
phasor measurement units (PMUs). The proposed method is
applied to a single machine connected to an infinite bus, to show
its effectiveness and accuracy.

identification, On-line measurements data, Heffron-

To understand and predict the behavior of a power system,
assess its security, or any other studies, an accurate
analysis of the power system is essential. The first

of different elements of the network. These elements

and identification of their parameters have been and are an
attractive and challenging research topic.

Generally, the parameter identification of the synchronous
generator is classified into two approaches: off-line

identification methods, the machine is not in service. The
traditional methods of the identification of parameters of

A E International Conference on Renewable Energies and Power Quality (ICREPQ’14) é;" N
> Cordoba (Spain), 8" to 10" April, 2014 \

LU ﬁ;/!)(“//(’//'(léﬁ” r(/glll‘lyy ((/I(/'/(?}(';/’(‘I' Q)/I(I/l'(ys 7/'////’//(// (RE&PQJ) “éﬂ /Je'i
ISSN 2172-038 X, No.12, April 2014 N 4

Parameter Identification of Heffron-Phillips Model Considering AVR Using On-
Line Measurements Data

B. Zaker!, G. B. Gharehpetian®, and N. Moaddabi®

SElectrical Engineering Department
Amirkabir University of Technology
Tehran, Iran
Phone/Fax number: +0098 21 64543504
E-mail: zaker.behrooz@aut.ac.ir, grptian@aut.ac.ir, nimamoaddabi@aut.ac.ir

the synchronous generator have been specified in IEEE
standard [1]. But it had some drawbacks and in order to
overcome its shortcomings some other off-line methods
have been suggested such as using suddenly shorted
circuit results and applying least squares method [2],
exciting the stator windings with DC signal, while the

Abstract. The Heffron-Phillips model of the synchronous

response (SSFR) and an inverter-based voltage source
[4], and etc. [5-10]. These kinds of tests are usually
difficult and time consuming. The effect of the

that the generator must be off-grid which is not
economical. To overcome the aforementioned point, on-
line identification methods have been proposed [11-15].

application of a small disturbance to the nominal value
of the input signal. This signal should be applied to the
system such that no interference occurs in the normal
operation of the system. Generally, on-line identification
methods can be classified into two categories; black-box
modeling and white-box modeling methods. The black-
box modeling approach [15] deals with input and output
Introduction data sets of the synchronous generator and the only aim is
to map these sets and also, the structure of the system is
arbitrary. These methods use wavelet transform, neural
networks, etc. But, in white-box modeling methods [11-
14], the identification procedure is based on real physical
structure of the synchronous machine such as third order
model which is called Heffron-Phillips model. These

Key words

Synchronous generator, Genetic algorithm, Parameter

Phillips model.

requirement of these analyses is knowledge of parameters

include_ _synch_ronous generators, —power transformers, methods use Kalman filter, Prony approach, transfer
transmission lines, loads, etc. Since the synchronous function estimation, etc. Usually, the excitation system is
generators play the main role in power systems, modeling not considered in aforementioned methods and

parameters of the excitation system has been separately
identified [16-19]. But in this study, the excitation system
is considered in the identification procedure.

In this paper, the synchronous generator and AVR
identification and on-line identification. In off-line parameters are simultaneously identified based on
Heffron-Phillips model and using genetic algorithm and
on-line measurement data provided by PMUs. One of the
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rotor is in standstill [3], using stand still frequency

temperature and load changes has not been considered by
these methods. The main drawback of these methods is

The basis of on-line identification methods is the


mailto:zaker.behrooz@aut.ac.ir
mailto:grptian@aut.ac.ir,

most important goals of the smart grids is monitoring. The
PMUs are primary source of measurements for this aim
and will be used widely in smart power grids. In the
proposed method, the reference voltage of the AVR is
considered as the input signal while the terminal voltage
and output active power of the machine are considered as
output signals. The aim is to identify the parameters of the
system by means of matching the estimated output signals
of the simulated system and measured ones of the real
system using genetic algorithm. The proposed method is
applied to a single machine connected an infinite bus
system.

This paper has been organized as follows: a brief
description of Heffron-Phillips model is presented in
Section 2. The identification procedure is explained in
Section 3. The case study and simulation results are
described in Section 4 and finally, Section 5 concludes the

paper.
2. Heffron-Phillips Model

A synchronous machine connected to an infinite bus which
is considered as the case study in this paper is shown in
Fig. 1. This system includes a power transformer and two
parallel transmission lines.

