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 
Abstract— A new method for determination of the steady-

state equivalent circuit parameters of wound rotor induction 
motors using experimental starting transient measurements is 
presented. The algorithm data are the stator currents and volt-
ages and mechanical speed. The algorithm uses the least-square 
method and motor dynamic equations in the synchronous refer-
ence frame. Moreover, an approximation of the rotor flux that 
improves the accuracy of the estimation method, as well as a 
detailed study of errors, is included. The estimation method is 
applied to starting transient measurement data of a 2kW wound 
rotor induction motor, and parameter accuracy is verified by 
comparing steady-state torque- and current-slip curves calcu-
lated with the estimated and laboratory measured parameters.  

 
Index Terms—Equivalent circuits, wound rotor induction mo-

tor, starting transients. 
 

 ARAMETER determination of induction motors is an 
important topic because these machines are one of the 

most common loads in the grid. Estimation accuracy is cru-
cial because of the importance of parameters in power system 
dynamic behavior during faults and other perturbations. An-
other important area is high performance ac drives, where 
parameter estimation is key in controller tuning. Several ap-
proaches to induction motor parameter estimation have been 
presented. IEEE Std-112 [1] describes the most usual method, 
which is based on short-circuit and no-load tests. Other meth-
ods are based on steady-state [2], frequency [3] or transient 
tests [4-10]. More recent and sophisticated procedures use a 
transient test with an extended Kalman filter [4][5]. Another 
possibility is to formulate a least-square minimization prob-
lem [6-11] and a non-linear least-square method [12][13]. 
Reference [6] gives a thorough description of the least-square 
method and dynamic equations in the rotor reference frame 
and [7] uses the stator reference frame. Other examples use 
the synchronous reference frame [8] and [12]. This transfor-
mation has the advantage that the variation of variables is 
smoother and their value is kept almost constant in steady 
state. 

The main issue in this paper is to develop an estimation 
method. One major drawback of many parameter estimation 
procedures is the need for large currents in the locked-rotor 
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test, especially in big machines. Moreover, in some industrial 
applications the rotor may actually not be locked. For this 
reason, this paper measures the direct on-line starting transi-
ent, which is considered a part of motor operation. 

 The estimation procedure is adequate for wound rotor in-
duction motors and single-cage motors (modeled with the 
steady-state equivalent circuit in Fig. 1), where the mechani-
cal transient is decoupled from the electrical transient, i.e., 
the time constants of the electrical and mechanical transients 
have different orders of magnitude.  

 The method in this paper is based on: 
  Transformed equations of the induction machine in 

the synchronous reference frame. 
  Measurements of stator voltages and currents, and 

mechanical speed during the on-line starting transi-
ent. 
  A smoothing process to calculate the derivatives of 

the above variables. 
  A new approximation of the rotor flux. 
  Validation by comparison of measured and calculat-

ed steady-state torque and current-slip curves.  
The synchronous reference frame is useful for data prepro-

cessing because of the slow variation of variables, as said be-
fore. The smoothing process makes measurements free of 
noise, and allows calculating derivatives numerically. The 
key of the paper is the presentation of an approximation of 
the rotor flux which is usually neglected in the literature de-
spite its contribution to the accuracy of estimated parameters.  

Finally, whereas in the literature the effectiveness of the es-
timation procedures is usually determined by comparing sim-
ulation parameters with estimated ones [2][3][6][8][9], stator 
current measurements with estimated ones [5][12], or both 
[7][13][14], this paper validates the accuracy of estimated 
parameters by comparing the steady-state torque- and current-
slip curves calculated from the parameters with those meas-
ured in the laboratory. 
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Fig. 1. Steady-state equivalent circuit for the single-cage model of the three-
phase induction motor. 
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I.  LABORATORY MEASUREMENTS 
The wound-rotor induction motor tested in the laboratory 

has a 2.2kW rated power, 400V voltage and 50Hz frequency. 
The laboratory setup included a programmable three-phase 
voltage source to supply voltage/current to the induction mo-
tor, a dc adjustable speed drive mechanically coupled to the 
induction motor (which adjusted the shaft speed and operated 
as a load), speed and current sensors and a torque transducer 
mounted on the shaft.  

The laboratory measurements are divided into:  
 Starting transient measurements under no-load con-

ditions to estimate the parameters of the model. 
 Steady-state measurements to verify the accuracy of 

the estimation method.  
All measurements were made at three different voltages. 

