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Grid Synchronization of Doubly-fed Induction
Generator Using Integral Variable Structure Control

Si Zhe Chen, Norbert C. Cheung, Senior Member, IEEE, Ka Chung Wong, and Jie Wu

Abstract—This paper proposes a novel direct voltage control
scheme, using integral variable structure control to synchronize
a doubly fed induction generator (DFIG)-based wind energy con-
version system (WECS) to the grid. The proposed scheme directly
controls the stator terminal voltage of the DFIG to track the grid
voltage without current control loop; hence, the structure of con-
troller is simplified. The control scheme includes parametric un-
certainty and external disturbances into the formed design pro-
cedure; hence, the proposed scheme has better robustness than
existing synchronization methods. Both computer simulation and
hardware implementation results are presented to demonstrate the
advantages of the proposed scheme.

Index Terms—DFIG, direct voltage control, integral variable
structure control, synchronization, wind energy.

NOMENCLATURE

Udg, Uqg Direct and quadrature grid voltage.

Uds , Uqs Direct and quadrature stator wind-
ing voltage.

Uy, Ugr Direct and quadrature rotor wind-
ing voltage.

Tdr, bqr Direct and quadrature rotor wind-
ing current.

Adss Ags Direct and quadrature stator flux.

Adrs Agr Direct and quadrature rotor flux.

W, Wy, Wy Grid, rotor, and slip angular fre-
quency.

R, Rotor winding resistance.

L, L, Magnetizing and rotor self-
inductance.

Dn Number of pole pairs.

A Parameter deviation or signal
noise.

Superscripts

* Reference value.

sen Sensor signal included noise.
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Subscripts

g, S, T Grid, stator, and rotor.

d, q Synchronous d—g-axis.

max, min Upper and lower limits of the pa-
rameter.

0 Nominal value of parameter.

I. INTRODUCTION

UE to the gradual depletion of fossil energy resources and
D the increasingly concern for environmental pollution, it
has become increasingly important for all countries of the world
to develop renewable energy for the sustainable development of
human society. Wind energy is a major form of renewable en-
ergy. Wind energy conversion system (WECS) can be divided
into fixed speed type and variable speed type. Compared to
fixed speed WECS, variable speed WECS has the advantages of
maximizing the output power, reducing mechanical stresses, im-
proving the power quality, and increasing the transient stability
margin of the electrical grids [1], [2]. Variable speed WECS can
further be subdivided into two types: one based on synchronous
generators and the other based on doubly fed induction gener-
ators (DFIG). Compared with synchronous generators, DFIG
are more suitable for high-power application, because only a
portion of the generated energy needs to be processed by the
power electronics converters [3]. Hence, DFIG-based WECS
have dominated the high-power wind turbine market.

The control of DFIG is achieved by changing the magnitude,
frequency, and phase of the rotor voltages or rotor currents. In
the early years, most DFIG systems employed either naturally
commutated dc-link converters or cycloconverters in the rotor
circuits, which resulted in expensive dc-link choke, extra com-
mutation circuit, and low-frequency current harmonics. Some
researchers used a back-to-back pulse width modulation (PWM)
converter in the rotor circuit to overcome these drawbacks [4].
The modeling and control strategies of the DFIG have been
widely reported in [4], [5]. In these references, the rotor con-
verter is controlled using field-oriented control (FOC) in the
stator flux vector reference frame. The rotor current is decom-
posed into a parallel component and an orthogonal component,
which are independently regulated for controlling the reactive
powers and machine torques of the DFIG. In spite of the number
of papers related to DFIG, there are relatively few publications,
describing the synchronization of the DFIG to the power grids
[61-[9].

