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Synchronous machine parameter identification by various excitation signals
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This paper presents the results of a time-domain identification procedure to estimate the linear parameters of a salient-pole synchronous machine at standstill. In this study, several input signals are used to identify the model structure and parameters of a salient-pole synchronous machine. 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 identify the parameters of operational impedances, in other words the reactances and time constants. The tests were carried out on synchronous machine of 1.5 kVA/380 V/1500 rpm.

Introduction

Many methods for determination synchronous machine parameters have been suggested. Among them are neural networks, finite elements, online and off-line statistical methods, frequency response, load rejection and others [START_REF] Bortoni | A standstill frequency response method for large salient pole synchronous machines[END_REF][START_REF] Henschel | Noniterative synchronous machine parameter identification from frequency response tests[END_REF][START_REF]Current usage and suggested practices in power stability simulations for synchronous machines[END_REF][START_REF] Iec | Recommendations for rotating electrical machinery[END_REF][START_REF]Test procedures for synchronous machines[END_REF]. The identification of synchronous machine parameters has been and still is an important subject of many publications. Various measurement techniques, identification procedures and models structures are developed to obtain models with accurate prediction for the transient behaviour of generators.

Many approaches are suggested in several paper, dealing with synchronous machine modelling and parameter estimation. Among these methods are standstill frequency response data, standstill time response data, and rotating time domain response data [START_REF] Bortoni | A standstill frequency response method for large salient pole synchronous machines[END_REF][START_REF] Henschel | Noniterative synchronous machine parameter identification from frequency response tests[END_REF][START_REF]Current usage and suggested practices in power stability simulations for synchronous machines[END_REF][START_REF] Iec | Recommendations for rotating electrical machinery[END_REF][START_REF]Test procedures for synchronous machines[END_REF][START_REF] Guesbaoui | Towards a real time Parameter identification methodology for electrical machines[END_REF]. The standstill modelling approach is one which has received great attention due to its relatively simple testing method where the d and q axis are decoupled. x kf e q U q i q r a x a
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In this context, we present off-line parameter identification for the synchronous machine. In this study the armature of synchronous machine is successively fed at standstill by DC-Chopper, (PRBS pseudo random binary sequences) voltages, PWM voltages and DC decay.

A systematic identification procedure presented in Sect. 3 is used to estimate the machine parameters and equivalent circuit models directly from the time response data. [START_REF] Horning | On-line Evaluation of a round rotor synchronous machine parameter set estimation from standstill time-domain data[END_REF][START_REF] Kamwa | Experimental modelling of a synchronous machine-chopper system standstill normal operating records[END_REF][START_REF] Hasni | Modelling and identification of a synchronous machine by using singular perturbations[END_REF] In the time-domain analysis, there is a non-linear problem difficulty to solve. Our approach is based on Levenberg-Marquardt algorithm.

In this present research work system identification model concepts and standstill time data are used to identify the parameters of synchronous machine with the following specifications: 1.5 kVA, 380 V, and 1500 rpm.

Synchronous machine modelling

For synchronous machine studies, two-axis equivalent circuits with two or three damping windings are usually assumed at the proper structures [START_REF] Guesbaoui | Towards a real time Parameter identification methodology for electrical machines[END_REF]. Using the Park's d and q-axis reference frame, the synchronous machine is supposed to be modelled with one damper winding for the d-axis and two windings for the q-axis (2 × 2 model) as shown in Fig. 1 [9-12].

Voltage equations

V d ( p) = r a i d ( p) + pψ d ( p) -ω r ψ q ( p) (1.a) V q ( p) = r a i q ( p) + pψ q ( p) + ω r ψ d ( p) (1.b) V f ( p) = r f i f ( p) + pψ f ( p) (1.c) 0 = r D i D ( p) + pψ D ( p) (1.d) 0 = r Q i Q ( p) + pψ Q ( p) (1.e) While eliminating ψ f , i f , ψ D , i D , ψ Q , i Q we obtains the following equations: V d ( p) = r a i d ( p) + pψ d ( p) -ω r ψ q ( p) (2.a) V q ( p) = r a i q ( p) + pψ q ( p) + ω r ψ d ( p) (2.b) ψ d ( p) = X d ( p)i d ( p) + G( p)V f ( p) (2.c) ψ q ( p) = X q ( p)i q ( p) (2.d)
This writing form of the machine equations has the advantage of being independent of number of damper windings considered on each axis. In fact, it is the order of the functions X d ( p), X q ( p) and G( p), which depend on the number of dampers.

