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ABSTRACT This paper proposes a coordinated derived current control strategy of doubly fed induction
generator (DFIG) system under unbalanced grid voltage conditions. The rotor-side converter (RSC) and the
grid-side converter (GSC) are synchronized to the grid with a virtual phase angle of nominal frequency,
which can be simply set as 6 = wpt (0w, =100m). Consequently, the proposed control strategy can
implement in an arbitrary reference frame without phase-locked loop (PLL). The derived d-q axis currents
are obtained from the DFIG stator and GSC currents with virtual angle-based Park Transformations. For a
simple implementation, a reduced-order vector integrator with a voltage vector multiplier is used to directly
regulate the measured powers/currents containing both the dc part and the oscillating part without sequence
extractions. By this means, RSC achieves torque ripple reduction and then GSC can rebalance the currents
and smooth the active/reactive powers. Finally, the experimental results on a small laboratory setup are
presented to validate the effectiveness of the proposed control strategy.

INDEX TERMS Doubly fed induction generator, derived current control, coordinated control, unbalanced

voltage.
NOMENCLATURE I. INTRODUCTION
s 1s Stator voltage and current vectors. In decades, the transport electrification, especially the elec-
U, I go.tgr Y&)ltagle and cu;rent vectors. trified train and the electric vehicles, has attracted more
gg’ 'Iﬁg StZto_:lrc?tc\)]: f;aiel?:a zur;z?;r\s/ectors extensive attention due to lower carbon emissions and higher
R:: Rrr S tator: rotor reiistancis.v ' energy-efficiency than the fossil fuel-powered trains and
Lo, Mutual inductances. vehicles. The International Renewable Energy Agency fore-
L. L, Stator, rotor self-inductances. casts thz.lt the shar§ of renewa.ble electricity in Fhe transport
Lse. Ly Stator, rotor leakage inductances. sector rises frqm just .0.3% in 2016 to 37% in 2059 [1].
Ly R, Input inductance and resistance of GSC. Therefore, the 11.1tegrat10n of more renewable energy in the
n, g, @ Nominal grid, actual grid and rotor transport sector is the.z key fz}ctor for l'oc.ally producing clean
angular frequencies. energy to supply the increasing electricity de;rpand.
Orsc, Ogsc  Virtual phase angles of RSC and GSC. Wind power genc?ranop, as .the promising rene?wable
P, Q. Stator output active and reactive powers. energy.generatllon, will gain tbe increasing growth .w1th the
Py, Q Grid-side output active and reactive pre.dlctl.on of 1.nstalled capacity over .6000 .GW in 2050,
powers. which is dominated by doubly fed induction .gjcneratgrs
P, Q Total output active and reactive powers of (DFIGs) [1], [2]. However, as the numbers of electrified trains
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and electric vehicles, the heavy and unbalanced loads due
to traction power and charging power may cause the voltage
unbalance for local grid [3], [4]. This would cause unbalanced
currents and pulsating power/ torque and even lead to the
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disconnection of the DFIGs, which is not allowed by issued
grid codes [5], [6].

Focused on the slight long-time voltage unbalance, the cur-
rents behave as dc signals and ac signals as twice the
grid frequency in the synchronous reference frame. The
multiple-frequency current controllers, such as dual PI con-
troller [7] and PI-R controller [8] are employed to regulate the
dual-sequence current. In [9], four available targets for DFIGs
are defined based on the positive- and negative-sequence
voltages and currents with generator parameters. However,
they are difficult for accurate extraction of the positive-
and negative-sequence voltages and currents. Meanwhile,
the generator parameters may always change with vari-
able conditions. In [10], [11], the direct resonant control
is developed, where the resonant controllers are employed
to directly regulate the oscillating signal without extraction
of dual-sequence currents and voltages. The strategies
in [7]-[11] are implemented in the synchronous refer-
ence frame, which is oriented with the grid voltage by
phase-locked loop (PLL). As indicated in [12], [13], the PLL
would introduce a negative resistor with a negative impact
on the converter stability. Several design methods of PLL,
e.g., the impedance-based method [14] and the symmet-
rical optimum method [15], have been studied. However,
the designed PLL parameters are closely related to the grid
impedance and the design process is relatively complicated
with more additional efforts. Thus, for a simple implementa-
tion, the control strategy without PLL is needed.

