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Rotor Current Oriented Control Method of
DFIG-DC System Without Stator Side Sensors

Chao Wu, Peng Cheng, Heng Nian, Senior Member, IEEE and Frede Blaabjerg, Fellow, IEEE

Abstract—This letter proposes a novel stator power and
frequency control method of DFIG-DC system, which is
based on rotor current orientation and avoids using stator
side sensors. By means of establishing the relationship of
the rotor current vector, stator active power and stator
frequency, the stator active power can be controlled by the
angle between rotor current vector and stator voltage
vector. The stator frequency can be controlled by the
magnitude of rotor current magnitude. The stator active
power is calculated by dc voltage and dc current at stator
side. In this way, the stator voltage and current sensors
can both be eliminated. Furthermore, the stator frequency
and orientation angle are acquired by the power control
loop, which avoids using voltage model or current model.
In this way, parameter dependency and dc sampling
uncertainties can both be eliminated. Finally, experiments
based on a 1 kW DFIG-DC setup is carried out to verify the
proposed method.

Index Terms— Doubly-fed induction generator (DFIG),
rotor current orientation, less sensor, power control

I. INTRODUCTION

With the rapid development of dc transmission and dc micro
grid, new topologies and control strategies of DFIG connected
to dc grid have gained much attention [1]-[3]. The DFIG-DC
system topology, in which only one full-controlled converter is
needed, has been widely studied due to its simple structure and
reduced cost. However, the vector control strategies based on
conventional phase locked loop (PLL) is not applicable due to
the diode bridge on the stator side [4]. Furthermore, the stator
frequency needs to be controlled additionally since there is no
ac grid on the stator side of DFIG. Thus, the two main control
objectives of DFIG-DC system are the stator frequency and
power (or torque) control to achieve the MPPT of wind turbine.

In [5]-[7], the decoupling control of stator frequency and
torgue is achieved by stator flux oriented control based on stator
voltage model. The stator frequency is directly obtained by the
derivative of stator flux angle which is highly dependent on
parameters and the dc sampling offset of stator voltage may
deteriorate the stator flux angle. In order to avoid the calculating
process of stator frequency and stator flux angle, a stator flux
PLL based on current model is proposed to acquire stator
frequency and achieve stator flux oriented control [8]-[10].
However, all these control methods are based on stator voltage
or stator current sensors, which are indispensable for control. In
[11], the stator current is calculated based on rotor current and

dc voltage for eliminating the stator side sensors, which is
highly dependent on DFIG parameters.

In this letter, in order to avoid the stator voltage and current
sensors, a novel stator frequency and power control method is
proposed based on only regulating the rotor current vector. The
relationship between angle of rotor current vector and stator
power is revealed. Based on the relationship between rotor
current magnitude and stator frequency, the stator frequency can
be directly controlled through the magnitude of the rotor current
vector. The advantages of this rotor current oriented control
method can be concluded as:

1. Since the stator frequency is directly generated by the
stator active power control loop, the voltage model or current
model which is used to obtain the orientation angle can be
avoided. Thus, the stator voltage and current sensors can both
be eliminated.

2. The problem of parameter dependency and dc sampling
offset can be avoided by using this method.

Il. SYSTEM LAYOUT AND MATHEMATICAL MODEL

The DFIG-DC system topology can be seen as Fig.1. When
the diode rectifier is conducting, the steady state equivalent
circuit of DFIG connected to diode bridge can be shown in Fig.2.
The rotor side converter (RSC) and rotor side can be equivalent
as a current source which is expressed as Iy, Is and I, represent
the stator and exciting current. Us and En represent the stator
voltage and air gap voltage, L and L,, represent the mutual
inductance and stator leakage inductance, Rs represents the
stator resistance.

RSC Diode bridge

—

Ve 4|_—dc link

Fig. 1. DFIG connected to a DC Link through a diode rectifier.

RSC

+ Stator
rator side
side

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

In this letter, only the stator frequency and average stator
power are considered while the harmonics in voltages and
currents are both ignored. When the diode bridge is working in
continuous conduction mode, the magnitude of the stator
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fundamental voltage can be expressed as,
2
U | ==V, )
T

As it can be seen from (1), the magnitude of stator
fundamental voltage is constant, which can be expressed by the
product of stator frequency and stator flux. This characteristic
can be used for controlling the stator frequency through the
magnitude of rotor current vector.

Since the stator resistance can be ignored compared with
stator leakage inductance, the air gap voltage can be simplified
as,

EmzjwernIm=Us+ja)sLsals (2)
where ws is the stator frequency which is also the rotating speed
of rotor current vector.

Since the stator current is the same phase with stator voltage
[8], the stator power can be calculated as,

P, =Re(U,l,) |u |1 |coss 3)

S

where ¢ is the angle between rotor current and stator voltage, Ls
is the stator inductance which is the sum of Ly, and L.

As can be seen from (3), the stator power can be regulated
through controlling angle o.