Reduced model order

In theory, we can represent a synchronous machine by an unlimited stator and rotor circuits. However, the experience show, in modelling and identification there is seven models structures which can be used. The complex model is the 3×3 model which have a field 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 2 × 2 model [START_REF] Kamwa | Experimental modelling of a synchronous machine-chopper system standstill normal operating records[END_REF][START_REF] Hasni | Modelling and identification of a synchronous machine by using singular perturbations[END_REF][START_REF] Touhami | Synchronous machine parameter identification by a multi-time scale technique[END_REF].

Damper circuits, especially those in the quadrature axis provide much of the damper torque. This particularity is important in studies of small signal stability, where conditions are examined about some operating point [START_REF] Touhami | Synchronous machine parameter identification by a multi-time scale technique[END_REF]. 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 (ω = 0) and using the p Laplace's operator, the voltage equations are:

-For the d-axis

V d = r a + P ω 0 X d ( p) i d + pG( p)v f (3.a) V f = r f + p ω 0 X f ( p) i f + p ω 0 X md i d (3.b) -For the q-axis V q = r a + p ω 0 X q ( p) i q (3.c)
With the operational reactances are:

X d,q, f ( p) = X d,q, f 1 + pT d,q, f 1 + pT " d,q, f 1 + pT d0,q0, f 0 1 + pT " d0,q0, f 0 (4.a)
The operational function G( p) is:

G( p) = X md r f 1 1 + pT d0 . (4.b)
From these equations it follows that only the three functions X d ( p), X q ( p) and G( p) are necessary to identify a synchronous machine. In the original theory, the quadrature axis has no transient quantities. However, the DC measurements at standstill recommended by IEC, and also the short-circuit tests in the quadrature axis show that the real machine also has transient values X q ( p), T q in addition to the sub transient values X " q ( p), T " q In this study, voltage is the input signal and current is the output signal. Therefore, the transfer functions are in admittances form.

The reduced operational admittances of d-axis and q-axis are deduced from the input-output signals

Y d,q ( p) = i d,q ( p) V d,q( p) (5.a)
In other words:

Y d,q ( p) = 1 + p T d0,q0 +T " d0,q0 + p 2 T d0,q0 T " d0,q0 r a + A. p + B. p 2 + C. p 3 (5.b) 
With:

A = r a T d0,q0 + T " d0 + x d,q ω 0 , B = r a T d0 T " d0 + x d,q ω 0 T d,q + T " d,q , C = x d ω 0 T d,q T " d,q
The reduced operational admittances take the following forms

H d,q ( p) = b 0 + b 1 • p + b 2 • p 2 1 + a 1 • p + a 2 • p 2 + a 3 • p 3 (6.a)
The synchronous machine parameters are identified by:

b 0 = 1 r a (6.b) b 1 = T d0,q0 + T " d0,q0 r a (6.c) b 2 = T d0,q0 T " d0,q0
r a (6.d)

a 1 = T d0,q0 + T " d0,q0 +
x d,q ω 0 r a (6.e)

a 2 = x d,q ω 0 r a T d,q + T " d,q + T d0,q0 T " d0,q0
(6.f)

a 3 = x d,q ω 0 r a T d,q T " d,q
(6.g) Equations (6.a-6.g) show that to determine the various parameters and time-constants of the machine, we have to calculate the constants values a 1 , a 2 , a 3 , b 0 , b 1 and b 2 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. [START_REF]Current usage and suggested practices in power stability simulations for synchronous machines[END_REF][START_REF] Iec | Recommendations for rotating electrical machinery[END_REF][START_REF]Test procedures for synchronous machines[END_REF][START_REF] Guesbaoui | Towards a real time Parameter identification methodology for electrical machines[END_REF]), 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 optimisation 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.

