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Dynamic parameters directly reflect the dynamic performance of electrical machines. In this paper, two meth-

ods for calculating the d-axis super-transient reactance of a damped winding permanent magnet electrical

machine (DWPMEM) are proposed. One is the analytical method: the analytical model of d-axis super-tran-

sient reactance is developed, and the d-axis super-transient reactance is calculated by taking the coupling of

permanent magnet (PM) and winding current magnetic field into account. The other is the parameter identifi-

cation method: the parameter identification model of DWPMEM is established, and the reactance is identified

based on the DC step voltage method. The calculation accuracy of the two methods is verified by the measured

data, and the variation rules of the d-axis super-transient reactance with damping winding structures are ana-

lyzed. The work of this paper has a certain reference value for the design and dynamic operation evaluation of

DWPMEM. 

Keywords : damping winding, PM electrical machine, super-transient reactance, analytical method, parameter identi-

fication

1. Introduction

Dynamic parameters including reactance and time

constants can directly reflect the dynamic performance of

electrical machines under special working conditions [1],

therefore they have been important research contents in

the electrical machine and the related fields. The super-

transient reactance is one important dynamic parameter of

the electrical machine, which can determine the maximum

value of sudden short-circuit current. Therefore, its accurate

calculation has a great influence on the electrical machine

state evaluation.

When the structure parameters can be provided,

analytical and finite element methods are good choices to

calculate the electrical machine dynamic parameters. An

analytical method is used to calculate the dynamic para-

meters of the salient pole generator in [2-4]. The super-

transient reactance parameters of salient pole generators

with different damping winding materials and structures

are calculated and studied by the finite element method in

[5] and [6]. And the super-transient reactance is studied

based on d-axis flux and current by using the super-

conducting loop method in [7].

When the structure parameters are unknown, the d-axis

transient reactance can only be obtained by the parameter

identification method. Three-phase sudden short-circuit

method is a commonly used method for transient para-

meter identification [8], but the current impulse caused by

this method brings damage risk to the electrical machine

[9]. In [10] and [11], the electrical machine transient

parameters are identified based on the DC step voltage

method and the sinusoidal voltage method respectively.

Accurate dynamic parameters can be obtained without

damaging the electrical machine by using the two

methods.

Compared with the traditional synchronous electrical

machine, permanent magnet (PM) electrical machine

(PMEM) has a simpler structure, higher efficiency, and

higher power density, therefore it is widely used in the

industry field [12]. Damped winding PM electrical

machine (DWPMEM) can produce stable torque or output

stable electric energy at low speed, and the magnetic field

generated by damping winding current can effectively

weaken the magnetic field negative sequence and improve

the dynamic stability of the electrical machine in the

dynamic process [13]. Therefore, it has a good application
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prospect in the fields of marine propulsion, wind power

generation, etc. However, due to the magnetic field

variation, the DWPMEM dynamic parameter calculation

method and its influencing factors are different from that

of electric excitation damping winding electrical machines

[14], but there are few reports about the relevant research

content at present.

In this paper, DWPMEM is taken as the research

object, and the calculation method and influencing factors

of its super-transient reactance are studied. The analytical

calculation model of DWPMEM d-axis super-transient

reactance is proposed based on the superconducting loop

method in section II. The parameter identification model

is established and used to identify the parameters of d-

axis super-transient reactance in section III. The accuracy

of the two calculation methods is verified by experiments

in section IV. The variation rules of d-axis super-transient

reactance with damping winding structures are investi-

gated in section V. And at last, some important conclu-

sions are provided in section VI.

The main innovations of this paper are as follows: 1)

The DWPMEM d-axis super-transient reactance analytical

calculation model is proposed, and the coupling of the

magnetic field produced by PM and stator winding

current is considered in the model. 2) The identification

model of DWPMEM super-transient reactance is established,

based on which the super-transient reactance can be

obtained accurately without electrical machine structure

parameters.

