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Transient Control of the Reactive Current for the
Line-Side Converter of the Brushless Doubly-Fed
Induction Generator in Stand-Alone Operation
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Abstract—In this paper, the transient control algorithm of the re-
active current by the line-side converter (LSC) control is proposed
when the inductive load is suddenly connected or disconnected
from the stator power winding (PW) of the brushless doubly-fed
induction generator. In stand-alone operation, the quality of the
voltage waveform at the point-of-common coupling (PCC) will be
strongly affected due to the reactive power change of load. More-
over, when the amplitude of the PCC voltage is higher than the dc-
link voltage, the LSC cannot work normally. To tackle this problem,
many control strategies, such as predictive current control, direct
voltage control, etc., are usually developed in the machine-side con-
verter to supply the reactive power, but the LSC can also assist in
stabilizing the PCC voltage fluctuation by supplying or absorbing
reactive current. This paper analyzes the transient state of the load
current and the PCC voltage when the load is suddenly connected
to the stator PW, and proposes a compensation algorithm which
has a good transient-state performance. Then, the controllability
of the LSC during the PCC voltage swell is analyzed when the load
is disconnected from the stator PW. A high-voltage ride-through
control strategy is proposed by using the reactive current of the
LSC. The correctness of the proposed method is demonstrated by
simulations and experiments.

Index Terms—Brushless doubly-fed induction generator
(BDFIG), reactive current compensation, stand-alone operation,
transient response.

NOMENCLATURE

L, R Filter inductance and inner resistance.

Wy, We, Wy Stator PW, stator CW, and rotor angular
speed.

€sps Cse Stator PW and stator CW induced electro-
motive force.

v AC-side voltage of the LSC.

U Stator PW output voltage at the PCC.

1, 1, Input current of the LSC and load current.

Dp, De Stator PW and stator CW pole pairs.

Ude DC-link voltage.

Superscripts

* Reference value.

Subscripts

sp, sc, T Stator PW, stator CW, and rator.

a, b, ¢ a-phase, b-phase, and c-phase.

d, q Synchronous rotating dq axis.

a, B Stationary o3 axis.

1. INTRODUCTION

RUSHLESS doubly-fed induction generator (BDFIG) is a
B new type of induction machine which has the advantages

Usp, Use Stator PW and stator CW voltage.

Tsps Tsey b Stator PW, stator CW, and rotor current.
P,,, P, Stator PW and stator CW power.

Ry, Ry, R, Stator PW, stator CW, and rotor resistance.

spm s Lrpm

Stator PW and rotor coupling inductance.
Stator CW and rotor coupling inductance.

L
Lscm 9’ LT‘C’IH
L

spo> Lscos Lrg  Stator PW, stator CW, and rotor leakage

inductance.
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of DFIG that it only requires a low-power rating of the converter
compared to the nominal power of the machine. Furthermore,
the absence of brush gear and slip rings in the BDFIG can in-
crease the system reliability and decrease the high maintenance
costs [1]. With the independent control of the active and reac-
tive power, the BDFIG as a stand-alone power generation has
a wide application of variable-speed constant-frequency gener-
ator in some embedded generation systems, such as ship shaft
generation systems [2], [3].

The BDFIG has two sets of three-phase stator windings. One
is the stator power winding (PW) which is used for generating
power and connected to the load, the other set of stator wind-
ings, called the stator control winding (CW), is supplied with
a variable voltage and frequency power converter which is also
connected to the stator PW [4]. The rotor winding (RW) is used
to couple to the two stator windings. In the stand-alone BDFIG
system, the generator should be controlled to build up a constant
stator PW voltage to support the loads, but the voltage at the
point-of-common coupling (PCC) will fluctuate in case of larger
variations of the loads. Especially, the load is connected or dis-
connected from the PCC. The voltage fluctuation degrades the

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.



8194

performance of other loads connected to the PCC and introduces
torque pulsations [5].

The associated converter is composed of two back-to-back
voltage-source converters with a common dc-link. Usually the
machine-side converter (MSC) controls the stator CW current
directly. Then, the output voltage of the stator PW can be
regulated indirectly, and the line-side converter (LSC) is used
to control the dc-link voltage regardless of power flow direction
through the MSC [6]. The LSC can also assist in stabilizing the
PCC voltage fluctuation by supplying or absorbing the reactive
current. In case the inductive load is connected to the stator PW
of the BDFIG, the system will generate reactive power for the
load. The disadvantage of reactive power compensation based
on the MSC control is the slower response compared to the
LSC control because of the larger mechanical inertia. Since one
end of the LSC is connected with the PCC and the other end
is connected with the dc-link capacitor, the control bandwidth
of the LSC is significantly higher than that of the BDFIG. So
the LSC can quickly suppress the voltage fluctuation at the
PCC by producing the reactive current. In addition, based on
the compensation by the MSC control, the excitation current in
the stator CW will also increase to supply more reactive power
when the inductive loads are connected to the PCC. So it will
cause more losses and reduce the efficiency of the system [7].