Direct power control (DPC) serves as a PLL-less method
and has been widely studied. In [16], [17], a grid voltage
modulated-DPC is proposed with the feed-forward and feed-
back controllers. In [18], a virtual phase angle is used for
coordinate transformations in the place of the voltage phase
angle from PLL and then based on this, an improved DPC
is developed. Due to the absence of the PLL, the negative
impacts of the PLL can be avoided. However, in practice,
the grid-connected currents are preferred to be controlled as a
general requirement. For this issue, the vector current control
without PLL is derived from DPC [19]. It synchronizes with
the grid voltage through the power calculation instead of the
PLL. However, the synchronization would be deteriorated
due to the power pulsations caused by unbalanced voltages.
In [20], [21], the stator current control of DFIGs is developed
in the arbitrary reference frame. It can improve the generator
performance under unbalanced grid voltage conditions. How-
ever, the overall grid-connected performance of DFIG system
is determined not only by the generator but also by the GSC,
which can serve as a compensator for enhanced operation,
e.g., balanced currents, smooth active power and smooth
reactive power. Thus, for unbalanced issues, the coordinated
control of RSC and GSC is preferred.

This paper presents a coordinated derived current control
of RSC and GSC without PLL under unbalanced grid voltage
conditions. In the control strategy, the controlled d-qg axis
currents are derived from the stator and converter currents
through a virtual phase angle without PLL. But the active
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and reactive currents are coupled in the derived d- and g
axis currents due to PLL’s absence. For the predefined modes
of the overall DFIG system, a reduced-order vector integra-
tor (ROVI) multiplied by the voltage vector is designed to
regulate the pulsating components without sequence extrac-
tion. By this means, RSC achieves torque ripple reduction
and then GSC can rebalance total currents and smooth total
active/reactive powers, which is helpful for the integration of
DFIG-based wind power generation in the transport sector.
If the network is harmonic/inter-harmonic, similar controllers
will be designed on this basic control scheme in the future
work. In Section II, the mathematic model is presented.
Then, Section III gives the control system. In Section IV,
the experimental validation is conducted. Finally, Section V
summarizes the results in conclusion.

Il. MATHEMATIC MODEL

A generalized vector F is used to represent voltage U, cur-
rent I or flux linkage ¥ . Since positive and negative-sequence
signals are of the same frequency in the stationary reference
frame, the generalized vector is expressed as

F=Fy % +F_.c/o! (1)

where g is the actual angular frequency, subscripts +,
— refers to the positive and negative sequence components.

Then, an arbitrary phase angle is produced by the nominal
angular frequency w, =100 rad/s. Based on this phase
angle, Park Transformations are carried out and the gen-
eralized vector F in the virtual phase angle-oriented (dq)
reference frame is expressed as,

Fgg=F, - @@=t | g pmi@gten)t )

The virtual phase angle-oriented (dg) reference frame will
always rotate at w, =100 rad/s regardless of the actual grid
angular frequency. Thus, in the virtual phase angle-oriented
(dq) reference frame, the derived positive sequence compo-
nents are of |wg — wyl|, while the derived negative sequence
components are of |wg + wy. It is noted that the frequency
of dual-sequence components is not fixed but will vary in a
narrow range due to frequency deviations.

A. RSC(DFIG)

Figure 1 gives DFIG’s equivalent circuit in the virtual phase
angle-oriented (dg) reference frame. In RSC, a virtual phase
angle 6rsc = wnt is employed for coordinate transfor-
mations. Accordingly, the expressions of voltage and flux
linkage can be obtained as,

Usa'q = Rslsdq + d'ﬁsdq/dt +jwn'/’sdq 3)
Urdq = errdq + dwrdq/dt + j(w, — wr)wrdq
'prdq = LmIqu + Lrl”dq

where R and R, are stator and rotor resistances, w; is rotor
angular frequency, Ly, is mutual inductance, Lss and Ls, are
stator and rotor leakage inductances, Ly = L,,, + Lss and L, =
L, + Ls, are stator and rotor self-inductances, respectively.
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sdq V/qu L m v, dq U rdg

JjOY ., j(o,-o)y,,

FIGURE 1. Equivalent circuit.