I.  DYNAMIC EQUATIONS 
The dynamic Park equations in the synchronous reference 

frame are 
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and the Ku equations in the synchronous reference frame 
[15] are 
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The relation between the equation coefficients and the 
steady-state equivalent circuit is 
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where p is the number of pairs of poles,  = 2f is the syn-
chronous speed and m is the mechanical speed. The relations 
between Park and Ku variables are 
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The relation between measured currents, isa, isb, isc, (Fig. 2a) 
and Park variables isd, isq, (Fig. 2b) in the synchronous refer-
ence frame  t  is 
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and for the voltages , vsa, vsb, vsc,, it is 
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where the voltages, vsd, vsq, are constant if the machine is fed 
by a purely sinusoidal voltage source. The starting transient 
speed is shown in Fig. 2c. 
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Fig. 2. Measured phase currents and mechanical speed during the starting transient of the wound rotor machine. 
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II.  LEAST-SQUARE METHOD 

A.  Method equations 
Obtaining motor parameters directly from the motor dy-

namic equations (1) is not possible because rotor currents are 
generally not measurable. Hence, a new set of equations with-
out rotor magnitudes becomes necessary. This new set, ob-
tained in Appendix I, reads as 
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where 
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Because rotor fluxes ,rd rq  are not measurable, a number 
of studies [6-11] use equations like (7) and (8) considering 
the terms  /m rqdp dt   and  /m rddp dt  negligible. 
This paper contributes with an approximation for these terms 
of the rotor fluxes. This consideration in the estimation meth-
od improves the accuracy of results, as will be demonstrated 
in the next Section. For this reason, Eqs. (7) and (8) are justi-
fied in Appendix I.  

Using the approximation of the rotor flux, r , described in 
Appendix II, the following relations are obtained: 
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Substituting 
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in the terms of (7) and (8), we obtain a system of linear equa-
tions like 
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where 
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Considering n points in the study, we obtain the following 
over-determined linear system: 
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which can be rewritten as 
 Ax = b  (17) 
Using the least-square regression method, the solution of this 
over-determined linear system is 
  -1t tx = A A A b  (18) 

where x = (K1, K2, K31, K32, K4, K5). 
From the parameters obtained by the least-square method, 

(K1, K2, K31, K32, K4, K5), the induction motor parameters can 
be calculated considering the relation between parameters 
Lsd = Lrd, justified in [18]. The following relations are ob-
tained: 
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TABLE I 
PARAMETERS OF SIMULATED MOTOR 

U(V) Rs() Xsd() Xm() Rr() Xrd() J(kg·m2) P(kW) 

400 0.40 1.97 99.99 0.40 1.97 0.08 4.5 
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B.  Application of the method 
The least-square method typically uses an excess of infor-

mation. That is, it uses n points to determine six parameters. 
To apply this method and construct the matrix defined in 
(16), it is necessary to have at least three points, the mini-
mum number to find six parameters, because each point im-
poses two equations. 

Fig. 3 illustrates the evolution of the electromagnetic torque 
in a starting transient. Four zones (#0, #1, #2 and #3) are 
delimited: #0 is the interval where the electromagnetic transi-
ents are significant, #1 includes points before the maximum 
torque, #2 contains points between the maximum torque and 
the steady state, and #3 contains points in the steady-state 
regime. The proposed method will be applied by choosing n 
points in each zone from #1 to #3. Thus, the total number of 
selected points will be a minimum (or a multiple) of three 
(the minimum necessary to solve the system).    

III.  SMOOTHING 
The terms in Eq. (16) use the first and second derivatives of 

the currents and the first derivative of the mechanical speed 
and voltages (13)-(15). Because measurements have noise 
(Fig. 2), it is difficult to obtain the derivatives numerically. 
To avoid this problem, a smoothing process is used to remove 
noise. 

In order to determine the influence of smoothing on meas-
ured data and their derivatives, Simulink’s SimPowerSystems 
Blockset simulation was implemented. Table I shows the pa-
rameters of the wound rotor induction machine in this sec-
tion. Data of the three-phase voltages and currents, mechani-
cal speed and their derivatives were obtained. As an example, 
Fig. 4a contains the transformed current isd. To make the 
simulation more realistic, white noise with a signal-to-noise 
ratio of 35dB was added to the data. This noise was similar to 
that measured in the laboratory data of Fig. 2. 

In order to smooth the current, voltage and speed measure-
ments, a Savitzky-Golay filter was used [16][17]. This 
smoothing algorithm computes a moving average with coeffi-
cients determined by unweighted least-squares regression and 
a polynomial model of a specified degree.  

In this paper, simulated and measured data are smoothed by 
the above method using first and second degree polynomials. 
Furthermore, [17] recommends to apply smoothing at least 
twice if a second derivative is calculated. This is done to 
compare derivatives of the simulated current isd (Figs. 4b to 
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4d) in two different zones of the starting transient for first 
and second degree smoothing.  

The first zoom window shows the middle of the starting 
transient and the second zoom window the steady-state re-
gime. As can be seen in Figs. 4b and 4c, the real derivative 
(solid line) is better fitted by the first degree smoothing (dot-
ted line) upon reaching the steady state and by the second 
degree smoothing (dashed line) during the mechanical transi-
ent. 