Based on the reactive current compensation by the LSC con-
trol, the reactive current in the LSC is injected at the PCC
by using the proportional-integral (PI) controller [8]. Imple-
menting the PCC voltage-oriented reference frame, the g-axis
current can be used to control the reactive current of the LSC.
The g-axis reference value is usually calculated according to
the reactive component of the load current. This conventional
control scheme can result in a good steady-state performance
and can be easy to implement, but in the transient period of in-
ductive load connecting to the PCC, the reactive component of
the load current may not be a constant value. Because of narrow
control bandwidth of the PI controller [9], if this reactive load
current is directly used as the g-axis reference value, it is im-
possible to obtain accurate control for the oscillation quantities.
This will make the PCC voltage fluctuation more serious for a
long time.

Another, when the load is disconnected from the stator PW,
the PCC voltage will swell. Moreover, when the amplitude of
the PCC voltage is higher than the dc-link voltage, the LSC
cannot work normally [10]. Some methods employ extra sets
of hardware appliances, such as the super conducting magnetic
energy storage, the dynamic voltage restorer, and the static syn-
chronous compensator (STATCOM), to suppress the voltage
swell [11]-[13], but these methods would lead to higher costs
and more complex design of the system.

The high-voltage ride-through (HVRT) control for the LSC
itself is proposed with adaptive adjustment of the dc-link voltage
reference according to the PCC voltage or supplying the reactive
current to the load [14], [15]. In order to ensure the normal
operation of the LSC, the dc-link voltage which is controlled
as a constant under normal operation is set to a relatively high
value during grid voltage swell in [14]. However, a higher dc-
link voltage means that the maximum permissible voltage of
the dc-link capacitors and the power semiconductor devices
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Fig. 1. BDFIG doubly-fed mode.

will increase [14]. In [15], the reactive current of the LSC is
controlled on the basis of ensuring its active current control,
but the relationship between the control voltage and the reactive
current in the LSC is not analyzed in-depth for a given capacity
constraints.

According to the above analysis, the transient control algo-
rithm of the reactive current by the LSC control is proposed in
case the inductive load is suddenly connected and disconnected
from the stator PW. First, the voltage drop at the PCC is analyzed
using the equivalent circuit for the stand-alone BDFIG system
under sudden load change. Then, the transient reactive current
compensation method is proposed based on the conventional PI
controller. In case of the large load disconnected from the PCC,
the voltage swell is analyzed and the control method of the re-
active current of LSC is given to ensure the normal operation
of the LSC. Lastly, the influence of this reactive current com-
pensation on the dynamic performance of the dc-link voltage
is also analyzed. Test results during steady state and transient
operating conditions are presented to demonstrate the properties
and correctness of the proposed method.

II. BASIC PRINCIPLE AND CONFIGURATION OF THE BDFIG

The BDFIG comprises two electrically separated stator wind-
ings, called the stator PW and stator CW. The stator PW pro-
duces a p,, pole-pair field rotating at speed of w,, and the stator
CW produces a p,. pole-pair field rotating at speed of w. [16].
The RW is specially designed to couple to the two stator wind-
ings. The BDFIG is normally operated in the synchronous mode,
called doubly-fed mode as well, as shown in Fig. 1 [3].

In Fig. 1, the RW will produce the induced current of angular
speed w,,, and w,. in response to the stator PW and stator CW.
The angular speeds in the rotor reference frame are

wrp = wp — ppwr (1)
Wre = We — PeWy.

For the only one set of RW is through the same current, it is

required that w,,, = —w,.. Then, the shaft angular speed w, is
expressed by
W'r- = L')P + wC (2)
Pp + De

where w,, and w, are the angular speed of the stator PW and the
stator CW, respectively.

From (2), it can be seen that with the variable speed w, of
the BDFIG, w,, can be kept constant by controlling w,.. It is the
operation principle of the BDFIG. When the angular speed of
the stator CW is zero, the shaft angular speed w, is given by

Wp

=7 3)
Pp + Pe

Wn
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Fig. 3. Scalar control diagram of the BDFIG.

This speed is called the natural speed, and the stator CW will
be fed with a dc source.