Then, the rotor flux linkage is expressed in the terms of the
stator flux linkage and current as,

'/f rdqg = Ls'ﬁsdq/ Ly — Lssr 1 sdq (5)

where Lss, = Lg - L,/Ly; — L.
Based on (3) and (5), the rotor voltage is represented as,

Urdq = Erdq — (LyRs + Ler)/LmIsdq - L(Ssrdlsdq/dt (6)

where E 4, is decoupling voltage and given as,

Erdq = j [Usdq + (Rr/Lr _ja)r) 'ﬁsdq]

—j(wn — wy)Lsg A sdq @)

For a practical DFIG, since the rotor self-inductance L, is
much larger than the rotor resistance R,, the term R,/L, can
be nearly regarded as zero. Accordingly, the expression (7)
can be simplified as,

Eqy =Ly [Uqu +jowr '/’sdq] /Lm —j(wp—wp)Lssrlsag  (8)

As seen from (6) and (8), the rotor voltage is calculated in
the terms of the stator current and the decoupling voltage in
d-q axis model without the PLL. The derived d-q axes stator
currents are set as controlled variables instead of the rotor
currents in conventional vector control or the stator powers in
DPC. It refers to a novel derived current control approach of
the grid-connected DFIG in the virtual phase angle-oriented
(dgq) reference frame. Noted that, since the virtual phase
angle-oriented (dg) reference frame is not along with the
stator voltage, there are both active and reactive components
in the d- or g-axis current. Besides, the derived currents will
vary in a narrow range due to the allowed frequency deviation.

B. GSC

In GSC, another virtual phase is set as Ogsc = wyt at nom-
inal frequency for coordinate transformations. Noted that,
although 6gsc for GSC and 6rgc for RSC are of the same
expression, the calculation starts at different moments due
to GSC and RSC implemented by two independent con-
verters. Thus, the virtual phase angle of GSC is unrelated
to that of RSC. It means that the information exchange
on the virtual phase angle between two converters are not
needed. Then, the derived currents of GSC in the virtual phase
angle-oriented (dq) reference frame are obtained as,

Igdq — Igdq+ . e/(wg_wn)t + Igdq* . e_j(wg+wn)t (9)
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For the GSC, the dynamic equations consisting of the
output voltages, the grid voltages and the derived currents in
the virtual phase angle-oriented (dg) reference frame can be
expressed as,

d
Vedg = Ecag — Relgag — Lg El gdq (10)

where Vg4, is the output voltage, Ugy, is the grid voltage, E 4,
is the decoupling voltage term, respectively.

Equ = Ugdq _jwnLgIgdq (11)

As seen, the control inputs in (10) are represented in
d-q model without PLL. The derived currents from the output
currents can be set as new controllable variables.

However, since the virtual phase angle-oriented (dq) refer-
ence frame is not coincident with the voltage vector, the active
and reactive powers are coupling the derived d-q axis cur-
rents. There are no proportional relationship of the d-axis
current and the active power and the g-axis current and
the reactive power in the d-axis voltage oriented reference
frame. Due to allowed frequency deviations, the nominal
frequency mismatches the actual frequency. The frequency
of dual-sequence components in virtual phase angle-oriented
reference frame is not fixed but varies in a narrow range.
In other words, the frequency of the positive sequence signals
is in low-frequency bandwidth, while that of the negative
sequence signals are around twice the grid frequency. Thus,
the coupling between the active-reactive powers and the d-q
axis currents and the frequency mismatch must be considered
for the control system.