Vt ZlineZ V°
/,
[ 4
4 Ziine1
AVR | V,of

Fig. 1. Single machine infinite bus system

Generally, The Heffron-Phillips model of the synchronous
generator is a fourth order linear model including a third
order synchronous machine and a first order AVR. This
model is suitable for small signal analysis, where linear
approximation is useful. Therefore, all the input and output
signals of this model have variations with a small domain
around the nominal value which are shown by delta (A).
The nonlinear equations of the machine and details of
linearization procedure have been discussed in [20]. The
block diagram of the linear model is shown in Fig. 2.

7 la
STy

2nf
D+sM g

Y

| K,
1+5T,

' K
Ae) = s S
115T,K,

Al —AW,

> 1\6

Fig. 2. Block diagram of Heffron-Phillips model
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In this figure, w is the rotor angular speed, ¢ is the rotor
angle, e(; and Epp are the transient and steady state

internal voltage of the armature, respectively. Input
signals include Ug and Ty, which are the reference
voltage of the AVR and input torque, respectively. The
mechanical parameters are D and M, which indicate the
damping factor and rotor inertia, respectively. T, is the

direct axis open circuit time constant. K, and T, indicate
the DC gain and time constant of the AVR.

As shown in Fig. 2, this model contains six coefficients
K;-Kg called Heffron-Phillips model coefficients. The
value of these coefficients is a function of the operating
point and the reactances of the synchronous generator.
These reactances include the steady state and transient
reactance of the direct and quadratic axis (i.e., X4, Xq, and
X'g). The operating point includes the terminal voltage
(Vy), and active and reactive power of the machine (i.e.,
Peos, and Q). The calculation method of these
coefficients is completely explained in [20].

The state-space variables and equations of this model are
as follows:

.
x=[Aw A5 Ae, AE |
u=[aUu. AT, T @
y:[AVt APe]T
X = Ax+ Bu
B (2)
y =Cx
where, we have:
[-D/M  -K,/M -K,/M 0 |
A o, 0 0 0
0 _Kd/Td’o _]/(Td,oKS) ]‘/Td,o
L 0 _KAKS/TA _KAKG/TA _1/TA_ (3)
[0 /M
0 0 0 K, K, 0]
B: C:
0 0 0 K, K, 0]
_KA/TA 0

The output signals which are used practically, are the
terminal voltage V; and output active power P.. All the
values and parameters of this model are in per-unit
exceptT, , M and T, which are in second, and K, has no

dimension.
3. ldentification Method

In this study, the aim is the identification of the third
order synchronous generator parameters including
reactances, direct axis open circuit time constant,
mechanical parameters and AVR DC gain and time
constant. The identification procedure is explained
below:

Step 1) An operating point is considered. The terminal
voltage, active power, and reactive power of the
synchronous generator are measured.
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Step 2) According to the nominal value of the reference
voltage of the AVR for this particular operating
condition, a pseudo random binary sequence
(PRBS) is applied to the AVR. The domain of this
disturbance should be small in order to have a
good linear approximation. 2% of the nominal
value is chosen.

Step 3) The oscillation of the terminal voltage and active
output power is measured.

Step 4) The Heffron-Phillips model with eight unknown
desired parameters (i.e., Xy, Xq, X5, Ty, M, D,

Ka, and T,) is simulated. The genetic algorithm
optimization procedure is used to minimize the
error among measured outputs of the system and
estimated outputs of the simulated system using
following objective function:

OF - \/Z(\_/ﬁ V) +\/iZ(Eei By @

where, V, and P, are sampled vectors of measured
outputs and V, and P,are sampled vectors of
estimated outputs.

Two points in the last step are important to note:

Point I. Although the reactances are not used in the
Heffron-Phillips block diagram directly, but the
coefficients depend on them as explained in [20]
and given as follows:

K, = fl(Xd7Xq’X(;7VtO'PeO’QeO)

KZZf2(xd’xq’x(;’vt0’PeO’Qeo) (5)

Ke = fe(dech X¢:Vios PeO'QeO)

Point Il. According to the standards and related literature,
all of the eight desired parameters have specific
ranges, which are presented in the next section.
Therefore, the genetic algorithm searches in these
ranges.

4. Case Study and Simulation Results

The case study is a single machine infinite bus system as
shown in Fig. 1. All simulations have been carried out in
MATLAB environment. The specifications of the
synchronous machine, its operating point, power
transformer and transmission line are given in Table | and
Il.

In this study, AUk is considered as the only input signal
and ATy is assumed to be zero. The PRBS signal (as 4Ug)
is added to the nominal value of the reference voltage of
the AVR. Then, it is applied to the reference point of the
system as input signal and oscillations of output signals
around their nominal values (4V; and 4P,) are measured.
White noise is added to the measured signals to make the
measurements more practical and real. These signals are
shown in Figs 3-5.
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Table I. — Synchronous generator data

PARAMETER VALUE PARAMETER VALUE

Nominal Power | 50 (MVA) D 0.01 (p.u.)