Fig. 2 shows the structure diagram of the stand-alone BDFIG
system which feeds the three-phase resistive—inductive load. In
Fig. 2, the stator PW is connected directly to the load and also
supplies the power to the converter in stand-alone operation.
The stator CW is supplied with two back-to-back converters
composed of the MSC and the LSC. The converters are with a
common dc-link and are also connected to the stator PW at the
PCC.

In Fig. 2, a Y-connected filtering capacitor C is equipped
with the output of the stator PW of the BDFIG. This capacitor
can reduce the ripples in the stator PW voltage and filter out the
harmonics produced by the LSC which works under the pulse
width modulation (PWM) control method [17]. The three-phase
asynchronous motor which is controlled by the Siemens inverter
is used to emulate variable-speed operation of prime movers. L,
and R, are the equivalent inductance and resistance of the load,
respectively.

Usually, the MSC is used to control the stator CW current
so as to regulate the voltage of the stator PW. The focus of this
paper is the reactive current control of the LSC, so the scalar
control scheme is used for the BDFIG in the control of the MSC
based on (2), shown in Fig. 3 [18].

In Fig. 3, U, is the amplitude of the PCC voltage u and I.. is
the amplitude of the stator CW current i,.. V,,,, and 6, are the
amplitude of the phase voltage v. and phase angle of the MSC,
respectively. When the amplitude of the PCC voltage is smaller
than the reference value, the stator CW current will increase and
vice versa. It is the simple and reliable control method for the
BDFIG and avoids identifying motor parameters. This method

Configuration of the stand-alone BDFIG system feeding resistive—inductive load.

Stator CW

RW Stator PW

Fig. 4. Per-phase steady-state equivalent circuit of the BDFIG.

is sufficient for low-performance drive applications, like fans
and pumps.

III. TRANSIENT REACTIVE CURRENT COMPENSATION METHOD
IN CASE OF THE INDUCTIVE LOAD CONNECTION

A. Transient Analysis of the Voltage Drop in Case of the
Inductive Load Connection

With the help of the equivalent circuit of the BDFIG, the
operating conditions of the BDFIG and its associated converters
can be obtained quickly. Fig. 4 shows a per-phase steady-state
equivalent circuit of the BDFIG [16].

So the stator PW side circuit is equivalent to the combination
of induced electromotive force denoted by ey, and stator PW
resistance and leakage inductance denoted by R, and L,,,,
respectively.

In the BDFIG neglecting losses, the expressions for the power
balance is given by Py, = s, Py, [19]. sy is the total slip of the
BDFIG. Supposed that the LSC is operated under unity power
factor, the relationship between a-phase current ¢, of the LSC
and a-phase output current of the stator PW i, can be written
as

ta = Splspa COS O, “4)
where 0, is the power factor angle of the stator PW. Then, the
LSC can be seen as a controlled current source. Since the LSC
and MSC are with a common capacitive dc-link and can be
decoupled by the capacitance Cy.., the MSC is not considered
in the circuit for LSC analysis. The a-phase equivalent circuit
for the stand-alone BDFIG system seen from the stator PW side
is shown in Fig. 5. In Fig. 5, i1, is the a-phase load current and
u, 1s the a-phase PCC voltage.
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Fig. 5. a-phase equivalent circuit of the stand-alone BDFIG system.

Taking the initial angle of a-phase voltage as the reference
angle, e, in time domain is described as follows:

espa (t) = Uy, cos (wt) 5)

where U,, and w are the amplitude of the phase voltage and
angular frequency, respectively.

Then, e, in complex frequency domain can be deduced by
the Laplace transformation

UVVI S
s2 4+ w?’

€spa (5) = (6)
For simplification of analysis, the BDFIG is supposed to op-
erate at the natural speed, that is, s, = 0. So a-phase current 7,
of the LSC is zero, then the stator PW current 4, and the load
current iy, are equal.
Therefore, the stator PW current i,,, in complex frequency
domain can be drawn as

o (5) = €spa () _ U,s
wpe Ls + R (s>+w?)(Ls + R)

@)

where L is the total inductance, and R is the total resistance as

R= Ry +R,,
L=0Lp+ Lyp,. ®)

If the magnitude and the angle of the total impedance are
defined as following:

|Z| = \/R? + (wL)?, ¢ = arctan <°‘;{L) : )

Then, (7) can be changed as

. Un, Rs WL RL
ispa (8) = —3 2 5 T3 2
|Z| s2 4w s? +w Ls + R
Uy [ scos¢ w sin ¢ Cos ¢ (10)
|z \ 24 w? 82 w? s—i—% '

When the load is suddenly connected to the PCC, the stator
PW current i,,, in time domain can be deduced by the inverse
Laplace transformation

_ Un cos (—¢) e—%’f,.
|Z|

It can be found that the stator PW current iy, contains a
fundamental frequency component and a dc component in ex-
ponentially decaying. Then, ,,; and i, can be obtained in the
same way.

