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Abstract: This paper presents the results of a frequency and time-domain
identification procedure to estimate the linear parameters of a salient-pole
synchronous machine at standstill. The objective of this study is to use severa
input signals to identify the model structure and parameters of a salient-pole
synchronous machine from standstill test data. The procedure consists to define,
to conduct the standstill tests and also to identify the model structure. The signals
used for identification are the different excitation voltages at standstill and the
flowing current in different windings.

We estimate the parameters of operational impedances, or in other words the
reactance and the time constants.

The tests were carried out on synchronous machine of 1.5kVA /380V /1500rpm .

Keywords. Synchronous machine, Frequency tests, Standstill tests, DC-Chopper,
PRBS (Pseudo Random Binary Sequences) voltages, PWM voltages and DC
decay.

Introduction

The identification of synchronous machine parameters has been and still is

an important topic of many publications. Different measurement techniques,
identification procedures and models structures are developed to obtain models
as accurate predictors for the transient behavior of generators [1-5].

Many papers have been published on synchronous machine modeling and

parameter estimation using standstill frequency response data, standstill time
response data, and rotating time domain response data and many propositions for
the determination of synchronous machine parameters are suggested [1-6].
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The standstill modeling approach has received great emphasis due to its
relatively simple testing method where the d and q axis are decoupl ed.

Therefore, we present off-line parameters estimation for the synchronous
machine. In this work the armature of synchronous machine is respectively fed
at standstill by several signals such as PRBS (Pseudo Random Binary
Sequences) voltages, PWM voltages and DC decay.

A systematic identification procedure presented in section 3 is used to
estimate the parameters of the machine time constant models and equivalent
circuit models directly from the time response data. [5-6]

We estimate experimental data with analysis expressions, which contain
machine parameters dedicated by a computer program. In the frequency and
time-domain analysis, there is a non-linear problem difficult to solve due to the
difficulty of linearizing the problem, our approach is based on Levenberg-
Marquardt algorithm. In this present research work system identification model
concepts and standstill frequency data are used to identify parameters of
synchronous machine with the following specifications:1.5kVA ,380V ,

and1500rpm.

2 Synchronous Machine Modeling

For synchronous machine studies, two-axis equivalent circuits with two or
three damping windings are usually assumed at the proper structures [6]. Using
the Park’s d and q-axis reference frame, the synchronous machine is supposed

to be modeled with one damper winding for the d -axis and two windings for
the g-axis(2x2 model) as shown in Fig. 1 [6-10].
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Fig. 1 —Sandard d-q axis circuit models.

2.1 Voltage equations
Vg (P) =raiq (P) + Py (P) — o o (P) , (1.8)
Vg (P) =raiq(P) + pog (p) + or 9y (P) (1.b)
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Vi(p)=rsis (P)+Pos (D), (1.0

0=rpip(P)+ PO (P), (1.d)

0=T5ig(P)+ Pog(P) - (1€

While eliminating o, , if, Pp iD’ (pQ, iQ we obtains the following
equations:

Vg (P) =Traiy (p) + Py (P) - 9q(p), (2.9)

Vg (P) =raig(p) + peg(P) +or 94(P), (2.b)

0q(P)=Xq(Pig(p)+G(p)V¢ (P), (2.0)

9q(P) = Xq(P)ig(p) . (2.d)

This writing form of the eguations has the advantage of being independent
of the number of damper windings considered on each axis.

In fact, it is the order of the functions Xd(p), Xq(p) and G(p), which

depend on the number of dampers.

2.2 Reduced modelsorder

In theory we can represent a synchronous machine by an unlimited stator
and rotor circuits. However, the experience show, in modeling and identification
there is seven models structures which can be used. The complex model is the
3x3 model which have afield winding, two damper windings on the direct axis,
and three on the quadrature axis.

The more common representation is the one deduced from the second order
characteristic equation which describes the 2x2 model [8-10]

Damper circuits, especialy those in the quadrature axis provide much of the
damper torque. This particularity isimportant in studies of small signal stability,
where conditions are examined about some operating point [10]. The second
order direct axis models includes a differential leakage reactance. In certain
situations for second order models, the identity of the transients field winding.
Alternatively, the field circuit topology can alter by the presence of an excitation
system, with its associated non-linear features.