In the next sections, the error caused by the numerical de-
rivatives and smoothing is quantified. 

IV.  ERROR INFLUENCE ON bd AND bq 
To determine the influence of the error introduced by the 

smoothed derivatives into coefficients bd and bq in (15), the 
relative weight of their summands with respect to their abso-
lute value is evaluated. Thus, the quantities |b2d|, |b1d|, |b0d|, 
|b2q|, |b1q|, |b0q| are defined as 
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Fig. 5 illustrates the relative weight of each term in (20). 
From these results, it can be concluded that significant terms 
are those corresponding to the transformed currents, i.e., b0d 
and b0q. Less important terms are those including the first 
derivatives, while the terms with the second derivatives are 
negligible. The most important implication from this study is 

that errors introduced by smoothing in the second derivatives 
hardly affect the estimation procedure. 

V.  ERROR STUDY 
To verify the accuracy of computed parameters in the eval-

uation of machine performance, this section studies errors in 
depth using the motor of Table I. As the true values of the 
equivalent circuit parameters, (i.e., Rs, Xsd, Xm, Rr, Xrd) are 
unknown, a parameter comparison cannot determine the ac-
curacy of the estimation method [19]. Thus, the error study 
must focus on magnitudes derived from the steady-state ma-
chine equations correlated with machine performance, i.e., 
maximum torque  m , starting torque  s , starting current 

 sI and no-load current  NLI . Therefore, the errors are de-
fined as  
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As pointed out before, the estimation method needs at least 
three points to solve the system in (16). In the following sec-
tions, the errors are analyzed considering that the estimation 
procedure has one fixed point in the neighborhood of the 
maximum torque, another in the steady-state region, and the 
third moving within a range. 

A.  Influence of  /m rd dt   term  

The previous Section proposes an approximation of the ro-
tor flux that could be considered a significant contribution 
because the terms affected by the rotor flux are generally ne-
glected (as the derivative of the speed is considered negligi-
ble). 
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To compare the accuracy of the estimation procedure con-
sidering or not the rotor flux approximation, Fig. 6 shows the 
error in the estimated maximum and starting torque for both 
cases. In this study, the method uses three points, i.e., two 
fixed points in regions #2 and #3 (ωP1 = 296 rad/s and ωP2 = 
314 rad/s) and a third point moving in the range ωP3 = (94, 
314) rad/s. In Fig. 6a, the line with circles represents the er-
ror when the algorithm uses the approximation that the deriv-
ative of the speed is negligible. In contrast, the line with dia-
monds shows the error when the algorithm uses the rotor flux 
approximation. 

The results obtained from Fig. 6 confirm that the approxi-
mation presented in this paper is a good improvement of the 
estimation algorithm. 

B.  Step size influence 
Step size affects the evaluation of the first and second de-

rivatives, and consequently the estimation of the maximum 
and starting torque. The points are selected as in section V.B. 
Fig. 7 presents the maximum and starting torque errors. The 
lines with squares, diamonds and circles show the error for 
step sizes h = 0.1 ms, h = 1 ms and h = 10ms, respectively.  

 From the results in Fig. 7, it can be concluded that step 
size has little influence on errors in derivative calculation. 
This is due to the use of the synchronous reference frame, 
where the variables vary slowly during the mechanical transi-
ent and have constant values when the steady state is reached. 

C.  Influence of number of points  
In the authors’ experience, better fitting is obtained with a 

small number of points because they can be selected near the 
hot regions like the maximum and steady-state torque. Addi-
tional points in each zone could provide redundant infor-
mation, especially in region 3 (steady-state region), where 
additional data are not directly related to better results.  

The best way to choose the optimal number of points for 
each motor is to repeat the estimation procedure (with a dif-
ferent number of points) and select the best suited with 
steady-state measurements. This is easy if the process is au-
tomatized.  

Fig. 8 shows the errors between estimated and steady-state 
calculated maximum torque (solid line), starting torque (dot-
ted line), starting current (dashed line) and magnetizing cur-
rent (solid grey line) for a different number of points.  

While using a larger number of points in parameter estima-
tion gives reliable results, it does not increase the accuracy of 
the method significantly.  

VI.  VALIDATION OF RESULTS 
To obtain the parameters in Table II, the proposed estima-

tion procedure was applied to the starting transient of the 
wound rotor induction motor described in Section 1 at differ-
ent degrees of saturation (i.e., different voltages). Three cases 
were considered: low saturation (0.25UN), medium saturation 
(0.50UN), shown in Fig. 2, and normal saturation (UN). De-
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TABLE II 
ESTIMATED PARAMETERS IN OHMS [] 

Saturation Rs Xsd Xm Rr Xrd 

Low 2.44 5.04 61.33 2.78 5.04 

Medium 1.90 4.65 57.14 2.55 4.65 

Normal 1.64 3.97 39.10 2.95 3.97 

 Tm(Nm) Ts(Nm) Is(A) INL(A)  

Low 52.89 29.91 21.31 4.09  

Medium 60.48 34.22 23.21 3.73  

Normal 69.32 48.35 26.45 5.35  

 
spite the global effect of saturation on the measurements, all 
cases were treated as linear. 