The stator PW current is transformed into synchronous ref-
erence frame quantities by using the Park matrix. Then, the

U”l
Gspa (1) = 7] cos (wt — @) (11)
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instantaneous active current i,,4 and the instantaneous reactive
current 7, can be drawn as

. . . Upn, Uy cos(wt+¢) _r
Yspd (t) = lspds T lspdt = m cos ¢ — é|)€ vt
. _ . Un . Up sin (wt +¢) _r,
Gspq (£) = Gspgs + Gspgt = — |Zm| sin ¢ +WT !
(12)

where

3 Um . Um cos (wt + _R

Lspds = |Z| CO8 ¢a lspdt = _|(Z|¢)e ot

. m . . Up sin (wt + @) _=r,

lspgs = — m sm ¢7 Lspqt = T ot

As shown in (12), the active and reactive PW currents also
contain a steady component ¢,,, which is a dc value and a
transient component ¢,,; which is a decaying fundamental value
in exponential form, and the steady component is exactly the
positive-sequence fundamental component of the load current
iy, in the dq axis.

The PCC voltage « in the synchronous ¢d axis reference frame
is determined based on Fig. 5 as

dis
_ . pd .
Ug = €spd — Rsplspd - LSpO' W + WLspaZqu
dig
. spq .
Ug = €spq — Rsplqu - Lspa dt - wL.S’[)UZS[)d' (13)

So this stator PW current may cause the voltage drop and
distortion at the PCC, and the voltage drop Aw in the ¢d axis
can be expressed as

‘ dis ‘
Aud = Rspzspd + Lepvad - WLspUZqu
. diqu .
Auq = Rsplqu + Lspo dt + WLspo’Zspd- (14)
Substituting (12) into (14), (14) can be written as
. . . R.
Aud = Rsp (Zspds + Zspdt) + Lspo’ Wlspgt — lepdt
- WLspa (iqus + i.qut)
. . . R.
Auq = Rsp (Zqus + Zqut) + Lspo —Wlspdt — flqut
+ WLspa (ispds + Z'spdt) . (15)
Then, this equation can be simplified further
. . Rs L— Ls O’R .
Aud = (Rsplspds - WLspUZqus) + %Zspdt
. . Rs' L— Ls’ o’R .
Auq = (RSpZSpqs + stpo'lSpdS) + P Lip Lspqt -
(16)

Then, a-phase voltage drop at the PCC voltage Au, can be
deduced by the Park inverse transformation as

Aug = Aug coswt — Ay, sinwt. (17)
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Substituting (16) into (17), (17) can be written as
Au, =

\/(Rspispds - WLspUiqus)Q + (Rspiqus + stpUispds)Q
X cos (wt + )

Ry L — Loy R
S e

\/(pr + LL;ZL%])U) ( @25 + 251,(“) cos (wt + ¢)

Rgp L — Lgpo R

(fspar cOS Wt — Tgpqe SiN W)

+ 7 (Tspar oS Wt — Ggpqe Sin W)
Un U7 Rs :L - LS’){TR _ R
=1z I| | Zsp| cos (wt + ) — |Zn\ %cos‘mbe it
(18)
where
—RywL +wLyy, R
p = arctan RoyR+ Loyl |Zp| = \/R2, + w2L2,.

From (18), the steady-state component of the stator PW cur-
rent will cause the voltage drop and the transient component
of the stator PW current will cause the voltage distorted at the
PCC.

B. Transient Reactive Current Compensation by LSC Based
on V-1 Doubly Closed Loop

Both the LSC and the stator PW can supply the reactive power
to the load. With the higher control bandwidth of the LSC, the
LSC can quickly respond to the change of the PCC voltage. So
it is easier and more reliable to choose the LSC to compensate
the reactive current of the load.

Implementing the PCC voltage-oriented reference frame, the
control scheme of the LSC adopts the voltage and current dou-
ble closed-loop structure shown in Fig. 6 [20]. In Fig. 6, the
phase angle 6 for the coordinate transformation is calculated by
the single synchronous reference frame software phase-locked
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loop [21]. With the conventional PI controller, the output of
the voltage loop is given as the d-axis reference current to con-
trol the dc-link voltage, and the negative reactive component of
the load current iy, is given as the g-axis reference current to
compensate for reactive stator PW current caused by load.

When the inductive load is connected to the stator PW of the
BDFIG, the reactive current of the load is calculated according
to the classic instantaneous reactive power (IRP) theory. Then,
the LSC will supply the reactive current to the load assisting in
stabilizing the PCC voltage fluctuation.