Levenberg-Marquardt's algorithm

The Levenberg-Marquardt algorithm [START_REF] Bjorck | Numerical methods for least square problems[END_REF][START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF] is a general non-linear downhill minimisation algorithm for the case when derivatives of the objective function are known. It dynamically mixes Gauss-Newton and gradient-descent iterations. The unknown parameters be represented by the vector x, and let noisy measurements of x be made:

z( j) = h( j; x) + w( j), j = 1, . . . , k (7.a) 
Where h( j) is a measurement function and w( j) is zeromean noise with covariance N ( j). Since, we are describing an iterative minimization algorithm, we shall assume that we have an estimate xof x. A new estimate x maximizes

χ 2 ( x) = k j=1 (z( j) -h( j; x)) T N ( j) -1 (z( j) -h( j; x)) (7.b)
We form a quadratic approximation to χ 2 (.) around x-, and minimize this approximation to χ 2 (.) to obtain a new estimate x+ . In general we can write such a quadratic approximation as

χ 2 (x) ≈ α -2a T (x -x-) + (x -x_ ) T A(x -x-)
for scalar α, vector a and matrix A. Afterwards differentiating we obtain

∂χ 2 ∂ x = -2a + 2 A(x -x-). ∂ 2 χ 2 ∂ x 2 = 2 A, At the minimum point x we have ∂χ 2 ∂ x = 0 which means that A( x+ -x-) = a. (7.c)
Thus we need to obtain a and A to compute the update. We now consider the form of χ 2 (.) in (7.b) Writing the Jacobian of h( j, x) as

H ( j) = ∂h( j) ∂ x .
123

We have

∂χ 2 ∂ x = -2 k j=1 H ( j) T N ( j) -1 (z( j) -h( j; x)), (7.d) ∂ 2 χ 2 ∂ x 2 = 2 k j=1 H ( j) T N ( j) -1 H ( j) -2 k j=1 ∂ H ( j) ∂ x T N ( j) -1 (z( j) -h( j; x)) ≈ 2 k j=1 H ( j) T N ( j) -1 H ( j), ( 7.e) 
In the last formula for ∂ 2 χ 2 ∂ x 2 , the terms involving the second derivatives of h( j)(.)have been omitted. This is done because these terms are generally much smaller and can in practice be omitted. Now we solve the above equations for a and A given the values of function h( j)and the Jacobian H ( j) evaluated at the previous estimate x-. we have immediately

A = k j=1 H ( j) T N ( j) -1 H ( j)
We now write the innovation vectors v( j)as

v( j) = z( j) -h( j; x-) Then we have a = k j=1 H ( j) T N ( j) -1 v( j) (7.f)
Combining Eqs. (7.c) and (7.f) we obtain the linear system

A( x+ -x-) = a = k j=1 H ( j) T N ( j) -1 v( j) (7.g)
To be solved for the adjustment x+ -x-. The covariance of the state is

P = A -1
The update (7.g) may be repeated, substituting the new x+ as x-, and improving the estimate until convergence is achieved according to some criterion. Levenberg-Marquardt modifies this updating procedure by adding a value λ to the diagonal elements of the linear system matrix before inverting it to obtain the update. λ is reduced if the last iteration gave an improved estimate, i.e. if χ 2 was reduced, and increased if J increased, in which case the estimate of x is reset to the estimate before the last iteration. It is this that allows the algorithm to smoothly switch between Gauss-Newton (small λ) and gradient descent (largeλ). The full algorithm is as follow: The algorithm continues until some pre-specified termination criterion has been met, such as a small change to the state vector, or a limit on the number of iterations.

Identification of the synchronous machine parameters

In this section, the practical aspects of measurements are described and machine conditions for standstill tests are also given [START_REF] Graza | Experimental determination of synchronous machines reactances from DC decay at standstill[END_REF][START_REF] Verbeeck | Identification of synchronous machine parameters using a multiple input output approach[END_REF][START_REF] Karayaka | Identification of armature, field, and saturated parameters of large steam turbine-generator from operating data[END_REF]. The tests are described in IEC34-4A and ANSI-IEEE Std.115A publications [START_REF] Iec | Recommendations for rotating electrical machinery[END_REF][START_REF]Test procedures for synchronous machines[END_REF]. It is very easy to perform in practice. PRBS voltages, PWM voltages and DC voltages 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 sinewave voltage is applied between two phases of the stator. The duration of the voltage application should be limited to avoid serious overheating 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 [START_REF] Iec | Recommendations for rotating electrical machinery[END_REF][START_REF] Kamwa | Experimental modelling of a synchronous machine-chopper system standstill normal operating records[END_REF][START_REF] Hasni | Modelling and identification of a synchronous machine by using singular perturbations[END_REF]. Figure 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 with supply voltage (1-2%) of the nominal values.