Ill. CONTROL SYSTEM

A. CONTROLLER DESIGN

In the virtual phase angle-oriented (dg) reference frame, since
the derived current is of dual frequencies, two controllers are
needed. One is to regulate the positive sequence current for
power tracking. The other one is for the negative sequence
current to achieve enhanced performance.

Under ideal grid (wg = wy), positive sequence currents
are dc signals in the virtual phase angle-oriented reference
frame, while the negative sequence currents are twice the grid
frequency signals. Thus, a P and ROVI tuned at twice the grid
frequency are used and the expressions are given as,

k.
GMQ:@+? (12)
krl + kr25
G =L = 13
ROVI(S) S+ o (13)

where k;, and k; are the proportional and integral parameters,
kr1 and kyp are the first and second resonant parameters.

In practice, the actual frequency wy is usually around the
nominal one wy, but not always equal to the nominal one wy,.
Under such cases, the positive sequence components are not
dc signals, but at |wg — wy|, while the negative sequence
components are at |wg + wy| around twice the grid frequency.
Itis noted that the allowed frequency deviation in grid codes is
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in arelatively narrow range of £0.5Hz and £1.0Hz [22], [23].
As a result, the frequency of the positive sequence signals
are under 1.0 Hz in the virtual phase angle-oriented (dq)
reference frame, which can be nearly regarded as quasi dc
signals. The PI controller is still able to regulate the quasi dc
signals due to sufficient amplitude gain in such bandwidth.
Against frequency sensitivity, a cut-off angular frequency
we = 5~30 rad/s is introduced in order to reduce its sensitiv-
ity at the resonant frequency. Then, (13) can be re-written as,
we (ke + kios)
Grovi(s) = S+ Ran+ o (14)
Based on (6) and (10), the relationship between k1 and ko
are calculated with pole-zero cancellation, as ky1 = Rg/Lg-ki2
for GSC and k1 = (L Ry + LsR,)/(LsLy — L2 m) - kyp for RSC.

5 40 = S
@ Enlarged " 35}~ RSN ]
g 30 view 0n 100 -9 a;’”: H;f:rlesa,sgo
2 10 o~
& —
= _10
90
£l
2 0 —
2 _90
< —
£
~180 ‘ ‘ ‘ ‘
-200 ~100 0 100 200

Frequency (Hz)

FIGURE 2. Bode diagram of ROVIs for RSC (k,; =100,
kpz = k;1/320=0.312).

Figure 2 gives ROVI’s bode diagrams for RSC with
wc = 5, 15, 30 rad/s based on the parameters in Table 1.
The positive and negative frequency refers to the positive
and negative rotating direction of ac signals. It is seen that
the amplitude values of the ROVIs at the resonant frequency
are larger than 40 dB regardless of different cut-off frequen-
cies, which is enough to regulate the twice grid frequency
signals. Besides, the ROVI can afford the separation of the
positive and negative sequence signals due to the single-side
resonance, which can prevent the 3™-order harmonic signals
generating.

TABLE 1. Parameters of laboratory setup.

Rated power 1.0 kW Rated voltage 110 V
Rated frequency 50 Hz R, 1.01 Q
Turns ratio 0.33 de-link voltage 200 V
R, 0.88 Q Ly 90.1 mH
Lgb 3.0 mH Lgr 3.0 mH
R 0.2Q L 2.5 mH
Vae 200V Cac 780 uF

Considering the allowed frequency deviation in [22], [23],
the frequency of the negative sequence currents varies
between 99.0 Hz and 101.0 Hz in the virtual phase
angle-oriented (dq) reference frame. Besides, the frequency
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of the oscillating power/torque are at 2w, between 98.0 Hz
and 102.0 Hz. In the enlarged view in Figure 2, the mini-
mum magnitude values in the bandwidth 98.0~102.0 Hz are
decreased to 33.8 dB, 38.5 dB and 40.1 dB when w. = 5,
15, 30 rad/s, respectively. However, these magnitude gains are
large enough to control the ac signals around twice the grid
frequency caused by unbalanced voltages. Thus, the ROVI
can still satisfactorily work if there are frequency deviations.