C. Fully Reactive Current Compensation Method in Case of
the Inductive Load Connection

When the BDFIG is supposed to operate at the natural speed,
then the stator PW current and the load current are equal. So the
reactive current of the load is

Um .
———sing +
1Z|

. . . Up sin(wt+¢) _r
iLg = Lgs T tLqt = - |(Z ) !
19)
where
Up sin (wt +¢) _r,
2|

If the LSC is controlled to fully compensate reactive current of
the load, including the steady-state component ¢y, and transient
component iy, then the whole components of the load current
11,4 are used as the g-axis current reference of the LSC. That is

(20)

Upn
1Las = sing, ipg =
q |Z| q

Zq = —lLq = —lLgs — lLqt-

Then, the stator PW current does not contain the reactive
component any more. So the reactive component in the stator
PW current is zero, that is, ispqs = %spgt = 0. The drop of the
PCC voltage Au can be deduced as

ReyL — Loy R

Aud = Rspispds + 7 Zspdl‘

Auq =wlspotspds- 21

According to (18), the drop of the PCC voltage Au, is

\/(RQ 4 w2 Lgpg) fpdg cos (wt + )

RspL - Lsp(rR
+ ==

Au,

Tspdt COSWT

_Un

~ 1z

_ Un Me—%t
4 L

| Zs,| cos ¢ cos (wt + ¢)

X %cos (2wt + ¢) + % cos | . (22)

It can be seen that if the reactive stator PW current is fully
compensated by using the control algorithm of the LSC, the
steady state of the voltage drop at the PCC has been decreased
because of cos¢p < 1. The load inductance is bigger, the steady
state of the voltage drop is smaller, but there will be double

fundamental-frequency component in the voltage at the PCC,
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and this component is larger than the fundamental-frequency
component.

The main reason for this phenomenon is that the stator PW
current still contains the transient active component 4,4, when
the reactive current of the load is fully compensated. From (21),
it can be seen that there will be an asymmetry of the transient
component in the d-axis and the g-axis voltage drop. Then, a
worse quality of a-phase PCC voltage will be obtained by the
Park inverse transformation.

D. Partly Reactive Current Compensation Method in Case of
the Inductive Load Connection

If only the positive-sequence fundamental reactive load cur-
rent i74s is compensated, then the steady component of the
reactive component of a load current iy, is used as the g-axis
current reference of the LSC. That is

(23)

o .
Zq = —lLgs-

So the steady reactive component in the stator PW current is
zero, that is, 7,4, = 0. The drop of the PCC voltage Aw is

Ry L —LoyoR.
f%pdt

RyyL — Ly, R .
I Lspqt -

Aug = R.s’pispds +

Auq =wlspoispas + 24

According to (18), the drop of the PCC voltage Aw in phase-a
is

Au, = \/(Rgp R Lgpg) zfpdq cos (wt + @)

R, L —L,,,R ,. . ;
+ % (Zsp(lt coswt — Lspqt SN wt)

Um

= Il | Zs,| cos ¢ cos (wt + ¢)

_ Um R.s’pL B L.S’pUR
2] L

As shown in (25), the steady state of the voltage drop at the
PCC has been decreased and the transient component is also the
same as (18). So it is more stable than the control method with
fully reactive current compensation.

From (23), it can be seen that only the steady-state component
of the reactive load current ¢z, is needed for this compensation
method. This value can be obtained through the classic IRP
theory and low-pass filter [22].

cos e L. (25)

E. Simulation Results

The simulation is performed using the PLECS software to
verify the performance and effectiveness of the proposed con-
trol. The configuration is given in Fig. 2. The parameters of the
BDFIG system referred to the stator PW are listed in Table I.

The scalar control scheme is used for the BDFIG in the MSC
control algorithm, shown in Fig. 3. The dynamic equivalent
circuit for the BDFIG which is based on the two-axis model in
the rotor reference frame is used as the simulation model. This
dynamic equivalent circuitis described in [23]. The conventional
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TABLE I
PARAMETERS OF THE BDFIG SYSTEM

Symbol Quantity Value
SN Rated power 80 kVA
U,y Rated stator PW voltage 380V
isp Rated stator PW current 122 A
fn Rated operating frequency 50 Hz
Dp Pole pairs of the stator PW 2