For machine at standstill, the rotor speed is zero (v=0) and using the p
Laplace' s operator, the voltage equations are:
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- For the d -axis

P .
Vd:{ra+m—oxd(p)]|d+pG(p)vf , (3.9
p . p .
Vs :{rf +m—0xf (p):|lf +m—Ode|d. (3.b)
- For the g-axis

With the operational reactances are:

(1+ pTd,,q,f )(l+ pTd’Tq,f )

Xd,q,f (p)= Xd,q,f ’ " . (4.9)
(1+ pTdO,qO,fO)(1+ pTdO,qO,fO)
And the operational function G(p) is:
X 1
G(p)=—m : 4.b
(p) Tt pTl, (4.b)

where d, q, f denote the d -axis, q-axis and field respectively. From these
equations it follows that only the three functionsxd(p), Xq(p) and G(p) are
necessary to identify a synchronous machine. In the original theory, the

guadrature axis has no transient quantities. However, the DC measurements at
standstill recommended by IEC, and aso the short-circuit tests in the quadrature

axis show that the real machine also has transient values X; (p), Tq’ in addition
to the sub transient values X (p) , T, .

In this study, voltage is the input signal and current is the output signal.
Therefore, the transfer functions are in the form of admittances.

The reduced operational admittances of d-axis and g-axis are reduced from
the input-output signals
_ld,q(P)

Yd'q(p)_qu(p)'

Or in other terms;
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4 4 4 4
1+ p(TdO,qO +TdO,q0) + p dO,qOTdO,qO

Y, (p)= '
o) I+ P(r (T + Tio) +h) + P (L TooToo +@ (Tt Taa)+ P 2T
@, @ %

dg’dgq

The reduced operational admittances take the following forms

+bp+b,p
Hyq(P) = % +bp szp <. (5.8)
l+ap+a,p +ap
The synchronous machine parameters are identified by:
b :ri , (5.)
bl — Td,O,qO +Td,:),q0 , (50)
ra
b2 — Td,O,qOTd,:),qO ' (5d)
ra
7 ” Xd,
3 =Tg040 + Tao,q0 +—, GX)
O‘)Ora
_ Xd,q ’ ” ’ ” f
a, = or (Tag +Ti'q) * Tao.q0 Taoqo » (5f)
0'a
Xd,q ’ ”
=——T/  T/.. 5.
as O)Ora d,q'd,q ( g)

Equations (5.a-5.9) show that to determine the various parameters and time-
constants of the machine, we have to calculate the constant values a,, a,, a;,
b,, b and b, by using the non-linear programming method. For this reason we
have used a program, which makes it possible to compute from the input-output
signals for each axis (see Figs. 3-6), the parameters quoted above. The model
structure selected, which means that the form of the transfer function is known.
The numerator order and the denominator one are respectively: Num=2 and
Den=3.

The objective of our identification task is to compare the simulated model
response and the actual response by minimizing the error between them. For
minimizing this error, a good optimization technique is needed. For that we used

a quadratic criterion to quantify the difference between the process and the
model. Our approach is based on Levenberg-Marquardt algorithm.
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3 Identification of Synchronous M achine Parameters

3.1 Timedomain tests

In this section, the practical aspects of measurements are described and
machine conditions for standstill tests are also given [6-10].The tests are
described in IEC34-4A and ANSI-IEEE Std.115A publications [2-3]. It is very
easy to perform in practice. PRBS voltage, PWM voltage and DC voltage are
applied to two terminals of the three-phase stator windings at standstill.

The alignment of the rotor can be accomplished with shorted excitation
winding. A sine wave voltage is applied between two phases of the stator. The
duration of the voltage application should be limited to avoid serious over-
heating of solid parts. The rotor is slowly rotated to find the angular positions
corresponding to the maximum value of the excitation current that gives the
direct axis and zero value of the excitation winding current that corresponds to
the quadrature axis. This procedure is used by the authors [2, 5, and 6]. Fig. 2
shows the experimental procedure of identification.

The machine is not saturated during standstill tests; in fact, the flux densities
are below those on the more linear part of the permeability characteristic that is
commonly referred to as “unsaturated”. The determination of quantities referred
to the unsaturated state of the machine must be done from tests, which supply
voltages (1 to 2%) of the nominal values.

Field winding Fieldwinding  Stator winding
Excitation Excitation
i IS Bt U
g-axis |
o Fais & o d-axis
Test
Input/output board Input/output board

Fig. 2 — Experimental procedure of identification.

3.1.1 Experimental procedure.

The two principal characteristic parameters, which relate to the definitions
listed, are:
Z,(p): the direct-axis operational impedance equal to r, + pl (p), where

r, isthe DC armature resistance per phase and
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Z,(p) : the quadrature-axis operational impedance equal to r, + pl, (p).