Experimental procedure

The two principal characteristic parameters, which relate to the definitions listed, are:

-Z d ( p): the direct-axis operational impedance equal to r a + p.l d ( p), where r a is the DC armature resistance per phase -Z q ( p): the quadrature-axis operational impedance equal to r a + p.lq( p). The above two quantities are the stator driving point impedances. An alternative method of measuring this parameter is presented as follows:

G( p) = I f d ( p) pI d ( p) for E f d = 0 ( 8 ) 
Short-circuited field winding (V f = 0), the d-and q-axis operational admittances are given:

Y d,q ( p) = i d,q ( p) V d,q ( p) for V f = 0 ( 9 )
Short-circuited d-axis stator winding (V d = 0), the field winding parameters can be obtained by: 

Y f ( p) = i f ( p) V f ( p) for V d = 0 ( 1 

Experimental results

Table 1 presents the parameter values of a synchronous machine from tests using in this study. The time domain approach offers a method, 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 [START_REF] Kamwa | Experimental modelling of a synchronous machine-chopper system standstill normal operating records[END_REF].

Model validation

The identified d-q axis models are verified by comparing their simulated d-q axis stator currents responses against the measured standstill response, for that we present in Fig. 7 

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 1.5 kVA and 380 V 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-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. We notice that, it can be possible to realise a parameter estimation of large power synchronous machine or turbo generators. 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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 1 Fig.1Standard d-q axis circuit models

1 .

 1 Start with an estimate xof x. Initialize λ to some starting value (e.g. 0.001) 2. Compute the update estimate x+ by solving the linear system (7.g) for the adjustment, having first added λ to each diagonal element of A 3. Compute the least-squares residuals χ 2 ( x-) and χ 2 ( x+ ) from (7.b) (a) -If χ 2 ( x+ ) ≺ χ 2 ( x-), reduce λ by a specified factor (say 10), set xto x+ , and return to step 2 (b) -Otherwise, the update failed to reduce the residual, so increase λ by a factor (say 10), forget the updated x+ and return to step 2

Fig. 2 Fig. 3

 23 Fig. 2 Experimental procedure of identification

  0 ) Some experimental input-output data such as stator voltages and currents for open and short-circuited field winding, respectively are presented in: Fig. 3 (the windings are excited by a DC-Chopper); Fig. 4 (the windings are excited by PRBS voltages); Fig. 5 (the windings are excited by a DC voltage); Fig. 6 (the windings are excited by a PWM voltages).
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 5 Fig. 4 Windings excited by PRBS voltages

-axis stator voltage and current for field windingFig. 6 Fig. 7

 67 Fig. 6 Windings excited by PWM voltages
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 10 Fig. 10 Comparison between real data output and simulated data output, armature current for field winding open and short circuited (PWM voltages), respectively
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  Comparison between real data output and simulated data output, armature current for field winding open and short circuited (PRBS voltages), respectively

Table 1

 1 Synchronous machine parameter values identified by four excitation signals

	Parameters DC-chopper PRBS voltages DC decay PWM voltages
		voltages			
	R a (p.u)	0.149	0.149	0.149	0.149
	R f (p.u)	4.95	4.95	4.95	4.95
	T d (s)	0.1856	0.1675	0.1840	0.2045
	T d (s)	0.0490	0.0526	-	0.0471
	T d0 (s)	1.0907	0.9189	1.1346	1.1943
	T d0 (s)	0.4350	0.4785	-	0.5060
	T q (s)	0.1476	0.1284	0.1509	0.1782
	T q (s)	0.0461	0.0361	-	0.0432
	T q0 (s)	0.9022	0.7849	1.0279	1.0360
	T q0 (s)	0.4631	0.3829	-	0.4348
	X d (p.u)	2.0667	1.9980	2.0515	1.9314
	X d (p.u)	0.3516	0.3459	0.3758	0.3857
	X q (p.u)	1.3378	1.5639	1.3880	1.6328
	X q (p.u)	0.2089	0.1904	0.2413	0.2158
	X d (p.u)	0.0396	0.0345	-	0.0343
	X q (p.u)	0.0218	0.0198	-	0.0209

axis measured and Simulated currents for field winding short-circuited

  , 8, 9, 10 simulation results for chosen signals among those presented previously. 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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  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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