Pe Pole pairs of the stator CW 4

wp Natural speed 500 r/min
cosp Power factor 0.8
Uge DC-link voltage 700 V
fs Switching frequency 5kHz
L Filter inductance 0.209 p.u.
Cye DC-link capacitor 0.032F
R, Stator PW resistance 0.0428 p.u.
Lsps Stator PW leakage inductance 0.214 p.u.
Lspm Stator PW magnetizing inductance 19.187 p.u.
R, Stator CW resistance 0.0405 p.u.
Lsco Stator CW leakage inductance 0.116 p.u.
Lgem Stator CW magnetizing inductance 5.03 p.u.
Lypm Rotor magnetizing inductance to the PW 19.223 p.u.
Lyem Rotor magnetizing inductance to the CW 5.035 p.u.
R, Rotor resistance 0.0573 p.u.
L,, Rotor leakage inductance 0.0693 p.u.

method is used in design of the PI controller parameters [24].
In the double loop control of the LSC, the PI gain values of
the inner current controller are K;, = 3 and K;; = 400. The
PI gain values of the outer voltage controller are K, = 6 and
K,; = 300.

After the BDFIG system is well settled, a sudden load from
no load to a resistance—inductance load with the rated power
of 80 kVA/380 V and the power factor of 0.6 is applied. The
simulation results of the reactive current compensation method
applied in LSC of the stand-alone BDFIG are given in Fig. 7.

Fig. 7(a) shows the transient responses of the PCC voltage
without reactive current compensation in the LSC control. In
this operation, the PCC voltage is compensated only by the
MSC control. It can be seen that there is a large PCC voltage
drop and slower dynamic performance. The main reason is that
the bandwidth of the voltage loop in the MSC is narrow about
30 Hz. So the recovery time of the PCC voltage is long.

Fig. 7(b) shows simulation results of the PCC voltage with
the fully reactive current compensation by the LSC. The PCC
voltage contains numerous harmonic components and the tran-
sient time is very long. These harmonics harmfully affect the
performance of other loads connecting to the PCC.

Fig. 7(c) shows the performance of the proposed control strat-
egy for the steady component of the load reactive current com-
pensation by the LSC. It can be seen that the quality of the PCC
voltage is much more improved and can respond rapidly in case
of the sudden load.

Using the simulation studies, it was shown that the transient
reactive current compensation responses of a stand-alone system
based on the BDFIG generator are satisfactory. This improves
the dynamic performance of the control system.

As soon as the PCC voltage is in the steady state, the system
control strategy is switched to the coordinated reactive power
control scheme. The coordinator block calculates the desired
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Fig.7.  Simulation results of the PCC voltage for three reactive current control

methods: (a) PCC voltage without compensation, (b) PCC voltage with fully
compensation, and (c) PCC voltage with partly compensation.

reactive power of the load and shares it to the LSC and MSC by
changing the reactive power reference value of the controller,
respectively. The strategy of allocation about the reactive power
reference value is based on the outcome of the optimization
problem [25].

IV. TRANSIENT REACTIVE CURRENT CONTROL AFTER
SUDDEN LOAD DISCONNECTION

A. Reactive Current Control of the LSC During the Voltage
Swell at the PCC

When the load is suddenly disconnected from the stator PW,
the voltage swell at the PCC may be generated due to the abrupt
interruption of the current. This voltage swell may cause the
LSC uncontrollable due to the dc-link voltage limitation [26].

Under the PCC voltage-oriented reference frame, the voltage
of the LSC in the synchronous dq axis reference frame can be
expressed as [27]

di
Up = Ryig + LS% — wLyiy +vg
. diq .
0= Ryiq + Ls% +wLyiqg + v, (26)

where L, and R, are the LSC filter inductance and inner resis-
tance, respectively.

If neglecting the resistance R and operating under the unity
power factor, the relationship of voltage space vectors of LSC
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Fig. 8. Voltage space vector simplified diagram of the LSC.
in the steady state can be simplified as
vg = U, +wLyiy
Vg = —wlyig. 27

The diagram is described as Fig. 8. Taking the principle of
modulation into consideration, the maximum available LSC
voltage has to be limited [24]

_ 9 Udc
lv| = \/vi +v2 Sﬁ

where m is the modulation index, and there is m = 2 for si-
nusoidal pulse width modulation and m = /3 for space vector
pulse width modulation.

With (27) and (28), the lowest limit of the dc-link voltage of
the LSC can be obtained as following expression

(28)

V(U + 0L + @Liia) < 7“;"; (29)

Based on the (4), iy will increase when the load becomes
large. So from (29), the larger the load is, the higher the dc-link
voltage is needed. Even at no-load situation, the dc-link voltage
has the minimum value U,,, which is the magnitude of the PCC
voltage.

