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A Novel Power-Angle Control Method of
DFIG-DC System Based on Regulating Air Gap
Flux Vector

Chao Wu, Member, IEEE, Dao Zhou, Senior Member, IEEE, Peng Cheng,
and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper presents a novel power-angle control
method of DFIG-DC system based on regulating air gap flux
vector. The relationship between the angle of air gap electromotive
force (EMF) vector and stator output power is revealed in this
paper, which can be used for controlling the output power
directly. Since the stator frequency is determined by the rotating
speed of air gap flux vector and the output power is determined by
the angle of air gap EMF vector, the stator frequency can be
generated by the power control loop which can avoid the classical
voltage model or current model and reduce the parameter
dependency. The stator frequency can be regulated through d-axis
rotor current since the product of stator frequency and d-axis
rotor current is constant. Furthermore, the improved direct
resonant control for torque ripple and harmonic current
mitigation can still be applied in this novel control method because
air gap flux orientation is achieved through controlling the g-axis
air gap flux to be zero. Finally, the experimental results are
presented to validate the proposed control method.

Index Terms— Doubly-fed induction generator, Air gap flux
vector, Power angle control, Direct resonant control

I. INTRODUCTION

Recently, there are growing research interests in the direct
current (DC) transmission and connection of doubly fed
induction generator (DFIG) based wind farm [1]-[4]. In the
multiple existing topologies of DFIG connected to DC grid, the
DFIG connected to DC grid through diode bridge on stator side
has gained extensive attention and research due to its simple
structure and smaller converter cost, which is also called as
DFIG-DC system. However, the traditional vector control
strategy based on the phase-locked loop (PLL) cannot be
applied because there is no AC grid in the DFIG-DC topology
and the stator frequency needs to be controlled additionally [5].
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Thus, the primary objective of this topology is to achieve an
accurate control of the stator frequency and output power.
However, the basic problem encountered of this topology is
how to obtain the stator frequency and orientation angle with as
little parameter dependency as possible.

There are several research devoting in studying control
strategies of this DFIG-DC system [6]-[15]. The decoupling
control of stator frequency and stator power is mostly achieved
through the stator flux orientation control. In these methods, the
stator frequency and stator flux angle are indispensable for the
decoupling control. According to the methods of obtaining the
stator frequency and orientation angle, these existing methods
can be generally divided into two categories: voltage model or
current model.

In [6]-[8], the stator frequency and stator flux angle are
obtained based on the stator voltage model. In [6]-[7], the stator
frequency and stator flux angle are directly calculated based on
the stator flux, which is highly dependent on the resistance
parameters. Furthermore, the stator flux is the integral of stator
voltage which is difficult to achieve in practical occasion due to
an unavoidable dc sampling offset. In [8], the integral link is
substituted by inertia link which can reduce the effect of dc
sampling offset but can not eliminate the effect of dc sampling
offset, which will cause a fundamental frequency ripple in the
orientation angle.

In [9]-[12], the stator frequency and stator flux angle are
acquired based on the current model. In [9], the magnitude of
stator flux is applied for the stator frequency control, which is
dependent on the stator inductance and mutual inductance. In
[10]-[12], a stator flux PLL is proposed to obtain the stator
frequency and stator flux angle by controlling the g-axis stator
flux to be zero, which can avoid the calculation process but also
dependent on the ratio of stator inductance and mutual
inductance. When the DFIG-DC system is operating in the
standalone mode, the dc voltage is also controlled based on
stator flux orientation [13]-[15].

In conclusion, all these existing methods based on stator flux
orientation control can not avoid the dc offset issue or parameter
dependency. It can be found that there is no ac grid imposed on
the stator side of DFIG and there is no reactive power flow to
the dc grid, thus, the stator flux orientation control and
decoupling control of stator frequency and stator power are not
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necessary for this topology.

Totally different from the existing DFIG-DC control methods,
the stator frequency and stator power are not decoupling control
through the d-q axis rotor current. The relationship between the
stator power and angle of air gap EMF is established. The stator
power is not controlled by the rotor current on the active axis,
but controlled by the angle between air gap voltage and stator
side voltage. In this way, the stator frequency and orientation
angle are obtained based on the stator active power control loop,
which can avoid the voltage model and current model.
Furthermore, the air gap flux orientation method is achieved by
controlling the g-axis exciting current to zero. Through
regulating the air gap flux vector, the stator frequency and stator
active power can both be controlled accurately without
parameter dependency and avoid the sampling offset problem.