According to the equivalent circuit in Fig. 2, the magnitude of
stator flux can be expressed as,

W] = W = L 1] = Lo |2, [sin S (4)

From (4), it can be seen that the magnitude of stator flux is
proportional to the magnitude of rotor current, which indicates
that the magnitude of rotor current can be used for regulating
magnitude of stator flux.

I1l. CONTROL STRATEGY

The RSC control scheme for the power and stator frequency
is shown as Fig. 3, the dc voltage is sampled as Vqc and the dc
current at stator side is sampled as lqcs, the rotor currents and
rotor position are sampled for the RSC control. The control
scheme can be divided into three parts: the stator active power
control, stator frequency control and rotor current control. The
power control loop is used for generating the stator frequency
and the orientation angle, the stator frequency control is applied
for generating the rotor current reference for controlling stator
frequency, the rotor current control is the conventional inner
current control loop. Through the proposed power and stator
frequency control method, the stator voltage and current sensors
can both be eliminated, which will be elaborated further in
detail.

A. Output power Control

The stator active power can be calculated by the dc voltage and
dc current at the stator side as,

Ps :Vdc : Idcs (5)

As it can be seen from (3), the stator power will increase with

the decrease of angle . The angle ¢ is the integral of rotating

speed deviation between the rotor current vector and stator

voltage vector. The angle ¢ will decrease with the increase of

2

stator frequency, Thus, the stator frequency can be generated by
the power control loop as,
0= 20 (pp) ©
S

where kpp and ki are the proportional gain and integral gain of
the power loop PI controller (Ply).

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

s s ()

Stator frequenc
Cont qoI y_>

g
: _AP Power onirol

Power Cal (5) Yddcs

Fig. 3. RSC control scheme for power and frequency regulation
of DFIG-DC system.

B. Stator frequency control

The g-axis rotor current is controlled to zero to achieve rotor
current oriented control. Thus, the reference of g-axis rotor
current is zero, which can be seen in Fig. 3. In this way, the
magnitude of rotor current vector is equal to the d-axis rotor
current. According to (4), the relationship between d-axis rotor
current and stator frequency can be expressed as,

V|

—_ =st 8
%=1 sino ®

m " rd
As it can be seen from (8), the stator frequency is inverse ratio
with d-axis rotor current. Combining (1) and (8), the d-axis rotor
current can be used for controlling the stator frequency. Thus,
the reference of d-axis rotor current can be given as,
. Kys+ke o .
Ird :_%(a)s_a)s) (9)
where kpr and kis are the proportional gain and integral gain of
the stator frequency PI controller (Pl).

IV. SMALL SIGNAL ANALYSIS

In this section, the parameter design and stability analysis of
the stator power and stator frequency control loop are presented
through the small signal analysis. According to the stator power
expression in (3), the relationship between stator power as well
as the angle and magnitude of rotor current can be expressed by
the partial differential as,

R L, L
5L U, ||1o](=sin &)

(10)

0278-0046 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2019.2956415, IEEE

Transactions on Industrial Electronics

ok _L

ol L

Since the relationship between stator power and rotor current

vector is non-linear, a small signal model is deduced for the

parameter design and stability analysis. Assuming that the

steady state working point is Pso, do, Iro, the small signal of the
power can be expressed as,

|U,|coss (11)

L . L
AP, =L—m|US||Ir0|(—5|n50)A5+T"“|U5|00550A|Ir| (12)

The relationship between the stator frequency and angle of
rotor current vector can be expressed as,

AS = — L p gy (13)
S

where wpase is equal to 100z rad/s.

As can be seen from Fig. 3, it contains three PI controllers in
the control scheme, which can be divided as the stator power Pl
controller, stator frequency PI controller and rotor current PI
controller (Pl¢). The design procedure is first the inner loop and
then the outer loop.

The design of rotor current Pl controller is the same as

conventional rotor current loop design which can be seen in [12].

The parameters of current Pl controller are always designed
based on the DFIG plant and the desired bandwidth. The DFIG
plant can be modeled as an inertia plant shown in Fig. 4. The
bandwidth of rotor current control loop is designed as 100 Hz.
Meanwhile, the zero of the PI controller is designed to
counteract the pole of the control plant for the sake of the
constant —20 dB/dec before the crossover frequency [12].

1 > 1 AIrdq=
15T s+1 oL, s+R,
Digital delay  DFIG plant

Fig. 4. Block diagram of rotor current control loop.

The rotor current control loop can be shown in Fig. 4. The
parameters of DFIG is shown as Table I, R,is equal to 0.88Q,
leakage coefficient ¢ is equal to 0.12, L, is equal to 93.1 mH.
The digital delay block represents the sampling and PWM delay,
and the Ts is the sampling frequency which is 0.1 ms in the
experimental set up. Since the pole of digital delay compared
with the DFIG plant is too small, it can be simplified as 1. Thus,
proportional and integral gain of rotor current control loop can
be calculated as,

K, =100x27zx0olL, =6.9, k, =100x27xR =553 (14)

The rotor current control loop can be simplified as an inertia
block. Combining (12) and (13), the block diagram of stator
power and frequency control loop can be shown in Fig. 5.