However, soft and fast synchronization is an important issue,
because it enables the DFIG to be connected to the grid with
minimum impact on the WECS and the grid. Another impor-
tant application of fast synchronization is reclosing the DFIG
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with the grid immediately after grid faults, in order to provide
voltage support and frequency support to the grid, which will en-
hance the fault ride through (FRT) ability of WECS [10]. In [6],
only the direct and quadrature rotor currents are controlled for
synchronization. The lack of voltage feedback might result in
significant differences between the stator and grid voltages and
hence cause impact at the time of connecting. Cascaded ap-
proaches are used in [7], [8], in which the inner loop is used to
control rotor current, and the outer loop is implemented to min-
imize the voltage differences before the generator is connected
to the power grid. In [9], the stator voltage is directly controlled
instead of passing through a chain of cascaded loops, which
reduces the demand on the computation power and the number
of parameters for tuning.

From control viewpoint, these approaches use state transfor-
mation after which the decoupling and linearization tasks can be
performed easily. However, precise knowledge of the DFIG pa-
rameters is needed, which cannot be known exactly in practical
since: the DFIG model is a simplified machine model; the DFIG
parameters are normally obtained by identification procedures
in which errors are always present; the DFIG parameters may
vary with ambient temperature and exciting saturation. In recent
years, a lot of research effort has been devoted to the applica-
tion of variable structure control (VSC) techniques to power
electronic equipment and electrical drives [11]-[15]. Interest in
this control approach has emerged due to its potential for be-
ing insensitive to variations of system parameters and external
disturbances with a minimum of implementation complexity.

This paper proposes a robust single-loop direct voltage con-
trol (DVC) scheme for synchronization. The stator voltage is di-
rectly controlled instead of passing through a chain of cascaded
loops and hence the structure of controller is simplified. In or-
der to enhance the robustness of the system against parametric
uncertainty and external disturbances, the VSC with an integral
action, so called integral variable structure control (IVSC) is in-
troduced into the control loop. The paper is organized as follows.
Sections II and III give the topology and mathematical model of
the DFIG. Section IV simply describes the principle of IVSC. In
Section V, the DVC for synchronization of DFIG-based WECS
using IVSC is designed, and the parametric uncertainty and ex-
ternal disturbances are formally included. In Section VI and VII,
simulation and experimental results are reported to validate the
robustness of proposed scheme against parametric uncertainty
and external disturbances.

II. DESCRIPTION OF THE DFIG SYSTEM

The schematic diagram of the DFIG-based WECS is shown
in Fig. 1. The DFIG is a wound rotor asynchronous machine
mechanically coupled to a wind turbine. The stator winding
is connected to the grid through a three-phase contactor. The
rotor winding is connected to the grid through a bidirectional
converter made up of two back-to-back three-phase full-bridge
inverters (referred as rotor converter and grid converter). The
rotor converter controls the voltage applied to the rotor winding
of the DFIG. The grid converter controls the power flow between

abe usabc /\ —
<1\ [ Win
Grid / \ Fl turbine
u e urabc
Grid 1 Rotor
converter | || converter
DC link Machine
controller controller

Fig. 1. DFIG-based WECS.

the dc-link and the grid to keep the voltage of capacitor in dc-link
constant.

III. MATHEMATICAL MODEL
A. Mathematical Model of DFIG

The equations describing the operation of the DFIG before it
is connected to the grid in a synchronous reference frame are

_ d)\ds

Uds = - Wy Ags (1)
Uqs = dgzs + Wy Ads 2)
uar = Ryige + dg;“ — Wik 3)
tar = Regy + 5+ 0,k )
Ads = Lyniar (5)
Ags = Liniqr (6)
Ay = Lyiar %)
Agr = Lyigr ¥

For the purpose to achieve direct voltage control, the direct
relationship between the stator voltage and the rotor voltage
will be developed. Substituting (7) and (8) into (3) and (4) and
rearranging gives

digy R, . 1 .

dti [7 Tdr + Tudr + Wslqr (9)
di T Rr . 1 y

d(; = tar T ar T Wsldr 10)