Since the stator voltage is highly distorted, the harmonic
currents will cause torque ripple which should be reduced. In
[16]-[17], predictive control methods are proposed for
suppressing torque ripples. However, these literatures are just
aimed at the torque ripple suppression without considering the
harmonic currents in stator and rotor winding. An improved
direct resonant control method is proposed for suppressing the
torque ripples and mitigating harmonic currents simultaneously
[18]. In this paper, since the rotating frame is aligned with the
air gap flux vector, the improved direct resonant control method
is still suitable in this novel control method, which can mitigate
the torque ripple and harmonic currents simultaneously.

In conclusion, the novel frequency and power control method
can avoid the parameter dependency. Moreover, all the existing
direct resonant control for improving the performance can still
be applied directly.

The rest of paper is organized as follows. The system
configuration and mathematical model are described in section
I1. The detailed control strategy of rotor side converter (RSC) is
elaborated in detail in section I11. Furthermore, the performance
analysis of power-angle control and improved direct resonant
control are presented in section IV. Section V shows the
experimental results and the conclusion is made in section VI.

Il. SYSTEM CONFIGURATION AND MATHEMATICAL MODEL

A. System Configuration

Fig. 1. Configuration of DFIG-DC system. Diode bridge on the stator side,
PWM converter on the rotor side.

The DFIG-DC system topology is graphically shown as Fig. 1,
where Usanc represents the stator voltage, Vqc represents the dc
link voltage and iq represents the dc side current. The working
principle of DFIG to generate power to DC grid can be

2

elaborated as: firstly, the rotor side exciting current is injected to
rotor winding through RSC, then the air gap EMF is built. When
the peak value of the phase-phase air gap EMF is higher than the
dc voltage, the diode bridge is conducting and the DFIG injects
power to dc grid.

B. Mathematical model

As shown in Fig. 1, the reference direction of stator current
and rotor current are defined in terms of the generator mode.
According to the equivalent circuit of the DFIG under the
synchronized d-q reference frame, the air gap flux vector can be
expressed as:

Voag = L (_Isdq + Irdq) 1)
where wmqgq is air gap flux vector, lsqyq, lrdq are the stator and rotor
current vector, Ly is mutual magnetic inductance.

In the steady state, the air gap EMF can be given as,
Emdq = ja)s'//mdq )
where s is the stator frequency.
Seen from the air gap side, the steady state equivalent circuit

of the DFIG-DC system can be seen as Fig. 2, where Rs is stator
resistance and L, is the stator leakage inductance.

Fig. 2. Steady state equivalent circuit of the DFIG-DC system.

When the diode bridge is working at the continuous
conduction mode, the stator voltage is a three-step square wave
and the magnitude of stator fundamental voltage can be
calculated as [8],

Usl = gVd(: (3)
VA

According to (3), the stator fundamental voltage is a fixed
value since the dc link voltage is constant. Thus, the stator
voltage can be considered as a constant voltage source when
ignoring the harmonics. The stator resistance is much smaller
compared with the electrical impedance of leakage inductance
and it can be ignored. The power transferred from the DFIG to
dc grid can be described as Fig. 3(a) and the phasor diagram can
be seen as Fig. 3(b). The phasor diagram is in the synchronous
d-q frame. The phase angle between the stator fundamental
voltage vector and the air gap EMF vector is . Moreover, the
stator fundamental current vector is the same phase with stator
voltage vector due to the diode bridge [5]. The amplitude of the
air gap EMF vector is En. Thus, the stator active power
transferred from DFIG to the DC grid can be calculated as,

E . .
Ps :ﬂsmé‘:wm_uﬂsmé (4)
wSLO'S LO'S

Since the stator leakage inductance is small, the amplitude of
air gap EMF is almost the same as the stator fundamental
voltage. The stator active power can be controlled by the phase
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angle between air gap EMF and stator voltage vector, which can
be used for obtaining the stator frequency and orientation angle
in the system.

E U E
m Lo‘S s1 mj .
JwS LHS I S
T
Air gap side s Stator side I Ug
(@) (b)

Fig. 3. Equivalent phasor diagram of DFIG-DC system.
(2) equivalent diagram of power transfer (b) phasor diagram

The stator active power is calculated by the dot product of
stator voltage vector and stator current vector,

P, =Re(U, Iy ) =Uyly +U,| (5)

sq - sq
The torque can be calculated by the cross product of air gap
flux and rotor current as,

Te:Re(ijdqirdq):Lm(lsqlrd_Isdqu) (6)
The harmonic components existed in both the stator and rotor
current result in the torque ripple. The detailed expression of

torgue ripple has been deduced in [15], which is not discussed in
this paper.