To validate the results, steady-state torque and current-slip 
curves were obtained with the parameters of Table II. In 
Fig. 9, these curves are compared with the prorated [20] to 
nominal voltage steady-state torque- and current-slip curves 
measured in the laboratory. A set of linear parameters that fit 
the torque- and current-slip curves were estimated from each 
transient at the corresponding degree of saturation. Therefore, 
the estimated parameters include the effect of saturation in 
each case.  

VII.  CONCLUSIONS 
A new method to estimate wound rotor and single-cage in-

duction motor parameters from transient measurements is 
presented. The estimation procedure is based on the starting 
transient and uses Park variables in the synchronous reference 
frame because this formulation varies slowly during mechani-
cal transients. 

The paper also contributes a rotor flux approximation 
which improves the estimation procedure significantly com-

pared to other methods which eliminate the speed derivative 
term including the rotor flux. Simulation-based error studies 
are conducted to validate the proposed method. 

Finally, the estimated parameters are used to compare the 
calculated torque- and current-slip curves with those from 
laboratory measurements. The good agreement found here 
contributes to the validation of the method. 

VIII.  APPENDIX I 
By using the induction motor dynamic Ku equations in the 

synchronous reference frame, Eq. (2), and defining the stator 
and rotor fluxes as 

  1s s s r
r r s

r r r s r

L i Mi
i Mi

L i Mi L





  
    

 (22) 

the rotor current is eliminated and the following equations are 
obtained: 
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  

 (23) 

These dynamic equations can be rewritten as a system of 
ordinary differential equations in complex variables:  

 
 

 

1

1

s
s m r s

r s

r
s m r

r r

di
j i jp v

dt T L

d M i j p
dt T T

 
       

  


       
  


    




  

 (24) 

where 
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 (25) 

The rotor flux in (24) must be eliminated because it cannot 
be measured. Rewriting is in x1 and ψr  in x2 results in  

 1 1 2

2 1 2

x Ax Bx Ev
x Cx Dx
  
 




 (26) 

where the derivatives are denoted by a dot. By calculating the 
derivative of the first equation, we obtain 

 1 1 2 2x Ax Bx Bx Ev        (27) 
where coefficients A and E are constant. By using the equa-
tions 

  2 1 1

2 1 2

1x x Ax Ev
B

x Cx Dx

  

 




 (28) 

and replacing them in Eq. (27), we obtain  
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where by reordering the results, we have 

    1 1 1 2x A D x BC DA x Bx Ev DEv          (30) 

The literature uses the approximation 0B   to eliminate 
x2. This paper keeps this term and uses an approximation of 
x2, i.e., the rotor flux r . Then, the coefficients in (30) are 
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from where the coefficients in Eq. (9) are obtained. 
Replacing these coefficients in Eq. (30) results in 
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Finally, by reordering the terms, we obtain 
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This equation, expressed in d, q variables, leads to Eqs. (7) 
and (8). 

 Appendix II 

The rotor flux approximation is obtained from the relation 
between the rotor and stator fluxes: 

 1
r s s

s

i
L

 


   (37) 

To demonstrate this relation, the definition of β in (25) is 
used: 

 r s r s
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Mi i
L L

 


    (38) 

and by using the definition of ψr in (22) and σ in (25), we 
obtain 
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Hence, 

 1r
r s s r s s

s r s

L
i i

L L L
   

 
      (40) 

The rotor flux approximation is obtained from the voltage 
stator equation 

 s s s s s
dv R i j
dt

     (41) 

As can be seen from the simulation in Fig. 10a, in a wound 
rotor induction machine, the stator flux remains almost con-
stant after the initial electromagnetic transient. Thus, by us-
ing the approximation for the stator flux in the steady 
state, s sv j , we obtain 

 s
r s

s

v
i

j L



   (42) 

Separating (42) into d, q variables results in 

 ;sq sd
rd sd rq sq

s s

v v
i i

L L
 

 
      (43) 

The above approximation is important because, as can be seen 
in Fig. 10b, the rotor fluxes, rd and rq, vary very signifi-
cantly. This variability occurs just before the mechanical 
speed becomes synchronous, as shown in Fig. 10c. For this 
reason, the accuracy of an estimation procedure based on a 
starting transient – such as that presented here – can be im-
proved using the approximation in (43). 
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