B. MODULATED VOLTAGE
For RSC, the stator current reference can be generated based
on instantaneous power theory and is expressed as

isdref = 0'667(usdPsref + queref)/Usz
isgref = 0.667(usqPsref + l"sderef)/Us2

where Uy is the stator voltage amplitude, Py.r and Qg are
the active and reactive power references, respectively.

As seen, the stator current reference generation in (15)
is irrelevant of generator parameters. The reduced parame-
ter dependency of RSC control is obtained. It is noted that
the value in the denominator of (15) exhibits oscillations
and would produce non-sinusoidal current reference with
higher-order harmonics. However, since PI controllers have
limited control bandwidth only in the low-frequency spec-
trum, they can still be used to regulate the dc components
to track their average values regardless of the harmonic
ones [18]. Thus, the average active and reactive power can
be well tracked.

For the generator, the torque ripples would increase extra
mechanical stress on mechanical parts and is preferred to be
constant under unbalanced grid voltage conditions. As indi-
cated, the torque contains the oscillating part at twice the grid
frequency, which should be controlled to be zero.

Since the ROVI can provide the adequate gain only with the
ac signals adjacent to 2wy, and attenuate the amplitude gains
of other frequency signals. Thus, the electromagnetic torque
can be directly set as the control input without extracting
the oscillating parts. Compared to the conventional approach,
the sequence extraction of the positive and negative-sequence
voltages and currents are not necessary. Thus, ROVI’s input
can be obtained by,

Cr=T, = 1~5(wsdisq - 1#sqisd) (16)

Due to the frequency discrimination of the ROVI, it only
has the control ability at the resonant frequency and no effect
on the dc component. For simplification, the ROVI’s refer-
ence in the full spectrum is set to zero, i.e., Crper =0.

Since the active and reactive powers are coupled in the
derived d-q axis currents, the ROVI output, regard as the
active part, cannot be directly added to the derived d-g model
in (6). Thus, a voltage vector is introduced as a multiplier to
achieve the corresponding relationship between the d-q axis
currents and the active/reactive powers. The modulated rotor
voltage U, s is obtained by,

Upref = Erag — Upt — Usay/ U2 - Urowt (17)

15)
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where Upy and Uroyy are the outputs of the PI and ROVI
controllers of RSC, respectively.

As shown, the modulated rotor voltage U,s consists of
three parts: the decoupling term E 4, in (8), the PI output Upy
and the ROVI output Urovr. The PI controller can guarantee
to follow the average powers regardless of the network unbal-
ance and frequency deviation. The ROVI will produce twice
the grid frequency modulated rotor voltage for the torque
ripple reduction. If the grid voltage is ideal and balanced,
the electromagnetic torque behaves as constant and then the
ROVI output would be null. When the grid voltage is unbal-
anced, the electromagnetic torque would contain both the dc
part and the oscillating part, but the ROVI only generate the
twice-grid-frequency signals for torque ripple reduction due
to the ability of frequency discrimination. Finally, together
with the decoupling term in (8), the modulated rotor voltage
for RSC is produced.

For GSC, based on the instantaneous power theory, its
commanded current values can be calculated by,

{igdref = 0.667(Mga’Pgref + uqugref)/ng

. g
logref = 0.667(ngpgref + Mnggref)/Ug

Since GSC needs to maintain the constant dc-link voltage,
the dc-link voltage control loop is used as the outer control
loop to produce the active power reference Pg.r. Since GSC
operate with unity-power-factor, the reactive power reference
is set as zero. Thus, (18) can be simplified as,

!igd,ef = 0.6671tgq Pyyer /U2

. 5 (19)
lggref = 0.667unggref/Ug

Since the grid voltage is not oriented with the axis, both the
d- and g-axis currents contain the active component. As ana-
lyzed in [18], the dc-voltage outer control loop has a much
lower bandwidth between one-tenth and one-fifth of the inner
control loop bandwidth. Its output can be regarded as the dc
signal. During network unbalance, although the calculated
results in (19) would contain the oscillating components,
as analyzed, PI controller can still track the current reference
due to the lower control bandwidth.