1. CONTROL STRATEGY
Since the dc voltage is constant, the control objective of the

RSC is to achieve accurate regulation of output power to dc grid.

Furthermore, the stator frequency of the DFIG is not imposed by
ac grid, which also needs to be controlled additionally.

The RSC control scheme for the stator power and stator
frequency regulation is shown as Fig. 4, which mainly consists
of the stator power control, stator frequency control, air gap flux
orientation and current control. The current control is the inner
control loop, which is the same with conventional current
control and not repeated here. The stator power control, stator
frequency control and air gap flux orientation, improved direct
resonant control will be elaborated in detail in the following
three parts.

: Stator frequency control
i =

0 +35™ Pl Irq
_Air gap flux orien;ation,

Stator power control

|
Te| Torque <Iﬂ<& Power <| d
Cal (6) |€=a | Cal (5) lete] “abc

\ 4

Fig. 4. RSC control scheme for power and frequency regulation.

A. Stator power control

As can be seen from (4), the stator power will increase with
higher angle o, which is the integral of rotating speed deviation

3

between air gap EMF and stator voltage vector. Besides, as the
angle ¢ will increase with the higher stator frequency, the stator
frequency can be generated by power control loop as,

k s+k. .

s = = S Ip(Ps _Ps) (7)
where kyp and kip are the proportional gain and integral gain of
the power loop controller.

The orientation angle is the integral of stator frequency which
can be expressed as,

0 ="w (8)

B. Stator frequency control and air gap flux orientation

According to the air gap flux expressed in (1), the g-axis
exciting current corresponding to g-axis air gap flux can be
expressed as

i 9)

In order to achieve the air gap flux orientation, the g-axis air
gap flux should be controlled to zero. Thus, the reference of
g-axis rotor current can be expressed as,

. _kpfs+kif (O—I )
- " m

rq s
where kyr and kis are the proportional gain and integral gain of
the g-axis exciting current controller.
Since the air gap flux vector is orientated in d-axis, the
magnitude of stator flux can be approximatively calculated as,

|Ws|z|y/m|:|‘m(lrd +|Is|5in5)z|‘mlrd (11)
Since the product of stator frequency and stator flux is the
magnitude of stator fundamental voltage, according to (3) and

(11), the relationship between d-axis rotor current and stator
frequency can be expressed as,

(10)

N 2V,
S
7L |

m " rd
As can be seen from (12), the stator frequency is inverse ratio
with d-axis rotor current. Thus, the reference of d-axis rotor
current can be given as,

(12)

. k. s+k .
Ird %(ws — )
where kpr and kis are the proportional gain and integral gain of
the stator frequency controller, which are the same as the g-axis
exciting current controller since these two loops are both outer
loop for generating rotor current reference.

(13)

C. Improved direct resonant control

The detailed mathematical model of DFIG-DC system is built
in [15], and the dominant harmonics in air gap flux and stator
current are fifth and seventh harmonic. Thus, the main torque
ripple becomes sixth order harmonic and a resonant controller
can be applied to mitigate the torque ripple. The repetitive
controller can also be applied to suppress all the torque ripples if
all harmonics are considered. In this paper, only a resonant
controller is applied since it is just to prove that the direct
resonant control strategy can also be used in this novel power
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angle control strategy.
The transfer function of the resonant controller used in this
paper can be expressed as,
2k, @S
s? +2a,5+ (6w, )’

Gg () = (14)
where ax is the cutoff frequency and k; is the gain of the resonant
controller. The cutoff frequency is applied to take the stator
frequency fluctuation into account, the range of which is always
designed from 5 to 15 rad/s. It is noted that 10 rad/s is used in
this paper.

The rotor harmonic voltage for mitigating torque ripple and
harmonic currents can be expressed as,

UrFéq =Gy (S)(I:d —l )+ IGr (S)(Te* _Te)

In (15), both the 13, and T, are set as zero to mitigate the
d-axis stator harmonic current and torque ripple.

Finally, the total rotor voltage reference can be expressed as,

U:dq =U lzilq +U rFfiq +jO-LrwsI I rdq (16)

where Uy, is the output of the P1 controller, Uy, is the output of

the direct resonant controller. wy is the slip angular speed, o is

the leakage coefficient, joLiwslidq is the cross coupling term
which is used as feedforward item.