The above two quantities are the stator driving point impedances. An
alternative method of measuring this parameter is presented as fellows:

G(p):lfd—(p) for E,; =0. (6)

ply(p)
With a shorted field winding (V, =0), the d-and -axis operational

admittances are given:

Vyq(P)
With a d -axis armature shorted (Vd =0), the field winding parameters can

be obtained by:

Yd,q(p) = for V, =0. @)

ie (P)
Y; (p) = for V, =0. (8)
Vi (P)
d-axis Stator voltage and current for field winding short-circuited (f=100H2) d-axisstator voltage and current for firld winding open (f=100H2)
: | | 2 b | | | | | | | | |
| Voltage | | Voltage | | | | | |
= A A -~ =l — + — — -~~~ — 10
1 | | | | [ 1 | |
| | | | | | | | |
o8 ————T—|-——=-——q9-————7-F—~——=——1 8

B eyt s e ey e Bt i A o
| | | | | | | | |
1 T T [ 4
| | | | | | | | |
| | | | | | | | |
O~ 17 T T el 1T T T T et ©
| | | | | | | | |
o | | | | | | | | | . o | | | | | | | | | P
0 0.002 0004 0006 0008 001 0012 0014 0016 0.018 0.0% 0 0.002 0.004 0006 0008 001 0012 0014 0016 0018 0.03
Y(ms) t(ms)
Field winding voltage and current for stator winding short-cir cuited
| | | | | | | | |
| ‘\/n\tagé | | | | | |
E—d o= — i — 4 — 4=+ — 10
T | | + ¥ | |
| | | | | | | |
L i R S e e T Bt B
| | | | | | | |
06 — "4 — =T 4= == —— [ttt et dt IO
< ! ! " current ! ! ! ! g
= | | | | | | | | >
O TN i T e
| | | | | | | |
o2 — 4 — - b a4 — - — 4 - — 1 —
| | | | | | | |
| | | | | | | |
I B Ve 77 T 7 oo -
| | | | | | | | |

-0.

| | | | | | | | | g
0 0002 0004 0006 0008 001 0012 0014 0016 0018 O.DZZ
t(ms)

Fig. 3—Windings excited by a DC - Chopper.

Some experimental input-output data, stator voltages and currents, for open
and short-circuited field winding, and field winding voltages and currents, are
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presented in (Figs. 3 - 6). It should be noted that the figures presented
pond to the d -axis; similar curves were measured for the -axis.
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0. 10

1d(A)

d-axis stator voltage and current for field winding open

corres-

. T 8 o. T T 8
Voltage, | M|
_ N Rl o7f F1A )4 FlIF~7
|
|
;/F*Currmt* T [rme 08 111 I TIrire
v Y ‘
L ,,,/,5 osft- - [H = B
\.“‘v s g I S
s 3 |
L _ L= > 04l LU L JLE 4>
|
L L= [kHs 03~ A - E R ]
|
|
t — Wy 0.2f- e Bk =B
| | |
| | |
015 03 0%y 0.05 0.1 0.15 0
t(ms)
o Field winding voltage and current for stator winding short-cir cuited
-8y T T T T T T T T T
| | | | | | | |
[P KNP 1P g o i e G b pap
| | [ I | |
| [<—Voltage| | [ [ | |
o8 - T eI T T Te
| | [ I | |
osl-|H LI L H L = s
< ! | current][| ! ! ! ! )
= | | [ I | | <
o4 T4 R e P 2 N
WLl {4 ALt "
i | Fr e I | I
oal-|H L AT 1 ) 1 A |
| | | [ [ | |
‘t | | [ [ | |
02f-%- ~l T i M it ety M 2
| | | | | | | | |
04! I I I I | I I I I
o 002 004 006 008 0.1 012 014 016 018 D.%
t(ms)
Fig. 4 —Windings excited by PRBS voltages.
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3.2 Frequency response tests

Many papers have been published on the modeling and parameter
estimation of synchronous machines using the standstill frequency response test
data [3, 11, 12]. Frequency response data describe the response of machine
fluxes to stator current and field voltage changes in both the direct and
guadrature axes of a synchronous machine. Some advantages of the method are
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that it can be done either in the factory or on site, it poses a low probahility of
risk to the machine being tested, and it provides complete data in both direct and
guadrature axes.

The tests procedure and the measuring circuits are detailed in reference [3].