The total currents injected into the grid consist of DFIG
stator currents and GSC currents. For the specific target to
reduce torque ripples, the stator negative-sequence currents
are fixed under unbalanced grid voltage conditions. However,
the GSC negative-sequence currents are flexibly controlled
for reinforced behaviors. By flexibly regulating the nega-
tive sequence currents of GSC, three available modes can
be achieved by as follows: 1) rebalancing total currents;
2) removing twice the grid frequency total active power pul-
sations; 3) removing twice the grid frequency total reactive
power pulsations.

Similar to RSC, the ROVI reference for GSC is set as zero,
i.e., Cgrer =0. The measured currents and powers are directly
used as the control inputs without extracting the oscillating
parts. For the available modes, the ROVI control inputs are
as follows.

64764

Mode I: For rebalancing total currents, the negative
sequence currents are controlled to be zero. The ROVI control
input is given by,

Ce = Itdq =i +j- itq (20)

Mode II: For removing the twice grid frequency active
power pulsation, the output active power is controlled to be
constant. The control input is obtained as,

CG = Pt = ls(uga’lm’ + ngilq) (21)

Mode III: For removing the twice grid frequency reactive
power pulsation, the output reactive power is controlled to be
constant. The control input is obtained as,

Ce=—jOr = _jl-s(“gqitd - ugditq) (22)

For Mode I, the ROVI output is the required d-q axis volt-
age produced by the d-g axis current, which is directly added
to the d-g model in (10). However, when the active or reactive
power is used as the control input, the coupling between the
powers and the d-q axis currents must be considered. Thus,
the grid voltage vector, as a additional multiplier, is employed
to obtain the decoupled relationship between the d-g axis
currents and the powers. The modulated GSC voltage Vs
can be obtained by,

Vo= Ecqg — V1 — Vrovi (Model)
= Ecag — Vo1 — Ugdq/UZ - Vrovi (Modell , I1T)
(23)

where Vpr and Vyoyy are the outputs of the PI and ROVI
controllers of GSC, respectively.

The modulated GSC voltage is also made up of three
parts: the decoupling term E 4, the PI output Vpr and
the ROVI output Vroyi. The PI controller can track the
positive sequence currents for average power regulation to
maintain the steady-state dc-link voltage. The ROVI would
produce the required twice-grid-frequency voltage for the
predefined modes, including balanced total currents, con-
stant total active power and constant total reactive power.
If the network is ideal and balanced, the control inputs in
(20)-(22) are non-oscillatory and the control outputs will be
zero, which has no impact on the normal operation of the
GSC. During network unbalance, the control inputs contain
the oscillating components around twice the grid frequency.
Then, the ROVI would produce the required twice the grid
frequency modulated GSC voltage to achieve the available
modes. Finally, together with the decoupling term in (11),
the modulated voltage for GSC is produced.

C. SYSTEM IMPLEMENTATION

Figure 3 presents the block diagram of the proposed coordi-
nated derived current control strategy. It is noted that since
RSC and GSC control are separately implemented in two
converters, the virtual phase angle for the RSC and the GSC
can be different from each other. It means that the virtual
phase angles for the RSC and GSC are not necessarily same,
which can be independently calculated.

VOLUME 8, 2020
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FIGURE 4. Schematic diagram of the laboratory setup.

For RSC, the modulated rotor voltage in (17) need be
transformed from the virtual phase angle-oriented reference
frame to the rotor stationary reference frame, which remains
stationary with the rotating rotor at . Then, based on the
rotor angle 6; acquired by the encoder and the virtual phase
angle Orsc for RSC, the modulated RSC voltage in the rotor
stationary reference frame is obtained by,

U, = Urref .05 — Urref . o/ Orsc—6r) (24)

where 651 = Orsc — 6 is the slip angle.