(15)

IV. CONTROL PERFORMANCE ANALYSIS

The RSC control scheme in Fig. 4 indicates that the stator
frequency and stator power are non-decoupling control. The
stator frequency is obtained by the power control loop. Thus, in
order to analyze the control performance and stability of the
power control loop and stator frequency control loop, these two
loops should be considered together.

A. Stability of stator frequency and power control

According to (4), the stator active power can be expressed by
stator voltage and d-axis rotor current as,

L .
Pszvt_%s.ngz%mm(s (17)

As can be seen from (17), the stator power is related to both
the d-axis rotor current and angle J. The effect of these two
factors on the stator power can be expressed by the partial
derivative as,

ﬂziuﬂsiné (18)
alrd Las
oP, L,

> =—TU_l_ coso 19
65 L sl'rd ( )

oS

Since the relationship between stator power and angle ¢ is
non-linear, small signal model is deduced for the stability and
control performance analysis. Assume the steady-state working
point is Pso, do, lrao, the small signal model of power can be
expressed as,

oS (]

L L .
AP, =[L—mUsl|m C0550JA5+[L_mUs]_SIn50JA|Ird| (20)

The relationship between stator frequency and angle ¢ can be

4

expressed as,

A5 =1, (21)
S

Since the inner loop of the rotor current control is faster than
the outer power control loop, it can be simplified as a unity gain
block. Combining (20) and (21), the block diagram of the power
control loop can be shown as Fig. 5.

According to Fig. 5, the characteristic equation of the power
and stator frequency control system can be deduced as,

LU, KypS+k [(Kys+k;
s S

sin g, +1 o cos§0] (22)
(2] S

Rotor current

. R Aa’:+ Control loop - AP
A [P T3 G PT o D U sing, (SR

TS

1las |Ln
g L—UsllmocowO

oS

Fig. 5. Block diagram of power and stator frequency control loop.

Since the range of angle ¢ is quite small and near zero, sin d is
approximately zero during the whole power range. According to
Fig. 5, the effect of stator frequency control on the power
control can be eliminated. Thus, the operating point for
designing the power control is the zero output power, which
means that the angle ¢ is zero and sin ¢ is zero. In this way, the
power control loop can be simplified as Fig.6.

m
UsllrdO

(]

\4

Fig. 6 Block diagram of the simplified power control loop.
The transfer function of stator power control loop can be
deduced as,
AP, akys+ak

S

_ 2ws+a}
* Q2 ) 2
AP, s"+ak, s+ak, s°+2{m,5+w,

(23)

where a=L, /LUyl - As can be seen from the transfer

function of power loop, it is a second order system. According
to the design principle of second order system, the damping
ratio ¢ is always set as 0.707 and the bandwidth is designed
based on the power control requirement. In this paper, the
bandwidth of the stator power control is designed as 10 Hz.
Thus, the wy is set as 20m rad/s. The proportional (kpp) and
integral (kip) parameters of power control loop can be obtained
as 0.29 and 126, respectively. The proportional (kpr) and integral
(kir) parameter of stator frequency control loop are set as 1 and
80, respectively.

According to the characteristic equation listed in (22), the
root locus of stator power changing from zero to 1 pu is plotted
in Fig. 7. The numbers smaller than 1 in the left side show the
damping ratio & and the numbers in the right side represent the
magnitude of the poles. It is obvious to see the poles move to the
left side with the increase of stator power and all the poles are
located in the left half plane, which indicates the power and
stator frequency control loop are always stable. Furthermore,
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the variation of poles with the stator power is not so significant,
which indicates that the operating point has little effect on the
power control performance. In order to further validate this
viewpoint, the step response with different stator power
operating points is shown in Fig. 8. The blue line is the step
response of transfer function (23) and the red line is the
simulation result of real model. The step response of different
power change is consistent with the deduced transfer function
from Fig. 6, which also corroborates with the root locus in Fig.
7.

: Root !_ocus :

SOro7r— T
0.745
0.795
0.845
0.89

0.935
0.97

0.992

*.00( X %X X X } 60

<

Poles move with the increase of stator power. 50

0.992

0.97

0.935

0.89 50

0.845
i\\

0.795
0.745 OXXRK K X X 60

07 L L
0487475 47

Imaginary Axis (seconds’)
o

465 46 455 45 445 44
Real Axis (seconds’)
Fig. 7. Root locus of stator power and frequency control loop

when stator power changes from 0 pu to 1 pu.