3.2.1 Test procedure
The procedure for determining the values of synchronous machine para-
meters, using the frequency response tests data, follows several steps:

Step 1 is the standstill frequency response process; it determines the data of
operational impedances and transfer functions, which punitively describe the
interactions of voltages and currents as functions of frequency.

Step 2 is the determination of transfer functions to quantize the current-
flux-voltage relations in simple, standard forms, such as X, (P). Step 2 is a

conventional curve fitting process.

Step 3 is the determination of equivalent circuit data (r;, X
isused in simulations from the transfer functions of step 2.

The magnitude and phase of the desired quantities Z,(p),Z,(p) and

Ay (p)
Ai, (p)

, T., etc.) That

are measured over arange of frequencies.

3.2.2 Measurable parameters at standstill

According to the various test setups, the tests that we have realized
correspond to the following equations:

Ae
Z,(p)=—"T= 2 (P) : (9.9)
Ay (p) Agy =0
Ag, (p)
Z (p)=——""-—, (9.b)
q ( ) A|q ( p)
G( ):Aed—(p) _ (9.0)
pAefd(p) A|d — 0
An alternative method of measuring this parameter is suggested as follows:
Aiy (p)
PG(p)=—* : (9.d)
Ay (P) |pe, =0
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The advantage of the latter form is that it can be measured at the same time
as Z,(p). A fourth measurable parameter at standstill is the armature to field

transfer impedance:

Aey (P)

Zafo(p):_m

Ai, =0

d-axis Impedance (Field Shorted)

(9.
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Fig. 7 —d-axisimpedance.
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Fig. 8 — g-axisimpedance.
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Standstill Armature to Field Transfer Impedance
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Fig. 9 — Standstill Armature to Field Transfer Impedance.
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Fig. 10 — Sandstill Armature Field Transfer Function pG(p).

The relationships between the measured quantities and desired variables are
given by:
- d - axis parameters

Ly(pP) = % (10.a)

Zy(P) =5 Zaws (P) 20k R =] lim[Zay (P (10b)
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Toobtain R,, we plot the real component of thisimpedance as a function of

frequency, and we extrapolate it to zero frequency to get the dc resistance of the
two phases of the armature winding in series.

Then we calculate pG(p) by:
Aiy(p) \@Aifd(p)

. = _ : (10.0)
Aig(p)  2Ai (p)
Finally, we measure the ratio Aeifd , and we calculate
Aey(p) +f3(Aey(p)
YA = =— : 10.d
P =5, 2 ( Ai(p) j (109
- (-axis parameters
Z -
L, (p)= %, (11.3)
1 ir .
Zq(P) =7 Zam (P) AN T, =5[ Qm‘zwm(p)‘} : (11b)

Fig. 11 represents the direct axis operational inductances for each frequency
at which Z,(p) was measured.

The quadrature-axis operational reactance, X,(p), plotted in Fig. 12, is
obtained in the same way from Z, (p) .

T
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Fig. 11 —d-axis Operational Impedance.
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g-axis Operational Impedance ( Field Schorted)
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Fig. 12 — g-axis Operational Impedance.

3.2 Experimental results

Table 1 and Table 2 presents the parameter values of a synchronous
machine from tests using in this study.
Tablel
Synchronous Machine Parameter Values
Identified by Four Excitation Sgnals.

Parameters DS/:C-)(I:thaZ%ger PRBS DC vmag/l% Frr;c:)%e;n;y
(F=100Hz) VOItgSS  d&C&Y ¢ 160117 tests
r(p.u) 0.149 0149  0.149 0.149 0.15
ry (p.u) 495 495 495 4.95 4942
T (3) 0.1846 0675 01840 02045 0.1842
T7(3) 0.0486 0.0526 - 0.0471 0.0475
Too(s) 1.1107 0.9189  1.1346 1.1943 1.0706
T4 () 0.4758 0.4785 - 0.5060 0.4290
T, (s) 0.1498 01284 01509  0.1782 0.1450
T, (s) 0.0415 0.0361 - 0.0432 0.0390
T (s) 0.9822 07849  1.0279 1.0360 0.8995
T (s) 0.4035 0.3829 - 0.4348 0.4520
T/ (s) 0.2205 02306 02185 02271 -
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Table2
Synchronous Machine Parameter Values
Identified by Four Excitation Sgnals.