2. Analytical Calculation Model of 
D-Axis Super-Transient Reactance

2.1. Calculation model of super-transient reactance

The flux equations of DWPMEM are different from

those of electric excitation electrical machine due to PM

excitation, and its equations are as follows [15],

. (1)

The voltage equation is

, (2)

where d, fd and 1d are the d-axis flux generated by

stator winding, PM, and damping winding respectively.

Xd, Xad, X11d and R1d are the d-axis components of stator

winding reactance, stator armature reaction reactance,

damping winding reactance and damping winding resistance

respectively. id and i1d are the d-axis current components

of stator winding and damping winding respectively. B

and Sm are the PM d-axis magnetic flux density and the

cross-sectional area of the magnetic circuit respectively.

According to Eqs. (1) and (2), it can be obtained

.  (3)

The corresponding d-axis equivalent magnetic circuit is

shown in Fig. 1. In the figure, XL and X1dL are the leakage

reactance of stator winding and d-axis damping winding

respectively, and

,  (4)

.  (5)

According to the principle of the superconducting loop

method [1, 11], it can be assumed that, the flux is

unchanging before and after short-circuit fault, the

resistance element can be ignored, the voltage source can

be short-circuited, and the current source can be open-

circuited. Therefore, the equivalent circuit for d-axis

super-transient reactance calculation is obtained as shown

in Fig. 2.

The parameter  can be expressed as

. (6)
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Fig. 1. D-axis equivalent magnetic circuit.

Fig. 2. The equivalent circuit for d-axis super-transient reac-

tance calculation.
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Substituting eqs. (4) and (5) into (6), the expression of d-

axis super-transient reactance can be obtained:

. (7)

It can be obtained from the above equation that the d-

axis super-transient reactance is related to the stator winding

leakage reactance, the d-axis stator armature reaction

reactance, and the d-axis damping winding reactance.

2.2. Calculation of relevant reactance parameters

When the fundamental magnetic flux generated by the

winding current is considered only, the self-induction of

the a-phase winding is

, (8)

, (9)

,  (10)

where L0 and L2 are the self-induction fundamental

component and quadratic component respectively.  is the

included electrical angle between the rotor d-axis and the

a-axis phase. w, , L, P, as and kw1 are the total number of

phase winding turns, pole pitch, stator core length, number

of pole pairs, number of winding parallel branches, and

winding coefficient respectively.

When the d-axis of the rotor coincides with the a-phase

winding axis, namely , then 

, (11)

, (12)

where L0L, Laads and  are the leakage flux inductance

coefficient, main flux a-phase winding inductance coefficient,

and the d-axis equivalent magnetic permeability coefficient

respectively.

The magnetic motive force generated by PM is

, (13)

where Hc is the PM coercivity, and hMp is the magnetization

direction length.

When the magnetic flux generated by PM is considered

only, the a-phase fundamental component flux linkage is

, (14)

where  is the air-gap permeability coefficient. 

The a-phase winding mutual inductance is

. (15)

When 

. (16)

Regardless of the saturation effect, the a-phase inductance

with the coupled magnetic field generated by the winding

current and the PM is

, (17)

. (18)

Therefore, the d-axis stator armature reaction inductance

is

. (19)

The d-axis stator armature reaction reactance is

, (20)

where f is electric frequency.

Similarly, when the magnetic field generated by the

stator winding current is considered only, the self-inductance

coefficient of the damping winding is 

, (21)

where 2L is the d-axis equivalent magnetic permeability

coefficient.

When the magnetic field generated by PM is considered

only, the mutual inductance coefficient of the damping

winding is

,  (22)

where w1d, 1d and a1d are the number of damping

windings, damping winding short-pitch ratios, and damping

winding parallel branches respectively; dk is the perme-

ability coefficient for the magnetic field generated by

winding current.

Regardless of the saturation effect, the d-axis damping

winding inductance with the coupled magnetic field can

be obtained by eq. (23).
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.  (23)

Thus, the d-axis damping winding reactance is

.  (24)

The stator winding leakage reactance is composed of

stator slot leakage reactance, stator harmonic leakage

reactance, and stator end-winding leakage reactance.