1F ( \“ I Ps=0.9 pu 1
— Transfer function (23), ‘ ‘\m” ‘
. . I i
—— Simulation result ‘ ‘
30.8’ T .
g
806 M P.=0.5 pu ]
5
]
D04
02P.=0.1 pu
O I I I L L
0 0.2 0.4 0.8 1 1.2

Tin9é6(s)
Fig. 8. Step response of different stator power change.

B. Effectiveness of improved direct resonant control

When the air gap flux vector is orientated at d-axis, the g-axis
air gap flux ¥nqois equal to zero. Thus, the torque expression in
(6) can be expressed in detail as,

Te = (Wmdoqu0)+<Wmd0|rq6 + IrqOWde - Irdol//mqs)

+<l//md6|rq6 _quG IrdB)

where Pndoand Pmgo express the air gap fundamental flux in d-q
axis, ¥mdsand Pmgs €Xpress the sixth order air gap harmonic flux
in d-q axis. lrgoand lrqo express the rotor fundamental flux in d-q

(24)

5

axis, lrgsand lyqs express the sixth order rotor harmonic current
in d-q axis.

The first term is average torque which is a constant dc value.
The second term is harmonic components with different
frequencies. The third term is product of smaller items which
can be ignored. Thus, the dominant sixth order torque ripple can
be expressed as,

Tee = WmdoquG + IrqOV/de - IrdOV/qu (25)

As it can be seen from (24), the torque ripple is only affected
by the g-axis rotor harmonic currents and has no relationship
with d-axis rotor harmonic currents. Thus, the direct resonant
control on g-axis can still be applied for mitigating torque ripple
under the air gap flux orientation control.

The relationship of stator harmonic current and rotor
harmonic current can be expressed as,

1
lsas = lras = Wiao
Lm

(26)

where lsg6 expresses the sixth order stator harmonic current in
d-axis.

Since the stator harmonic current is linear with the rotor
harmonic current, the resonant controller can be used to control
the rotor harmonic current, indicating that the resonant
controller can also be used to directly control the stator
harmonic current. Thus, the d-axis stator harmonic current and
torque ripple can be combined as a new complex variable. The
direct resonant control of the new complex variable can be
expressed as the transfer function shown in Fig. 9.

Fig. 9. Block diagram of improved direct resonant control.
The complex transfer function in Fig. 9 is obtained based on
the DFIG model which can be expressed as,

Lrn S+j6l)5|
G, (s)=—m>"278 27
e (8) L, s+ jo. @1
1
Gp(s)z R +olLs (28)

where Ls is the stator inductance and R, is rotor resistance. As
can be seen from the plant transfer function Gp(s), there is no
coupling term in the denominator, since the coupling term has
been added to the rotor voltage as feedforward in (16).

As can be seen from Fig. 9, the d-axis stator harmonic current
can be calculated as,

I, =Re ’ (29)
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Since there is no imaginary part contained in the plant
transfer function Gy(s), the d-axis stator harmonic current can be
simplified as,

__G(9)5,(9) -
sdh 1+GR (S)Gp sdh

(s)
Re Gusr (S)GP(S) ] _iw
1+GR (S)GP(S) sdgh Lm mdgh

As can be seen from (30), the d-axis harmonic current has no
relationship with the torque reference, which can validate the
decoupling control of the d-axis harmonic current and torque
ripple. On the other hand, only the d-axis harmonic current can
be suppressed to zero since the g-axis harmonic current is used
for mitigating torque ripple which can not be suppressed to zero.
Thus, there is still some stator harmonic currents, the detailed
analysis of stator and rotor harmonic currents of improved
direct resonant control can be seen in [18].

(30)

V. EXPERIMENTAL RESULTS

In order to validate the control strategy proposed in section
I1l, a DFIG-based experimental system is developed. The
schematic diagram of the experimental system is shown in Fig.
10. The DFIG was driven by a squirrel cage induction motor
with general motor driver. The control strategy of the RSC is
implemented on the TI TMS320F28335 DSP and the switching
frequency is 10 kHz with a sampling frequency of 10 kHz. The
parameters of the DFIG are shown in Table I. All the waveforms
are acquired by a YOKOGAWA DL750 scope.