As the stator voltage and the stator flux have a multi-input—
multioutput relationship, appropriate pairs of the voltage and
flux components have to be identified to close the control loop
correctly. Reference [9] used the relative gain array (RGA)
methodology to calculate the degrees of relevance between the
stator voltage and the stator flux and got the conclusion that
the direct stator flux controls the quadrature voltage, whereas
the quadrature stator flux controls the direct voltage, at steady
state. Therefore, substituting (5) and (6) into (1) and (2) and
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differentiating them with respect to time yields

duds indr di T
=L, —— —w, L, —& 11
dt a W dt an
dugs d%i,, digr
=L, —X L, —=. 12
di ae T Wetm (12)

According to [9], the first terms in the right side of (11) and
(12) can be regarded as disturbances. Substituting (10) into (11)
and (9) into (12) gives

dugs wg Ly, Wyl R, . dPig,
T I Ugr I tqr + Wews Linidar + Ly R
(13)
dugs  wgLp, wyLy R, . . inqr
I = I Ugr — I tdr + Wyws L iqr + L proat
(14)

B. Parametric Uncertainty and External Disturbances

The machine parameters are obtained by identification ex-
periments in which errors are unavoidable, and furthermore,
these parameters may vary with ambient temperature and ex-
citing saturation. Considering the uncertainties of the machine
parameters, it is assumed that the parameters in (13) and (14)
are bounded as follows

Rr min < Rr = R'I‘O + A}27 < Rr max
Lm min < Lm = Lm[] + ALm < Lm max
Lr min < Lr = LrO + ALr < L’r‘ max

where R, L0, and L, denote the nominal values, and AR,.,
AL,,, and AL, denote the deviations.

In addition, there are unpredictable electromagnetic interfer-
ence (EMI) in operating locale, which may cause unpredictable
noises to the sensors in the WECS. So the real signals used by
the controller are

-Se

n . .
qur = ldqr + Aqur

sen

Uqqs = Udgs + Audqs

sen

udqg

= Udqg + Audgg

where Aiqqr, Aags, and Augq, denote the unknown noises.

IV. VARIABLE STRUCTURE CONTROL WITH INTEGRAL ACTION

The core idea of designing traditional VSC algorithms con-
sists of enforcing sliding mode in a predefined sliding surface
of the system state space. Once the system state reaches the
sliding surface, the structure of the feedback loop is adaptively
alter to slide the system state along the sliding surface. Hence,
the system response depends only on the predefined sliding sur-
face and remains insensitive to variations of system parameters
and external disturbances. However, during the reaching phase,
before sliding mode occurs, such insensitivity property is not
guaranteed, which means the loss of the robustness in the tran-
sient state. Furthermore, in the practical implementation of the

VSC, the sign function is often replaced by saturation func-
tion to reduce the chattering, which will result in undesirable
steady-state error.

To deal with these problems, an integral action is introduced
into traditional sliding mode scheme, which is so-called IVSC.
By properly choosing the initial condition of the integrator, slid-
ing mode can be established in the initial time instant without
the reaching phase, implying that the invariance of the system
to parametric uncertainty and external disturbances is guaran-
teed during the entire response. In addition, the integral action
gives advantage of effectively minimizing the steady-state error
caused by the saturation function.

V. DESIGN OF PROPOSED IVSC

Since the grid voltage is the only quantity not affected by
the operation of the DFIG, the synchronous reference frame
of the DFIG is aligned to the grid voltage. The g-axis of the
synchronous reference frame is aligned to the grid voltage, and
the d-axis is orthogonal to the grid voltage, so

Ugg = Vg, ugg =0
where V, is the magnitude of the grid voltage.

The control objective is to control the stator direct and quadra-
ture voltage to track the grid direct and quadrature voltage in the
grid voltage reference frame, respectively, such that the stator
voltage and grid voltage will have equal magnitude, frequency,
and phase.