Nominal Freq. 50 (Hz) Ka 290

Nominal Vol. 10.5 (KV) Ta 0.001 (s)
Xq 2.642 (p.u) Vio 1.00147 (p.u)
Xq 2.346 (p.u.) Peo 0.95 (p.u)
X4 0.337 (p.u) Qeo 0.01 (p.u)
Ta 6.5 (s) Vet =Ueo 1.0015 (p.u)
M 10 (s) - -

Table Il. — Transformer and transmission lines data

PARAMETER | VALUE | PARAMETER | VALUE
0.453
Z 0.12 (p.u.) Xu=XL2 (Q/Km)
R.=R 0.075 Line length 101K
= Ine len m
L1=RL2 (Q/Km) g
0.025 ‘ ‘ —
—Reference Voltage Disturbance
0.02
~0.015
]
g
%
§ o0l
0.005
0
0 5 10 15 2 25 30 3B 40
Time (5)
Fig. 3. PRBS signal as reference voltage small disturbance
(4Ug)
0.025 _
—Terminal voltage
O-OZWW N
0.015
3
g 001
S
0.005
0 LJ
| |
|
V505 w0 » x B @

Time (5)
Fig. 4. Measured signal of terminal voltage (47%)
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Fig. 5. Measured signal of output active power (4P,)

After that, the genetic algorithm is used to minimize the
objective function, which is described by (4). The initial
population is set to 20 for each parameters. The search
range of each parameter discussed in Section 3, is
presented in Table Ill. After 100 generations, the genetic
algorithm is converged with the objective function value of
0.8964. The estimated parameters are compared with real
parameters in Table IV.

Table I1l. — The search range of parameters
PARAMETER | RANGE | PARAMETER RANGE
Xq [1.5~3] M [5~10]
Xq [1.5~3] D [0.001~0.1]
X [0.1~0.6] Ka [30~300]
Te [5.5~8] Ta [0.0005~0.5]

Table V. — Real and estimated values of parameters

PARAMETER | REAL VALUE | ESTIMATED VALUE

Xq 2.6420 (p.u) 2.7302 (p.u)

Xq 2.3460 (p.u.) 2.3552 (p.u.)

Xy 0.3370 (p.u) 0.3374 (p.u)

T 6.5000 (s) 6.7163 (s)

M 10 (s) 10 (s)

D 0.0100 (p.u.) 0.0661 (p.u.)

Ka 290.00 299.89

Ta 0.0010 (s) 0.0012 (s)

The result of the genetic algorithm shows the acccuracy of
the estimation. There is neglectable error in the estimation
of the K,, which considering the wide search range of this
parameter, it is acceptible.
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To show the effectiveness and percisoin of this
identification procedure, the simulated output signlas
using estimated parameters are compared with measured
ones. The results are shown in Fig. 6 and Fig. 7.

0.03

—Measured
--Estimated

A

0.02

Vt (p.u.)

0.01

; b

0 5 10 15 2 25 30 35 40
Time (s)

Fig. 6. Comparison of estimated and measured terminal voltage
0.6 I i

0.1 —Measured
005 --Estimated
04
! 165 17 175
5
: i
o HMAHANLARARLIITA }1 HRTE
111 Ur “ Ml
'02 l' L)
-0.4
0 5 10 5 2 25 30 35 40
Time (3)
Fig. 7. Comparison of estimated and measured output active
power

For validation purpose, another test has been studied. A
small step of 0.05 per-unit is applied to the input
mechanical torque of the synchronous generator (47y). It
would change the operating point. During this test, AU
is set to zero. This means that the reference voltage of the
AVR has no variation and is set to the nominal value.
The oscillations of the terminal voltage and output active
power are measured due to this input. Also, this test is
applied on the system with estimated parameters. The
comparison of the measured signals and estimated ones
are shown in Fig. 8 and Fig. 9. This validation test shows
that the estimated parameters are valid for other operating
points too.
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Fig. 8. Comparison of estimated and measured terminal voltage
due to input torque step
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Fig. 9. Comparison of estimated and measured output active
power due to input torque step

5. Conclusion

In this paper, the identification of parameters of the
synchronous generator and excitation system in the frame
of Heffron-Phillips model has been proposed using on-line
measurements data and genetic algorithm. Since the smart
grid concept is based on monitoring and communication
infrastructures, PMUs will be used widely in these grids
providing on-line measurements. These parameters are
essential to analyze the power systems, design the
controllers such as PSS and assess the security of the
network. In the proposed method, the reference voltage of
the AVR has been considered as the input signal while the
terminal voltage and output active power of the machine
have been considered as output signals. The proposed
method has been applied to a single machine infinite bus
system. The simulation results show the accuracy of the
identification procedure and the validation test confirmed
the validation of the estimated parameters for the various
operating points.
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