General
Inverter

Squirrel-cage
motor

Diode bridge
T Connection v Dltg
T itch oltage
Swite _T source
Usahc
Irabc
gl prosessi
Signal processing Driver SKHI61
| DsP TMs320F28335 |
Fig. 10. Schematic diagram of the experiment system.
TABLE | Parameters of the tested DFIG
Parameters Value Parameters Value
Rated power 1.0 kW | Rated voltage 110V
Rated frequency 50 Hz DC voltage 140V
Pole pairs 3 Rs 1.01 Q
Ry 0.88 Q L 87.5 mH
Los 5.6 mH Lor 5.6 mH
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The experimental results of stator flux orientation control in
[9] with dc sampling offset in rotor current is shown in Fig. 11.
The stator power reference is 400 W. The stator frequency
reference is 50 Hz and the rotor speed is 800 rpm. Thus, the dc
offset in rotor current is expressed as 10 Hz pulsation
component is the synchronous d-gq frame, which will cause 10
Hz ripples in stator power and torque. As can be seen from the
results, the envelope of stator current oscillates at 10 Hz. The 10
Hz ripples in stator power and torque are even higher than the
300 Hz ripples WhICh need to be suppressed

0ms/
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4
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A
[]

Stator frequency (20 Hz/div)

Stator power (500 W/dIV) :

Torque (10 Nm/d|v) _

Fig. 11. Experimental results of stator flux orientation control with dc offse‘t.
In the latter experimental results, the novel power and

frequency control method is applied. As can be seen from Fig.

12, the 10 Hz ripples are eliminated.

Stator vonammhfu

. Rotor current (5 A/div)
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20%\; : Stator pow/mp W/d.'\’)sv KBOOW

: Torque (MMWWWMMWMWWW

Fig. 12. Step response of power change from 200 W to 800 W.

Fig. 12 shows the step response of DFIG when the stator
active power reference changes from 200 W to 800 W. The
rotor speed is 800 rpm and the stator frequency is set as 50 Hz.
The stator active power has a little overshoot since it is a second
order system which is consistent with the theoretical analysis in
section 1V (A). On the other hand, it can track the power
reference accurately in 110 ms without steady state error, which
validates the effectiveness of stator power control loop.

The step response of the stator frequency change from 50 Hz
to 60 Hz is shown in Fig. 13. The stator power reference is 500
W. During the change of stator frequency, the stator power has a
pulsation which is caused by transient stator flux but will come
to steady state in 50 ms. The stator frequency can quickly track
the reference frequency in 10 ms without any overshoot which
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validates the effectiveness of stator frequency control loop.
The zoomed view of left part in Fig.13 is shown in Fig. 14.
The stator frequency is set as 50 Hz and stator power is set as
500 W. Due to the diode bridge on the stator side, the stator
current is highly distorted with 5" and 7" order harmonics,
which are 23.7% and 6.4%, respectively. The 300 Hz ripples in
the torque is 6.8%, which is harmful for the mechanical shaft of
DFIG. Thus, it is necessary to mitigate the harmonic currents
and torque ripple using an improved direct resonant control.
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Fig. 13. Step response of stator frequency change from 50 Hz to 60 Hz.
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Fig. 14. Steady state results without improved direct resonant control.
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Fig. 15. Steady state results with improved direct resonant control.
The steady state results with improved direct resonant control
is shown in Fig. 15. The 5" and 7™ harmonic current are both
greatly reduced to 2.3% and 5.8%. The harmonic current can
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not be totally suppressed due to the harmonic current necessary
for reducing torque ripple. The 300 Hz torque ripple is also
reduced to 0.93%. Thus, the improved direct resonant control
can still be directly applied in the novel stator frequency and
power control, which is simple and effective in mitigating both
the torque ripple and harmonic currents. After mitigating the
stator harmonic currents, the operation loss of DFIG is reduced
and the efficiency of DFIG-DC system is improved.

VI. CONCLUSION

A novel stator power and stator frequency control method of
DFIG-DC system based on air gap flux orientation is proposed
in this paper. Instead of adopting voltage model or current
model for acquiring the stator frequency and orientation angle,
the stator power control loop is applied for generating the stator
frequency and orientation angle, which can avoid the parameter
dependency and dc sampling offset effect. The air gap flux
orientation method is achieved through controlling g-axis
exciting current to be zero. Furthermore, the improved direct
resonant control for mitigating torque ripple and harmonic
currents can still be directly used which indicates the newly
proposed control strategy is suitable for all the existing
improved control strategy for suppressing harmonics or
improving efficiency. This control strategy reduces parameter
dependencies without loss of existing control performance.
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