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Abstract — This paper presents the steady state analysis and
characteristics of a doubly-fed induction generator (DFIG)
employed in stand-alone wind energy conversion system
(WECSS) in a similar way as the synchronous generator. The
DFIG is excited through the rotor terminals by a slip-frequency
voltage and current injected to the rotor from a battery via rotor
side converter. A simplified mathematical model required for
evaluation of the steady state analysis and characteristics of the
DFIG is presented. The effect of load variation on the rotor
voltage, active and reactive power when the generator operated
at constant speed is studied. Also, the effect of the generator
speed variation when operated at constant load on the rotor
voltage, active and reactive power is illustrated. The results
show that the parameters affected on the steady state analysis
and characteristics of the DFIG by using this method is more
clearly and simply.

Index Terms — Steady state analysis, Stand-alone WECS,
DFIG, Mathematical model.

1. INTRODUCTION

In modern decades, the doubly fed induction generator
(DFIG) is considered as a suitable electrical generator which
can be used in stand-alone wind energy conversion system
(WECS) as it can operate at variable speed with constant
output voltage and frequency [1], [2]. Also, it has numerous
advantages such as reduced power converter rating, operation
under variable speed, less losses with improved efficiency,
decoupled active and reactive power control, and
economically wise [3], [4], [5].

DFIG can supply power to an isolated load at constant
voltage and frequency irrespective of the variation of wind
speed and the connected loads. The main configuration of a
stand-alone WECS based on DFIG is shown in Fig. 1 [6]. In
order to achieve constant voltage and frequency most of
authors have suggested the field-oriented control (FOC)
strategy [7], [8]. The output voltage is regulated indirectly by
controlling the amplitude of the excitation current of the rotor
(regulating the flux in the machine) while the output
frequency is kept constant by imposing rotor currents with
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slip frequency [7], [8]. The usage of bi-directional AC-AC
converter connected to the rotor circuit contributes to expand
the range of operating speed above synchronous speed and
enable power production from both the stator side and rotor
side. This converter consists of rotor side converter (RSC)
and load side converter (LSC). RSC is used to control the
stator voltage and frequency and LSC is used to regulate the
DC bus voltage, harmonics compensation and load balancing

(6], [9]-[11].
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Fig. 1 Main configuration of stand-alone WECS based on DFIG.

When the DFIG supplies an isolated load at constant stator
output voltage and frequency, the generator may operate at
two modes of operation according to the generator speed:
sub-synchronous and super-synchronous speed modes of
operation [12]. The changing of operating speed, hence
operating slip, requires continuous changing in rotor input
voltage and frequency, consequentially the rotor active and
reactive power to maintain the stator outputs constant. The
variation of those parameters must be taken into
consideration during the generator operation for optimum
operation. This can be achieved by the correct study of the
characteristics of the generator at different operating
conditions.

The growing development of the wind energy for
electrical power generation using DFIG will have a
substantial influence on the stability of the power system [13].
Wherefore, DFIG must be modeled properly in power system



stability analysis. Also, the analysis of the steady state
performance of DFIG under different operating condition is
required so that the required power can be generated properly
at any point of operation specially when the DFIG operates at
maximum power point condition [14]. Many authors in [12]-
[20] have been evaluated the steady state analysis and
characteristics of grid connected DFIG based on its
conventional equivalent circuit under different operating
conditions. However, the evaluation of the steady state
analysis and characteristics of DFIG in stand-alone operation
is presented only in [15]. But such those computations in both
cases are quite difficult and require long time with fatigued
mathematical procedures.

In this paper the steady state analysis and characteristics
of the stand-alone DFIG are presented. The DFIG is assumed
to be excited through the rotor terminals with a slip frequency
voltages and currents comes from a battery and RSC. This
cause the rotational speed of the resulting magnetic field in
the air gap is always at synchronous speed and independent
of the DFIG rotational speed. A simplified mathematical
model required for evaluation of the steady-state analysis and
characteristics of the DFIG is presented in a similar way as
the synchronous generator. The effect of load variation on the
rotor voltage, active and reactive power when the generator
runs at constant speed is studied. Also, the effect of the
generator speed variation on the rotor voltage, active and
reactive power is illustrated.