To simplify the analysis, the LSC is controlled to compensate
all the reactive current produced by the inductive load. So in
this steady-state situation, there is only active current ¢,,, in the
stator PW of the stand-alone BDFIG and the reactive current
1spq 18 zero. Meanwhile, the main role of the MSC control is to
regulate the magnitude of the PCC voltage as desired value U, ,
so the active current of the load 77,4 can be expressed as

2P, 2P

1Ld = guid = gUm

where P, is the active power of the load.
When the load is suddenly disconnected from the stator PW,

the load current is cut off. So Ad,,, = ir4. Then, the voltage
swell at the PCC can be obtained based on (14)

(30)

. Aigpa  2Rg,Pr 2Ly, Pr
A :ReAm Le(r e ==
i = HopSlepd * e TN =370 T30, AL
. 2wl Pr
Auq = WLSP(TAZS"D(I == EJT (31)
It can be seen that when the load is larger, the voltage at the

PCC swell higher.
The voltage of the LSC in d-q axis can be obtained when the
load is suddenly disconnected from the PW

vg = Upn +wLgiy + Aug

vy = —wLgig + Auy. (32)
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So the amplitude of the LSC voltage is

lv| = \/(Um +wlyi, + Aug)® + (wLyig — A“q)2' (33)

When it is larger than .. /m, the LSC may be uncontrollable.
As aresult, to guarantee a safe operation of the LSC, the dc-link
voltage which is controlled as a constant under normal operation
may need to be increased.

From (33), we can see that it is effective to make the LSC
output inductive reactive power, i.e., i, < 0,in order to make the
needed output voltage of the LSC less than that under the unity
power factor operation and guarantee the normal operation of
the BDFIG.

From (33), the following expression can be obtained:

. 1 Ude 2 . 2
< — — —-U,., —
1q : <\/( ) (C()led Auq) m AUd>

(34)

So with this constraint of a reactive current of the LSC, the
controllability of the LSC can be ensured, and the amplitude
of the current ¢, should be smaller than the maximum of the
current 4., in the LSC.

However, the calculation is very complex based on (34), and
the load current cannot be measured in case of sudden unload.

When the BDFIG is operating in the steady state, the follow-
ing expression can be obtained based on (29):

Ugde \ 2 . 2 S \2
( - ) — (wLsig — Aug)” > (U, +wLyiy)

+ 2wLgigAu, — Auj. (35)

Because A, is usually very small compared to Uy, , then

(US;)Q — (wLgig — Auq)2 > U2 .

(36)

So the following formula can be obtained:

2
\/(“d) — (wLyiq — Aug)? — Uy — Aug > U,

m

N \/Aug + (U + Aug)?. (37)
Then, the transient g-axis reference current ¢, can be chosen
as following for convenience according to (34):

(38)

where U/, is the instantaneous amplitude of the phase voltage
at the PCC, and U, is the rated value of the voltage. k insures
that it does not exceed a maximum current 7,,,, of the LSC.

With the regulation of the BDFIG system, the output voltage
of the PW will be regulated to the rated value at the steady state.
Then, i, will return to the steady state. The LSC can be simply
controlled in case of the voltage swell.
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B. Transient Response of the DC-Link Voltage During Sudden
Unload

Using (26), the relationship of voltage space vectors of LSC
in the transient state can be obtained

dig Uy —vg +wLyiy,

dt L

With the above equation, it can be seen that if we want to
guarantee the fastest transient response of the active current
14, the rising and falling slopes of the active current ¢; must be
larger [28]. In (39), the U,,, and L, are the constant value. So the
transient response of the active current depends on the voltage
vq and the reactive current 7, of the LSC.

When the load is disconnected from the stator PW, the d-
axis reference current given by the outer loop voltage should
decrease. The negative maximum voltage is required across the
inductor L for the fast transient response and then the LSC
voltage v; should be changed into the positive maximum value.
So the minimum possible time for tracking the reference current
can be calculated as

(39)

AT = L, b —

Vdmax — WLS iq - Um (40)
where v ax 1 the maximum voltage generated by the LSC.

However, the maximum voltage v, .x 1s bounded as (28) if
aPWM is used. So the value of (Vgmax — wLsiy — Uy, ) is very
small and AT becomes long. Therefore, if the d-axis reference
current decreases, the current regulation is very slow due to
the voltage constraint of the converter. This will make the dc-
link voltage swell in a long transient period. Moreover, this
phenomenon becomes more serious in the case of higher PCC
voltage.

From (40), we can see that when the reactive current ¢, be-
comes negative, the falling slope of the active current ¢; becomes
larger. Therefore, by utilizing the negative g-axis current, the
less transient period is possible and the dc-link voltage can be
fast tracking to the reference value.

The simulation of the HVRT control strategy of the LSC is
shown in Fig. 9. The parameters of the system are the same in
Table I.