Aw]| Rotor current control loop
2007
s+200z

+ AP

s

A 4
¥

t—m\us\coséo

L .
Dyase | AS ;—IW\USHI,O\sméo

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

3

In order to reduce the system order, the parameters of the
stator frequency PI controller is designed to counteract the pole
rotor current loop, and the bandwidth of the frequency control
loop is designed as 20 Hz. Thus, the proportional and integral
gain of stator frequency PI controller can be calculated as,

kpf =407/2007 =0.2, k, =1x407 =126 (15)

In order to simplify the power control loop, the operation
point near zero output power is chosen to design the parameter.
In this way, the angle J is almost 909 cosdy is equal to zero and
sindo is equal to 1. Thus, the power control loop can be
simplified as shown in Fig. 6.

AF)S*+ - Aa)s, _ Opase | A,

S

L, AP,
| R

A 4

Fig. 6 Block diagram of simplified power control loop
The closed loop transfer function of power loop can be
deduced as,
AP, ak;, )}

s - - d 16
AP, s*+ak,s+ak, S°+2im,5+w) (16)

where a=L, /L @, |U|lo| . 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 natural frequency
is designed based on the dynamic performance requirement. In
this letter, the bandwidth of the outer power control is designed
as 10 Hz. Thus, the wn is set as 20z rad/s. The proportional and
integral parameters can be obtained as,

Ky, = 2£0,/2=0.69, k, = /a=30 (17)
According to Fig. 5, the characteristic equation of the stator
power and stator frequency control system can be deduced as,

U,k s+k 407 .
G, =1+ Lo Ve oS 4K cos 5, + Lhese [1,o]sins, | (18)
L, S s+40x S
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Fig. 7. Pole map with stator power changing from 0 to 1 pu.
According to the characteristic equation shown in (18), the
pole map of stator power changing from zero to 1 pu is plotted
in Fig. 7. The system has three poles, one negative real pole and
two conjugate poles. All the poles are located in the left half
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plane which indicates that the power and stator frequency
control loops are always stable. When the stator power is zero,
the power control loop is still effective. However, it should be
noted that the stator frequency control loop can not work in the
zero power mode since the equation (1) is not satisfied under
this condition. In that way, the stator frequency can not be
controlled by the magnitude of stator flux. In the zero output
power mode, the system will stop working or will change to an
open loop mode which will just directly use a given
transformation angle. The zero power mode has been elaborated
in [4], which is not repeated in this letter.

V. EXPERIMENTAL RESULTS

In order to validate the rotor current oriented control method,
a DFIG-based experimental system shown as Fig. 1 is
developed. The control strategy of 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 1. All the waveforms are acquired by
a YOKOGAWA DL750 scope.

TABLE | Parameters of the tested DFIG-DC system

Parameters Value Parameters Value
Rated power 1.0 kW | Rated voltage 110V
Rated frequency 50 Hz DC voltage 140V
Stator/rotor 0.33 Rs 1.01 Q
Ry 0.88 Q Lm 87.5 mH
Los 5.6 mH Lor 5.6 mH
i At
4 TE1ZE +100Ns4tiv

Rotor Current (5 A/d |v)

V

Stator power reference © -

200W

T

. Edge CH1 5
Fig. 8. Step response of stator power change.

Fig. 8 shows a step response of DFIG when the stator active
power reference changes from 200 W to 500 W. The rotor speed
is 900 rpm and the stator frequency is set as 50 Hz. The stator
active power has a little overshoot but can track the power
reference accurately in 110 ms without any steady state error,
which corresponds with the small signal model and the
parameter design in section V.

The step response of the stator frequency changing from 55 Hz

Stopped 1

to 50 Hz is shown in Fig. 9. The stator power reference is 400 W.

During the change of stator frequency, the stator power has a
pulsation which is caused by transient stator flux but will come

4

to steady state in 80 ms. The stator frequency can quickly track
the reference frequency in 60 ms without any overshoot which
validates the effectiveness of stator frequency control loop.

o ——, 2KS/8 500MmsAliy

Normal
|
EEI 5y H +100N5/in

. Rotor Current (5 A/d iv)

. Stator power QBQ Widiv) N
400 W '
Stator frequency (10 Hz/div)

\455 Hz _ L’W NG

Stopped 1 Edge CH1 S

Fig. 9. Step response of stator frequency change.

VI. CONCLUSION

This letter proposes an enhanced stator frequency and power
control method of DFIG-DC system based on rotor current
orientation. The stator power is controlled by the angle of rotor
current vector and the stator frequency is controlled by the
magnitude of rotor current. Since only the rotor current is
necessary for the control, the stator voltage sensors and current
sensors can be avoided. Furthermore, the effectiveness of stator
power and frequency control loop are verified by small signal
analysis and also experimental results.
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