Parameters DS/:C-)(I:tha%%ger PRBS DC V(F)Xvagﬂ% Frr;c:)%e;n;y
(f=100Hz) YOItgSs  d&C&y ¢ 160117 tests
X¢ (pu) 0.5314 05438  0.5287 0.5386 -
Xq (p.u) 2.0577 1.9980  2.0515 1.9314 1.9850
Xg (p.u) 0.3656 0.3459  0.3758 0.3857 0.3450
Xq(p.u) 1.3685 15639  1.3880 1.6328 1.3825
Xq(p.u) 0.2267 0.1904 0.2413 0.2158 0.2130
Xg (p.u) 0.0368 0.0345 - 0.0343 0.380
Xq(p-u) 0.0208 0.0198 - 0.0209 0.203

The frequency and time domain approach offers a methods, which can yield
useful models, particularly if the data, are correctly treated.

Taking into account the difficulties associated to the classical test analysis,
the identification of synchronous machine is more and more oriented to the static
tests. Nevertheless, the choice of supply signals is very important as the choice
of model.

The proposed model, the quality and the experimental data used to identify
the model parameters and the robustness of the estimation technique, affects the
fidelity of synchronous machine models. It is well known that the synchronous
machine has a highly complex structure. However, under practical consideration,
such complexity has been redefined and reduced following the intended
application [6].

3.3 Modd validation

Theidentified d —Qq axis models are verified by comparing their simulated
d — g axis stator currents responses against the measured standstill response, for
that we present in Figs. 13-16, simulation results for d and Q-axis stator
current for signals among those presented previoudly.

The measured and simulated responses to off-line excitation disturbances
comparison show that the machine linear parameters are accurately estimated to
represent the machine at standstill conditions.
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d-axis measured and Smulated current for field winding short-circuited d-axis measured and Simulated current for field winding open
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Fig. 13 — Comparison between real data output and simulated data output, armature
current for field winding open and short circuited (DC-chopper voltages) respectively.
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Fig. 14 — Comparison between real data output and simulated data output, armature
current for field winding open and short circuited (PRBS voltages) respectively.

d-axis measured and Simulated currents for field winding short-circuited d-axis measured and Simulated current for field winding open
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Fig. 15 — Comparison between real data output and simulated data output, armature
current for field winding open and short circuited (DC decay) respectively.
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Measured and Simulated Currents d-axis meausur e and smulated currents for field winding open
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Fig. 16 — Comparison between real data output and simulated data output, armature
current for field winding open and short circuited (PWM voltages) respectively.

List of Symbols
p Laplace’ s operator
®, My angular speeds
X field leakage reactance
X, Xq d - and q-axis synchronous reactances

Xmi+» Xmqg  d-and q-axis magnetizing reactances

o1 g -axis damper |eakage reactance
Xo1» Xq2  (Q-axisdamper resistances
forr T2 d - and q-axis operational admittances
Ya.q (p) d -axistransient open circuit and short-circuit time constant
Ts» To (-axis transient open circuit and short-circuit time constant
.7/, d -axis subtransient open circuit and short-circuit time
ara constant
T T ( -axis subtransient open circuit and short-circuit time
qr o constant
Tq + Too armature and field resistances
Fas g d - and q-axis stator voltages
Va, Vq d - and q-axis stator currents
ig g d -axisfield voltage and current
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4 Conclusion

This paper presents a step-by-step procedure to identify the parameter
values of the d —q axis synchronous machine models using the standstill time-

domain data analysis.
A three-phase salient-pole laboratory machine rated 1.5kVA and 380V is

tested at standstill and its parameters are estimated. Both the transfer function
model and the equivalent circuit model parameters are identified using the
Levenberg-Marquardt algorithm.

The standstill test concept is preferred because there is no interaction
between the direct and the quadrature axis, and it can be concluded that the
parameter identification for both axis may be carried out separately. This tests
method had been used successfully on our synchronous machine at standstill and
gave all the Parks model parameters. Among the advantages claimed for the time
and frequency-domain approach at standstill is that the tests are safe and
relatively inexpensive.

It should be noted that the various signals used made it possible to
determine all the parameters of the equivalent circuits, except for the dc decay
test which does not enable us to determine the parameters varying very fast. The
identified parameters are in agreement for different tests signals. Furthermore,
information’ s about the quadrature axis, as well as the direct axis of the machine
are obtained. The validation of the estimated synchronous machine model
parameters is performed by direct comparisons between the measured and
simulated standstill time domain responses. The results show that the machine
linear parameters are accurately estimated to represent the machine standstill
condition.
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