. (25)

In this paper, Ce is defined as the leakage reactance

coefficient

, (26)

where PN and UN are the rated power and rated voltage of

the electrical machine respectively.

The stator slot leakage reactance is

, (27)

where s is stator slot leakage permeance per unit, m is

the number of phases and Z is the number of stator slots.

The stator harmonic leakage reactance is

, (28)

where h is stator harmonic leakage permeance per unit,

and s is the effective length of air gap.

The stator end-winding leakage reactance is

.  (29)

3. Identification Calculation of D-Axis 
Super-Transient Reactance

The parameter identification method obtains the required

identification results by applying specific excitation

signals and combining the response waveform with the

identification model [16-19]. The identification model of

d-axis super-transient reactance is developed based on

flux linkage and voltage equations in this section.

According to the procedure shown in Fig. 3, the d-axis

super-transient reactance is calculated: firstly, the d-axis

current is calculated by finite element method and the d-

axis current curve is fitted by genetic algorithm, and then

the correlation coefficient is obtained and substituted into

the d-axis super-transient reactance identification model.

Finally, the d-axis super-transient reactance is calculated.

3.1. Parameter identification model

By using the Laplace transform, the flux and voltage

equations of PMEM in the frequency domain are obtained

as follows:

, (30)

, (31)

where s is the Laplace differential operator.

Substituting eq. (31) into eq. (30), it can be got that

. (32)

The d-axis stator winding flux can be expressed as

, (33)

where Xd(s) is the d-axis operational reactance equipped
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Fig. 3. (Color online) Calculation flow of d-axis super-tran-

sient reactance based on parameter identification.
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with damping windings; GD(s) and Gf (s) are the transfer

functions corresponding to the d-axis damping winding

and the PM respectively.

The d-axis operational reactance equipped with damping

windings Xd(s) is

. (34)

Substituting  into eq. (34), then

, (35)]

where TD and  are the d-axis steady-state and transient

time constants respectively.

The d-axis damping winding transfer function  is

. (36)

The PM transfer function Gf (s) is

. (37)

When the electrical machine is equipped with damping

winding, the initial value of the d-axis operational reactance

is the d-axis super-transient reactance, therefore,

. (38)

Add the DC step signal to the identification model of

the d-axis super-transient reactance parameters. The

frequency domain expression of the DC step voltage is

. (39)

Therefore, the d-axis voltage equation is

. (40)

And then, it can be got

. (41)

The frequency domain expression of the d-axis current is

. (42)

3.2. Parameter identification based on genetic algorithm

The time domain general solution of eq. (42) is

. (43)

Based on eqs. (42) and (43), the d-axis super-transient

reactance can be expressed as follows

, (44)

where .

It can be seen, that the corresponding coefficients in

eqs. (43) and (44) are the same, therefore, the d-axis

super-transient reactance can be obtained after the d-axis

current is identified.

In this paper, a genetic algorithm is used for parameter

identification, and the flow chart is shown in Fig. 4.

The fitness function is set as

, (45)

where C1, 1, C2 and 2 are the fitting coefficients, the

subscript i represents the ith measurement point, and N is

the total number of measurement points.

In this paper, the genetic algorithm population size and

the fitness function value are set to 200 and  respec-

tively. When there is no improvement after 1000 iterations,

the iteration is terminated, and the fitting coefficients are

obtained.
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Fig. 4. (Color online) Parameter identification flow chart of

genetic algorithm.
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4. Experimental Verification

4.1. Prototype structure

In order to verify the accuracy of the calculation model,

a 1.1 kW DWPMEM is selected as the experiment proto-

type. As shown in Fig. 5(a), it adopts a flux-concentrated

structure and each magnetic pole is composed of two

PMs between which a magnetic bridge is arranged. The

damping winding is evenly distributed in the outer layer

of the rotor and the stator windings are arranged in a

single layer. The pictures of the stator and rotor are shown

in Fig. 5(b) and 5(c) respectively.