II. SIMPLIFIED MATHEMATICAL MODEL OF DFIG

The conventional per phase equivalent circuit of a DFIG
in steady state is shown in Fig. 2. The stator and rotor
equations which represent the voltages and currents as
functions of DFIG parameters are presented as follows [21],
[22]:

E, =V +I(R +jX,) (1),
E, =X, 1, @),
I,=~1.+1) 3.
V.ls=E,~L(R /s+jX,) (@),
Where,
I7S is the stator output voltage phasor with frequency f;,

is the stator winding resistance,
is the stator winding leakage reactance,
is the magnetizing reactance,

is the stator current phasor,
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is the magnetizing current phasor,

3

is the rotor winding leakage reactance referred to stator,
is the rotor winding resistance referred to stator,

P

is the supplied rotor voltage phasor referred to stator,

is the rotor current phasor referred to stator,
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is the mutual induced voltage phasor, and
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where

N; is the synchronous speed of the DFIG at certain stator
output frequency, and

N s speed of the rotor shaft of the DFIG.
Substituting (3) into (2) then:

Em = E(LY _jXYHIX (6)’
E, ==jX,], .
Substituting (6) into (1) gives
E, =V +L(R +jX,) ®).
Substituting (2) and (3) in (4) gives
- - 1
V. =LI-R.~sX, -sin(6, -6, )+
s " ).
J(=sX, +s5X,, I—‘ cos(6, -6, )]
Where
X the total stator winding reactance (X +Xs),
X, is the total rotor winding reactance (X, +Xz.),
EOS is the generator e.m.f at no-load,

0 is the angle between EOS and 173 , power angle,
R, JX,, JjX,, R /s
+ -
. I
~VS s
Fig. 2 DFIG equivalent circuit per phase in steady state.
& s the angle between I, and V, ,power factor angle,
and
Or  is the angle between f, and 175

Assume the stator current lags the stator voltage by an angle
0, (9) can be simplified as

. - I

V, ==LI(R +sX,--cos(@+8)+
s r (10),

J(5X, =X, —sin(g+ 8N = =1, (R, + jX,,)

T

V,=1,\R.+X} (11),
where,
Ry is the rotor total equivalent resistance,
Xt is the rotor total equivalent reactance,
I is the rms of the stator current,
I, is the rms of the rotor current, and
v, is the rms of the rotor voltage.

As indicated by (10), R+ and X, are functions of stator and
rotor currents, power angle, slip, and stator output frequency.
The simplified equivalent circuit can be deduced from (8) and
(10) shown in Fig. 3.

III. STEADY STATE ANALYSIS OF DFIG

From the simplified equivalent circuit in Fig. 3, the stator
equivalent circuit representation is similar to the stator of the



synchronous generator equivalent circuit. Also, neglecting
the stator winding resistance, the voltage phasor diagram of
the stator equivalent circuit with lagging power factor is
illustrated in Fig. 4.a [21].

From the voltage phasor diagram, the corresponding
power units diagram can be obtained by changing the scale of
its axes from volts to voltamperes using the conversion factor
3V, / X, asshown in Fig. 4.b [23].

From the phasor diagram, and eq. (7) the stator apparent,
active, and reactive power can be obtained as follows [21],
[22]:

S, =3V.I =P +jO, (12),
WVIiX, .
R :MSIHJ (13)’
A X,
X k%8
Q0 =—"""cosd- XS (14),

Neglecting the rotor resistive losses, the rotor apparent,
active, and reactive power can be expressed as follows [21],
[22]:

S, =3V.I =P + O, (15)
Rs .]Xs jXrl er
MA—~A Ay
+ - — > +
- I, 7 I, .
7 Eu v

(@) (b)

Fig. 4. (a) DFIG Stator phasor diagram (b) Corresponding power units
diagram.
WIX, .
P =—s———"sind (16)
V.1X, 317X,

0. =-s[31°X, +%cos é'—T'"] (17)

IV. STEADY STATE CHARACTERISTICS OF DFIG

For evaluation the steady state characteristics of the DFIG,
the stator of the DFIG is assumed to be connected to stand-
alone load at constant voltage and frequency. Also, the DFIG
is assumed to be excited through the rotor terminals with a
slip frequency voltages and currents comes from a battery and
RSC. This cause the rotational speed of the resulting
magnetic field in the air gap is always at synchronous speed
and independent of the DFIG rotational speed. A 15 kW
DFIG with parameters depicted in Table.1 [24] is used to
evaluate the steady state characteristics.
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A. Effect of load variation on the DFIG operated at
constant speed

In this study, the DFIG is assumed to be operated at
constant two different operating speeds, first on is 1350 rpm
(s = 0.1) for sub-synchronous speed mode of operation. The
second one is 1650 rpm (s = - 0.1) for super-synchronous
speed mode of operation.