For GSC, the modulated GSC voltage in (23) is required
to be transformed into the stationary reference frame. Based
on the virtual phase angle 6gsc for GSC, the modulated GSC
voltage in the stationary reference frame is written as,

Vi = Vs - 765 (25)

Finally, the space vector modulation is used to generate
the switching signals based on the modulated RSC and GSC
voltages. The RSC and GSC can operate in the predefined
modes with enhanced behaviors. Compared the convention
methods, the main advantages of the derived current control
strategy can be summarized as follows.

1) All the calculation and implementation in the proposed
control strategy are carried out in the virtual phase
angle-oriented reference frame. Thus, the need of PLL
is completely avoided.

2) The derived stator current control for RSC is used
with its references obtained from instantaneous power
theory with less parameter dependency.
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FIGURE 5. Experimental setup of the laboratory setup.

10kS/s 100Ms4din

Stopped 1 Edge E

FIGURE 6. Experimental results of the proposed control strategy with
frequency deviation. [® stator line-line voltage (300 V/div); @ rotor
current (8 A/div); ® GSC current (20 A/div); @ total current (30 A/div);

® stator current (30 A/div); ® virtual phase angle; @ voltage phase angle;
electromagnetic torque (15 Nm/div); @ total active power (1 kW/div);
® total reactive power (1 kVar/div)].

3) The ROVI with a voltage multiplier is designed to reg-
ulate the currents/powers without sequence extraction
separations and calculations.
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FIGURE 7. Steady performance of the proposed control strategy. [® stator line-line voltage (300 V/div); @ rotor current (8 A/div); ® GSC current
(20 A/div); @ total current (30 A/div); ® stator current (30 A/div); ® virtual phase angle; @ voltage phase angle; ® electromagnetic torque
(15 Nm/div); ® total active power (1 kW/div); ® total reactive power (1 kVar/div)].

IV. EXPREMENTAL RESULTS

The experimental tests on a 1kW-scaled laboratory setup
are carried out to validate the effectiveness of the proposed
control strategy. The parameters and configurations are given
in Table 1 and Figure 4, respectively.

In the laboratory setup, DFIG is driven by a squirrel-cage
induction motor and the unbalanced grid is simulated by a
Chroma programmable ac source 61704. Since Chroma is a
unidirectional ac source, a local resistive load is added. The
switching frequency of RSC and GSC is 10 kHz. Since the
large inertia of the wind turbine results in large mechanical
time constant, the rotor speed is initially set at 800 r/min with
its synchronous speed being 1000 r/min.

Figure 6 gives the experimental results of the proposed
control strategy with 1.0 Hz frequency deviation. In the fol-
lowing tests, since the inertia response of the DFIG is not
studied in this paper, the stator active and reactive power
references are simply set as fixed values at 1000 W and 0 Var,
respectively. In practice, since there are the switching loss,
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the magnetizing loss and the copper loss, the total output
active power decreases to 650W. The total harmonic distor-
tions (THD) of stator and rotor currents are around 2.9%
and 2.2%, respectively. This is mainly caused by the tooth
harmonics of the generators. It is seen that the generator
can remain satisfactory performance with steady power and
electromagnetic torque even if there is frequency changing.
In other words, the derived current control is robust to fre-
quency deviations allowed in grid codes [22], [23]. As a
result, the frequency adaptability of the proposed control
strategy is confirmed.

Figure 7 gives the steady performance of the proposed
control strategy. In the tests, the grid frequency is set at
50.0 Hz and the voltage unbalance factor (VUF) is set at
5.6%. Since the dc capacitor in this setup is enough large
with the adequate buffer, the dc voltage fluctuations are not so
apparent in the following tests. For clear statements, current
unbalance factor (CUF) is introduced to represent the radio
of the amplitude of the negative-sequence current to that
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FIGURE 8. Dynamic responses of the proposed control strategy. [ stator line-line voltage (300 V/div); @ rotor current (8 A/div); ® GSC current (20 A/div);
@ total current (30 A/div); ® stator current (30 A/div); ® virtual phase angle; @ voltage phase angle; ® electromagnetic torque (15 Nm/div); @ total active

power (1 kW/div); © total reactive power (1 kVar/div)].