The sliding surfaces of the proposed IVSC for the stator direct
and quadrature voltage control of DFIG are given as follows

t
Sq4 = Tq + c/ 2q4(2)dzg =0 (15)

t
Sq =, —|—c/ z4(2)dzg =0 (16)

where c is the coefficient of the sliding surface, z; and z, are
the dummy variables for the integration, state variables x; and
x4 are the errors between the stator voltage and the grid voltage,
respectively, and are defined as

a7
(18)

*
Tg = Uds — Ugg = Uds — Udg

_ * P e —
Lg = Ugs — Uqs = Uqg — Ugs-

To guarantee the sliding mode in the whole transient state,
the initial conditions of the integrators should be chosen as

—Zdo
IdO = ’
C

I ~%q0
c

where x40 and x40 are the initial conditions of x; and x,, 19
and [, are the initial conditions of the integrators defined as

0
I[)z/ z(z)dz.
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Hence att = 0,
(19)
(20)

Sd(to) =xq0 +clgo =0
Sq (t()) = Tq0 + CIq() =0

Equation (19) and (20) means that the system states are on the
sliding surfaces in the initial time instant without the reaching
phase, and the complete robustness can be obtained during the
entire response.

The control inputs of the proposed scheme consists of the
equivalent controls and switching controls and are given as

— e
Ugr = Ugt + Augr

2y

Uy = Uy, + Augy. (22)

The equivalent controls are used to control the nominal plant
model, and the switching controls are added to ensure the de-
sired performance despite parametric uncertainty and external
disturbances.

By using the condition of the equivalent controls as 544 = 0
[11], the equivalent controls are derived as

sen *sen
eq — p sen L..qgSen L"chd L"O duds
uqr - "‘Oqu + ws r0ldr + -
ngm() ngm() dt
(23)
sen *sen
0‘17R -sen L.qiset LTOCI(] LTO duqs
Ugy = Lr0lqy — WsLorolyr + T T
Wy Limo Wy Limo dt
(24

The switching controls are given as
(25)
(26)

Augr = Kq o sign(sqxy™) + Kaasign(sq)
Aug, = K23 sign(s, o™ ) + Kyasign(s,).

The constants K in (25) and (26) are determined by the well-
known sliding-mode existence condition as

27
(28)

S48q <0
8484 < 0.

The constants to satisfy the inequality given in (27) are

Kg1 > max <m> c‘ (29)
K43 > max Lmi{:z;;;fmo dZES + (R, — Ryo)iq
+ws(Ly — Lyo)iar + i; d;fgr — Ry oAig:
— woLyoNig, + ngLio dAd;‘:ls — L;;fjd . (30)

The constants to satisfy the inequality given in (28) are

3D

K, > max

Ler() - Lm Lr()
[ —— i, P
Wy L m Lm 0

u *
dg Uy, ~

Rate limiter

ldr lar

*
4g Ugs| + ~%g
Rate limiter

Fig. 2.

Space |—»
Vector
usl PWM —>

2

L] K%

Block diagram of proposed DVC scheme using IVSC.

Ler() - Lm Lr(] du;;s
Wy Lm Lm 0 dt

K> > max + (R — Ryo)iar

. L, d®ig, .
+ ws (LrO - LT)qu - jg dt;l — R0 Aidgy
L.y dAuy, L,cAx
Lr SA. - T qs  Lr qr ) 32
* 0 *a Wy LmO dt Wy Lm ( )

In (30) and (32), dujj,/dt and du; /dt will be infinite if the
reference values of stator voltage are abruptly changed, and K4,
and K ;» cannot be determined if parametric uncertainty is con-
sidered. Therefore, the rising and falling rates of input reference
signals should be limited. Practically, in practical engineering
implementations, rate limiters are also need to avoid large stress
on mechanical and/or electrical components.

The switching actions in (25) and (26) will cause chattering
phenomenon. The boundary layer solution can deal with this
problem. The sign functions are replaced by saturation functions
in a small vicinity of the sliding surface; hence, control discon-
tinuities and switching action in the control loop is avoided.
However, the boundary layer will cause steady-state errors. For-
tunately, the integral action can deal with this problem. Fig. 2
shows the block diagram of the proposed scheme.