The main parameters of DWPMEM are shown in Table 1.

4.2. Calculation Results of analytical and parameter

identification methods

The analytical method calculation results of d-axis

super-transient reactance are shown in Table 2.

The finite element model of DWPMEM is set up and

the d-axis current is calculated. The magnetic field di-

stribution in the electrical machine is shown in Fig. 6.

The d-axis current data are fit by the parameter identi-

fication method and the super-transient reactance can be

obtained based on the fitting coefficients.

As shown in Fig. 7, the current waveforms obtained by

finite element and parameter identification method can

Fig. 5. (Color online) Topology of DWPMEM

Table 1. Main parameters of DWPMEM.

Parameter Value

Rated power/kW 1.1

Voltage/V 380

Speed/r/min 1500

Current/A 2

Pole pairs 2

Number of slots 24

Stator inner diameter/mm 80

Rotor outer diameter/mm 130

Number of damping windings 20

Fig. 6. (Color online) Magnetic field distribution in DWP-

MEM.

Fig. 7. (Color online) Identification and finite element results.

Table 2. Analytical method calculation results.

Parameter Value

D-axis stator armature reaction inductance/mH 3.3863

D-axis damping winding inductance/mH 0.0331

Stator winding leakage inductance/mH 0.0034

D-axis super-transient reactance/p.u. 0.1386

Table 3. Parameter identification results.

Fitting 

coefficient

Identification 

result

Fitting 

coefficient

Identification 

result

C1 -0.0944 1 20.1701

C2 -0.1986 2 4.4328

C3 0.294 0.14222p.u.d
X 
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agree well with each other. The fitting coefficients and d-

axis super-transient reactance are shown in Table 3.

4.3. DC step voltage method verification

The d-axis super-transient reactance experimental

measurement method proposed in [18, 19] has high

accuracy, and the measurement error is about 5 %.

Therefore, in this paper, it is used for the d-axis super-

transient parameter measurement. The experimental plat-

form is shown in Fig. 8, which is mainly composed of

DWPMEM, DC step voltage source, switch, etc. 

During the experiment, the rotor d-axis is aligned with

the axis of one-phase winding, the DC step voltage signal

is applied to two-phase stator windings, the three-phase

currents are measured, and the d-axis current is finally

obtained by Park transformation. The d-axis current data

obtained by the parameter identification method and the

measured one is shown in Fig. 9. It can be seen, that

although there are some white noises in the measured

one, the data obtained by the two methods are basically

consistent.

Table 4 lists the measurement data identification results

of fitting coefficients and d-axis super-transient reactance.

Table 5 shows the d-axis super-transient reactance values

obtained by analytical method, parameter identification

method, and measurement respectively.

Taking the measurement result as the basic value, it can

be seen from the table, that the analytical method

calculation result is almost the same as the measured one

(the error between them is 2.44 %), and the error between

the parameter identification result and the experimental

one is 4.91 %, which indicate the two methods have

relatively high calculation accuracy. It should be pointed

out that, if the experimental data are denoised, the error

will be further reduced.

5. Study of Influence Factors

The d-axis super-transient reactance with different

numbers of damping windings and short-pitch ratios are

Fig. 8. (Color online) Experimental platform.

Fig. 9. (Color online) Identification and measurement data.

Table 4. Parameter identification results.

Fitting 

coefficient

Identification 

result

Fitting 

coefficient

Identification 

result

C1 -0.0923 1 21.8703

C2 -0.2007 2 4.4564

C3 0.294 0.13523p.u.

Table 5. Comparison of D-axis super-transient reactance.

Value Error

Analytical method 0.13860p.u. 2.44 %

Parameter identification method 0.14222p.u. 4.91 %

Measurement 0.13523p.u. -

d
X 

d
X 

Table 6. D-axis super-transient reactance with different num-

ber of damping windings.