For both operating speeds, the power angle J is varied
from 0° to 180°. All results are given in per-unit with base
voltage of 220 V, base current of 32 A and base apparent
power of 21120 VA.

Table.1: DFIG parameters

Parameter Value Parameter Value
Rated power 15 kW Number of poles | 4
Operating frequency 50 Hz Turns ratio 1
Synchronous speed 1500 rpm R, 161 mQ
Rated stator line 380 V (rms) | Ly 3 mH
voltage
Rated stator current 32A L, 46.5 mH
Rated rotor current 46 A R, 178 mQ
Stator connection Star L, 3mH

Fig. 5 shows the stator output active power, Py, versus
power angle ¢ at rotor current /.= 1 and 0.5 p.u. As shown,
the P; varies sinusoidally with . At certain 7., 0.5 p.u, the
DFIG can be loaded gradually until the limit of Pmax1 where
the o reaches to its static stability limits of 90°. For ¢ larger
than 90°, the DFIG will operate at unstable operating region.
At certain power angle, d,, and rotor current equal 0.5 p.u, the
DFIG stator output power capability can be increased from
Pvi to Pro by increasing the rotor current to 1 p.u.

Fig. 6 shows the stator output reactive power, Q;, versus
power angle J at rotor current /.= 1 and 0.5 p.u. Unlike P,
versus 0 curve, as the ¢ increases the Q, decreases. The
maximum Qs can be obtained at d = 0°. Also, the DFIG stator
output reactive power capability can be increased from Qr; to
Qv by increasing the rotor current to 1 p.u.

According to stator active/reactive power output and
operating speed the rotor active power, reactive power,
applied voltage and frequency must be varied so that the
stator output voltage and frequency maintained constant at
rated value. As mentioned before, DFIG can operates at two
modes of operation when suppling a certain load. The first
mode is sub-synchronous speed, DFIG rotational speed is
chosen at 1350 rpm, where the DFIG rotational speed is less
than the generator synchronous speed of 1500 rpm. The
second mode is super-synchronous speed, DFIG rotational
speed is chosen at 1650 rpm, where the DFIG rotational speed
is greater than the generator synchronous speed.
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Fig. 5 Stator output active power, Py, versus power angle o at rotor current
I,=1and 0.5 p.u.
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Fig. 6 Stator output reactive power, Q,, versus power angle ¢ at rotor
current /,= 1 and 0.5 p.u.

Fig. 7 and Fig. 8 show the rotor active power, P,, versus
power angle J at rotor current /.= 1 and 0.5 p.u for sub- and
super-synchronous speed modes of operation respectively.
As shown, the P, varies sinusoidally with . In sub-
synchronous speed mode, the negative sign for P, means the
DFIG absorbs active power through the rotor terminals.

Also, in super-synchronous speed mode, the positive sign
for P, means the DFIG injects active power through the rotor
terminals. For both two modes, increasing the rotor current,
hence increasing the DFIG loading capability, leads to
increasing the absorbed rotor active power from P,; g4 to
P> g in sub-synchronous mode and increasing the injected
rotor active power from P, gy to Pr2_qp In super-synchronous
mode as the generator speed is held constant in each case.

Fig. 9 and Fig. 10 show the rotor reactive power, Q,,
versus power angle J at rotor current /.= 1 and 0.5 p.u for
sub- and super-synchronous speed modes of operation
respectively. The positive and negative sign for O, means the
DFIG injects and absorbs reactive power through the rotor
terminals in sub- and super-synchronous speed modes of
operation. When the DFIG operates at sub-synchronous
speed mode and stable region, the DFIG absorbs reactive
power through the rotor terminals. While in case of super-
synchronous speed mode and stable region, the DFIG injects
reactive power through the rotor terminals. For both two
modes, increasing the rotor current, hence increasing the
DFIG loading capability, leads to increasing the absorbed
rotor reactive power from QO gp to QO ap in sub-
synchronous mode and increasing the injected rotor reactive
power from QO sup t0 Or2 yp in super-synchronous mode as
the generator speed is held constant in each case.