VI. SIMULATION RESULTS

The proposed DVC scheme using IVSC is simulated with
Matlab/Simulink. The rotor converter is modeled as a volt-
age source to simulate the state-averaged operation of the con-
verter for saving simulation time. The machine parameters are
shown in the Appendix. The rising and falling rate of stator
quadrature voltage reference value is limited at 5000 V/s,
and the rising and falling rate of stator direct voltage refer-
ence value is limited at £500 V/s. The value of sliding surface
coefficient c is chosen as 80. To determine the switching con-
trol, the maximum bounds of the parameter errors are assumed
as —0.5R, 0 < AR, < 0.5R,¢, —0.5L,,0 < AL,;, < 0.5Ly,0,
—0.5L,9 < AL, < 0.5L,(, and the maximum bounds of un-
known noises are assumed as 0.5% amplitude of correspond-
ing signals. Under these assumptions and from (29) to (32),
the constants in (25) and (26) can be chosen as K;; = 0.04,
Ko =3723, K;1 =0.04, K;p = 28.87.
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Fig. 3. Simulated grid and stator line voltages with PI control.
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Fig. 4. Simulated grid, stator direct, and quadrature voltages with PI control.
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Fig. 5. Simulated grid and stator line voltages with IVSC.

A conventional cascaded PI control scheme is also simu-
lated for comparison. The inner loop controllers are tuned to
have a close-loop time constant of 0.002 s, and the outer loop
controllers are tuned to have a close-loop time constant of
0.02s.

The grid voltage is applied at time equal to 0.04 s. The grid
and stator line voltages of the DFIG with cascaded PI control
are shown in Fig. 3 at rotor speed of 1400 and 1600 rpm, respec-
tively, and the corresponding direct and quadrature voltages are
shown in Fig. 4. The identical type voltages with proposed IVSC
are shown in Figs. 5 and 6. Under both control schemes, the sta-
tor voltage tracks the grid voltage rapidly and has its amplitude,
frequency, and phase equalized to those of the grid voltage in
several periods. It verifies that the conventional cascaded PI
control and the proposed IVSC scheme are capable of synchro-
nizing the DFIG at both subsynchronous and supersynchronous
speed.

To compare the robustness of the cascaded PI control and
the proposed IVSC schemes, white noise with a power spectral

< 3501
3
S 300+
LS I I i — u
S 250+t ag
; 200 F uqs(1400rpm)
% 150 uqs(1600rpm)
® 10t S e uds(1400rpm)
=
:;— 501 S | ds(1600rpm)
g 0 - il . .
a o 0.05 0.1 0.15 0.2
Time (s)
Fig. 6. Simulated grid, stator direct, and quadrature voltages with IVSC.
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Fig. 7. Simulated grid and stator line voltages with PI control under distur-
bances.
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Fig. 8. Simulated grid, stator direct, and quadrature voltages with PI control

under disturbances.

density of 0.005 (unit) is added to the measured current and volt-
age signals. The grid and stator line voltages of the DFIG with
cascaded PI control are shown in Fig. 7, and the corresponding
direct and quadrature voltages are shown in Fig. 8. The identical
type voltages with proposed IVSC are shown in Figs. 9 and 10.
In Figs. 7 and 8, the stator voltages of the DFIG contain large-
amplitude high-frequency noises when conventional cascaded
PI control is used. Figs. 9 and 10 shows that the proposed IVSC
can suppress the noise and has better robustness. Figs. 7-10 only
display the voltage responses at subsynchronous speed, and the
voltage responses at supersynchronous speed are very similar.
To show the parametric robustness of the proposed IVSC
scheme, the rotor winding resistance of the DFIG is change
to 50% and 150% of nominal value, respectively. The grid and
stator line voltages of the DFIG are shown in Fig. 11, and the cor-
responding direct and quadrature voltages are shown in Fig. 12.
The rotor self-inductance of the DFIG is also change to 50%
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Fig.9. Simulated grid and stator line voltages with IVSC under disturbances.
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Fig. 10. Simulated grid, stator direct, and quadrature voltages with IVSC
under disturbances.
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Fig. 11. Simulated grid and stator line voltages with rotor resistance errors.
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Fig. 12.  Simulated grid, stator direct, and quadrature voltages with rotor re-
sistance errors.

and 150% of nominal value, respectively, and the simulation
results are shown in Figs. 13 and 14. The responses shown in
Figs. 11-14 are almost the same with the responses shown in
Figs. 5 and 6, and the parametric robustness of the proposed
IVSC scheme is verified.
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Fig. 15. Configuration of experimental system.