Number of damping 

windings

Parameter 

identification method

Analytical 

method

16 0.15605p.u. 0.1512p.u.

17 0.15434p.u. 0.1463p.u.

18 0.14763p.u. 0.1429p.u.

19 0.14312p.u. 0.1401p.u.

20 0.14222p.u. 0.1386p.u.

21 0.13549p.u. 0.1321p.u.

22 0.13175p.u. 0.1266p.u.

23 0.12803p.u. 0.1232p.u.

24 0.11146p.u. 0.1101p.u.
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calculated and analyzed in this section. 

The d-axis super-transient reactance with different

numbers of damping windings is calculated by using the

analytical method and parameter identification method,

and the calculation results are shown in Table 6 and

Fig. 10. 

From Table 6, it can be seen that the d-axis super-

transient reactance decreases with the increasing damping

winding number. This is because the increase in the number

of damping windings narrows the magnetic circuit, reduces

magnetic conductivity, and correspondingly reduces the

relevant reactance parameters [20, 21]. The conclusion is

the same as the one obtained based on eqs. (7) and (23).

As can be seen in Fig. 10, the calculation results of the

two methods have the same variation trend, and the

calculation errors between them are all smaller than

5.5 %.

The calculating results of d-axis super-transient reactance

with different short-pitch ratios are shown in Table 7. It

can be seen that the d-axis super-transient reactance

increases with the short-pitch ratios increasing. The

increase in the short-pitch ratios of the damping winding

widens the magnetic circuit, increases the magnetic

conductivity, and the reactance parameters increase

accordingly [20, 21]. The conclusion is the same as that

obtained by eqs. (7) and (23).

As can be seen in Fig. 11, the calculation results of the

two methods have the same variation trend, and the errors

between them are all smaller than 5.5 %.

From the above analysis results, it can be concluded

that the calculation results of the two methods have the

same variation law with a damping winding structure.

The d-axis super-transient reactance decreases with the

increasing damping winding number and increases with

the increasing of short-pitch ratios. This conclusion can

provide a reference for the damping winding design in

DWPMEM.

6. Conclusion

This paper takes DWPMEM as the research object and

proposes two d-axis super-transient reactance calculation

models based on its magnetic field characteristics. The d-

axis super-transient reactance with different numbers of

damping windings and short-pitch ratios are calculated

and analyzed by using the two models. Compared with

the experimental data, it shows that the calculation results

have high accuracy. The variation law of d-axis super-

transient reactance with damping winding structure is

investigated. The super-transient reactance calculation

models proposed in this paper have important guiding

significance for the design and dynamic operation evaluation

of DWPMEM. It should be pointed out these models are

for salient pole winding PM electrical machines with

damping, and they lack universal applicability for other

structures of PM electrical machines.

Based on the research foundation of this paper, further

exploration can be conducted in the following two

aspects: (1) Calculate other transient parameters of the d-

Fig. 10. (Color online) D-axis super-transient reactance with

different number of damping windings.

Fig. 11. (Color online) D-axis super-transient reactance with

different damping winding short-pitch ratios.

Table 7. D-axis super-transient reactance with different damp-

ing winding short-pitch ratios.

Damping winding 

short-pitch ratios

Parameter 

identification method

Analytical 

method

0.9756 0.11146p.u. 0.1101p.u.

1.0180 0.12803p.u. 0.1232p.u.

1.0643 0.13175p.u. 0.1266p.u.

1.1150 0.13549p.u. 0.1321p.u.

1.1707 0.14222p.u. 0.1386p.u.

1.2323 0.14312p.u. 0.1401p.u.

1.3008 0.14763p.u. 0.1429p.u.

1.3773 0.15434p.u. 0.1463p.u.

1.4634 0.15605p.u. 0.1512p.u.
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and q-axis by analytical method. (2) Study the relation-

ship between the motor structural parameters and reactance

parameters comprehensively, including the air gap and

rotor structure et al. on reactance.
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