Fig. 11 and Fig. 12 show the magnitude of the rotor input
voltage, V,, versus power angle ¢ at rotor current /,= 1 and
0.5 p.u for sub- and super-synchronous speed modes of
operation respectively. As shown, the rotor voltage varies as
the ¢ in order to maintain the rotor current at constant value
for constant output voltage operation. Also, at stable region,
Increasing the rotor current, hence increasing the DFIG
loading capability, leads to increasing the required rotor
voltage from V. s to V2 s in sub-synchronous mode and
from Vi qp t0 Vi2 qp in super-synchronous mode as the
generator speed is held constant in each case.

B. Effect of speed variation on the DFIG operated at
constant load

In this study, the DFIG is assumed to be operated at
constant three different loads as follows:
Load 1 (L1): 21120 W.
Load 2 (L2): 15000 W and 14868 VAR.
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Fig. 7 Rotor active power, P,, versus power angle J at rotor current /.= 1
and 0.5 p.u for sub-synchronous speed mode of operation.
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Fig. 8 Rotor active power, P,, versus power angle J at rotor current /.= 1
and 0.5 p.u for super-synchronous speed mode of operation.
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Fig. 9 Rotor reactive power, Q,, versus power angle ¢ at rotor current /.= 1
and 0.5 p.u for sub-synchronous speed mode of operation.
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Fig. 10 Rotor reactive power, Q,, versus power angle ¢ at rotor current /,=
1 and 0.5 p.u for super-synchronous speed mode of operation.

Load 3 (L3): 14868 VAR.

While the DFIG operating speed is varied from 1050 to
1950 rpm during applying each load. Also, the DFIG is
operated at constant output voltage and frequency for all
operating conditions.

Fig. 13 shows the rotor active power, P,, versus rotational
speed, N, for different loading conditions of L1, L2 and L3.
As shown for L1 and L2, at sub-synchronous speed mode, the
higher the rotational speed the lower absorbed active power
by the rotor.
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Fig. 11 Magnitude of the rotor input voltage, V,, versus power angle o at
rotor current /.= 1 and 0.5 p.u for sub-synchronous speed mode of
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Fig. 12 Magnitude of the rotor input voltage, V,, versus power angle ¢ at
rotor current /.= 1 and 0.5 p.u for super-synchronous speed mode of
operation.

While for super-synchronous speed mode the higher the
rotational speed the higher injected active power by the rotor.

Also, at certain rotational speed, as the load active power
increases the active power absorbed or injected by the rotor
increases. The rotor active power for L3 at all operating speed
is zero as the load power is zero in this case.

Fig. 14 shows the rotor reactive power, Q,, versus
rotational speed, V, for different loading conditions of L1, L2
and L3. As shown for all loads, at sub-synchronous speed
mode, the higher the rotational speed the lower absorbed
reactive power by the rotor.

While for super-synchronous speed mode the higher the
rotational speed the higher injected reactive power by the
rotor. Also, at certain rotational speed, the reactive power
absorbed or injected by the rotor depends on the load active
and reactive power.

Fig. 15 shows the magnitude of the rotor input voltage, V.,
versus rotational speed, N, for different loading conditions of
L1, L2 and L3. As shown for all loads, at sub-synchronous
speed mode, the higher the rotational speed the lower
required rotor input voltage.

While for super-synchronous speed mode the higher the
rotational speed the higher required rotor input voltage. The
minimum required rotor input voltage is accrued nearly
around the synchronous speed.

V. CONCLUSIONS

In this paper the steady state analysis and characteristics
of the stand-alone DFIG are presented in a similar way as the
synchronous generator. The rotor of the DFIG is excited with
a slip frequency voltages and currents via an RSC and a
battery. A simplified mathematical model required for
evaluation of the steady-state analysis and characteristics of
the DFIG is developed.
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The stator active and reactive power relations are
expressed as a function of stator output voltage, rotor current,
machine reactances, and the power angle. It is shown that the
rotor active and reactive power relations are expressed in the
same parameters as that for the stator active and reactive
power relations with the rotor slip is taken into consideration.

The effect of changing the slip, rotor current, stator
current, power angle, and load power factor on the magnitude
of the required rotor voltage was presented. The presented
work clearly illustrates the effect of the parameters of the
DFIG on characteristics and performance of the generator
when operated it at sub- and super-synchronous speed modes
in stand-alone WECS application.
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