VII. HARDWARE EXPERIMENTAL RESULTS

Fig. 15 shows the configuration of the experiment system.
The rotor speed of the DFIG can be regulated by manually
adjusting the voltage applied to the coupled dc motor. The rotor
converter is an integrated power module (IPM)-based inverter
controlling the voltage applied to the rotor winding of the DFIG.
The grid voltage, stator voltage, rotor current, and rotor position
are sampled by the prototyping card dSpace DS1103 at a rate
of 5 kHz. The prototyping card processes the acquired signals
with different algorithms and generates 10 kHz PWM switching
signal for the IPM control. The operating conditions and signals
are displayed and stored in the personal computer in which the
prototyping card is installed.

All the parameters, constants, and variables in hardware ex-
periment are the same as those in simulation. The grid and stator
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Fig. 16.  Grid and stator line voltages with PI control.
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Fig. 18.  Grid and stator line voltages with IVSC.

300

200

100 -

Direct & quadrature voltages (V)

Fig. 19. Grid, stator direct, and quadrature voltages with IVSC.

line voltages of the DFIG with cascaded PI control are shown
in Fig. 16, and the corresponding direct and quadrature voltages
are shown in Fig. 17. The identical type voltages with proposed
IVSC are shown in Figs. 18 and 19. White noise with a power
spectral density of 0.005 (unit) is added to the measured current
and voltage signals, and the stator voltages of the DFIG contain
large-amplitude high-frequency noises when cascaded PI con-
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Fig. 20.  Grid and stator line voltages with PI control under disturbances.
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Fig. 21. Grid, stator direct, and quadrature voltages with PI control under
disturbances.
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Fig. 22.  Grid and stator line voltages with IVSC under disturbances.
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Fig. 23. Grid, stator direct, and quadrature voltages with IVSC under distur-
bances.

trol is used (Figs. 20 and 21), and this problem is solved by the
proposed IVSC (Figs. 22 and 23). Figs. 16-23 only display the
voltage responses at supersynchronous speed, and the voltage
responses at subsynchronous speed are very similar.

The harmonic spectra of the stator line voltage of the DFIG
without disturbances are shown in Fig. 24. The cascaded PI con-
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trol and proposed IVSC scheme have similar harmonic spectra.
The dominant frequency of the stator voltage is 50 Hz, which is
the same as the grid frequency. When the white noise is added,
the proposed IVSC leads to better performance than cascaded
PI control, as shown in Fig. 25.

VIII. CONCLUSION

This paper presents a direct voltage control scheme, using
integral variable structure control for the synchronization of
the DFIG-based WECS to the power grid. Different from con-
ventional cascaded PI control schemes, parametric uncertainty
and external disturbances are formally included into the design
procedure of the proposed scheme and hence the robustness of
system can be guaranteed.

Simulation and experiment are carried out to compare the
performance of conventional cascaded PI control scheme and
proposed control scheme. The results show that proposed control
scheme has better robustness. The DVC scheme using IVSC is
an effective algorithm to synchronize the DFIG-based WECS
to the power grid rapidly, even if parametric errors and external
disturbances are present.

APPENDIX

Machine Parameters

Stator rated voltage: 380 V
Stator rated current: 4.5 A

Rotor rated voltage: 120 V

Rotor rated current: 10 A

Operating frequency: 50 Hz

Synchronous speed: 1500 RPM

Magnetizing inductance (referred to the stator): 0.2987 H
Rotor leakage inductance (referred to the stator): 0.0186 H
Stator leakage inductance: 0.0186 H

Rotor winding resistance (referred to the stator): 5.8985 €2
Stator winding resistance: 2.6596 2

Stator-to-rotor turn ratio: 3.1667
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