of the positive-sequence current. In Figure 7(a), since the
unbalanced control is inactive with ROVIs disabled, the stator
currents are greatly unbalanced with its CUF being 12.5%.
The oscillating amplitude of the torque is around 8.5%.
For the overall grid-connected performance, the total current
is highly unbalanced and its CUF is around 21.3%. Then,
together with unbalanced voltages, the oscillating amplitudes
of the total active and reactive power are approximately
6.4% and 8.7%, respectively. In Figure 7(b)-(d) with ROVIs
enabled, the amplitude of torque ripples is greatly decreased
from 8.5% to 1.1%. For GSC, when Mode I is active in
Figure 7(b), the CUF of the total currents is decreased from
21.3% to 2.1% and then the active and reactive power pulsa-
tions are partly suppressed. In Figure 7(c), since Mode II is
available, the oscillating amplitude of the total active power
obviously decreases to nearly 1.1%. Then, when switched
to Mode III in Figure 7(d), the total reactive power pulsa-
tions are nearly 1.0%. Therefore, the coordinated derived

VOLUME 8, 2020

control strategy can accomplish the predefined modes and
then enhance the overall performance of DFIG system.
Table 2 summarizes the CUF of the total current, the oscil-
lating amplitude of total power and the oscillating amplitude
of electromagnetic torque with Mode I/II/IIl under unbal-
anced grid voltage conditions. It is confirmed that the coor-
dinated derived control strategy can greatly reinforce the
grid-connected behaviors on the reduction of the torque rip-
ples, the rebalance of total current and the mitigation of
oscillating powers under unbalanced grid voltage conditions.
Figure 8 gives the dynamic responses of the proposed
control strategy. In Figure 8(a)-(d), RSC reduces the torque
ripples and GSC is to remove the oscillating parts of total
active power with Mode II active. In Figure 8(a), during
a transient voltage unbalance (VUF=5.6%), the oscillating
parts of electromagnetic torque and total active power are
rapidly eliminated around 40 ms. Figure 8(b) presents the
dynamic responses with Mode II switching to Mode III.
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TABLE 2. Comparisons with different modes.

ROVI Mode
disabled 1 17 11
I, CUF (%) 21.3% 22% | 49% | 8.9%
P, oscillating amplitude (%) 6.4% 3.9% | 1.1% | 6.3%
0, oscillating amplitude (%) 8.7% 4.8% | 71% | 1.0%
T, oscillating amplitude (%) 8.5% 1.1%

As seen, the switching process is smooth without overshoot
current and oscillating power. In Figure 8(c), the frequency
changing from 49.0Hz to 51.0 Hz is set. The overall per-
formance of DFIG system remain steady with no obvious
difference from Figure 7(c). The robustness of the proposed
control strategy against frequency deviations is confirmed.
In Figure 8(d), the rotor speed accelerates from 800 r/min
(sub-synchronous) to 1200 r/min (super-synchronous). It is
seen that the total active power remains steady with a smooth
increase during the rotor speed accelerating.

Consequently, it is validated that the coordinated derived
current control can provide reinforced performance and fre-
quency adaptability with unbalanced voltages and frequency
deviations.

V. CONCLUSION

This paper presents a coordinated derived current control
strategy of RSC and GSC. It synchronizes to the grid through
virtual phase angle produced by nominal frequency and then
implements in an arbitrary reference frame without PLL. The
derived d-q axis currents are used as feedback currents from
the DFIG stator and GSC currents with virtual-angle-based
Park Transformations. Compared to the conventional rotor
current control, the derived current control results in less
dependency of the generator parameters. However, due to
the absence of PLL, the active/reactive components and the
d-q axes components are coupling. To address this, ROVI
multiplied by a voltage vector is designed as the resonant
controller to directly regulate the measured powers/currents
containing both the dc part and the oscillating part without
sequence extractions. Finally, the experimental results of the
proposed control strategy are presented. It is confirmed that
the proposed coordinated derived current control strategy
can guarantee the satisfactory performance and frequency
adaptability under unbalanced grid voltage conditions.
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