When the load is suddenly disconnected from the stator PW,
the swell of the voltage at the PCC will be generated shown in
Fig. 9. Fig. 9(a) shows the normal operation of the LSC. It can
be seen that the LSC fails to control the current and the dc-link
voltage also exceeds the rating of the converter much more.

However, with the transient negative reactive current injected
into the PCC according to (38), the LSC can remain control-
lable under the proposed HVRT control shown in Fig. 9(b). The
transient response of the proposed current controller is much
faster than that of the conventional PI regulator, and it is helpful
to reduce the dc-link overvoltage.

V. EXPERIMENTAL DETAILS

In order to verify the proposed control strategy, an
80kVA/380V stand-alone BDFIG system is constructed. The
BDFIG is rotated by a 90kW three-phase asynchronous mo-
tor emulated as a prime mover with the speed control, shown
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Fig. 9. Simulation results in case of the load disconnected from the PW:
(a) traditional operation and (b) proposed HVRT control.

in Fig. 10(a). The control system is made up of the MSC and
LSC, and the photograph is shown in Fig. 10(b). These two
converters consist of a control board of 32-bit floating DSP
TMS320F28335 of Texas Instrument, a power stage composed
of six insulated-gate bipolar transistor with the switching fre-
quency of 5 kHz and capacitors of the dc bus.
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Fig. 10.  Configuration of the experimental setup: (a) Prime mover and BDFIG
system and (b) control system of the stand-alone BDFIG.

The experimental parameters are the same with the simulation
listed in Table L.

For the sake of simplification, the rotor speed of the BDFIG
is kept constant at subsynchronous value 400 r/min. After the
system is well settled and the rotor speed is stable, a sudden
resistance—inductance load with rated power of 80 kVA/380 V
and the power factor of 0.6 is applied. The waveforms of the
PCC voltage are given in Fig. 11.

Fig. 11(a) shows experimental results of the stator PW out-
put voltage at the PCC without reactive current compensation
method by the LSC. It can be seen that it has 18% of the voltage
drop at the PCC. The reason is that the PCC voltage is controlled
through regulating the stator CW current by the MSC indirectly.
Since the BDFIG has a larger mechanical inertia, the change in
the stator CW current will produce a certain delay through the
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Fig. 11.  Dynamic waveform when the resistance-inductance load connected
at the PCC: (a) PCC voltage without compensation, (b) PCC voltage with fully
compensation, and (c) PCC voltage with partly compensation.

rotor and stator PW of the BDFIG. Then, only with the stator
CW current regulation by the MSC, the dynamic performance
of the PCC voltage is slower and the transient time is long.

However, with the fully compensation method by the LSC,
the voltage waveforms become distorted and unbalanced for
a long time shown in Fig. 11(b). This is mainly because the
decaying fundamental component in exponential form in the d-
axis current is not compensated; this asymmetry of compensa-
tion causes the distortion at the PCC. If other loads are connected
to the same PCC, their performance will be affected directly.

By adopting the proposed reactive current compensation
method in the LSC, it can be seen that the PCC voltage can
recover in one cycle which can be seen from Fig. 11(c). The
quality of the PCC voltage is much more improved and can
respond rapidly in case of the sudden load.

When the load is disconnected from the stator PW of the
BDFIG, the waveforms of the dc-link voltage, the PCC voltage,
and the current of the LSC are shown in Fig. 12.

Fig. 12(a) shows the normal operation without transient reac-
tive current injected into the PCC. It can be seen that the voltage
swell cause the LSC working abnormally. The oscillation occurs
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Fig. 12. Dynamic waveform when the resistance—inductance load discon-
nected from the PCC: (a) Normal operation and (b) HVRT control.

in a-phase current of the LSC and the dc-link voltage cannot be
kept at the setting value.

In Fig. 12(b), with the proposed HVRT control method, the
LSC has a higher capability to overcome grid voltage swell and
significantly better transient performance. The current of the
LSC becomes stable quickly and the peak value of the dc-link
voltage is also reduced.

VI. CONCLUSION

This paper has proposed a transient reactive current control
approach for a stand-alone BDFIG system to enhance the per-
formance of the PCC voltage and the controllability of the LSC.
The stator PW current and the voltage at the PCC are carried
out when the resistance—inductance load is suddenly connected
to the BDFIG. It results in the voltage drop and distortion at the
PCC, and if only the positive-sequence fundamental reactive
load current is used as the reference value of the g-axis current
control loop in the LSC, the stator voltage can be significantly
compensated. Another, the controllability of the LSC with lim-
ited rating considered during the PCC voltage swell is analyzed.
A HVRT control strategy of the LSC is proposed by using the re-
active current of the LSC, and it also improves the fast response
the dc-link voltage in the transient region. The experimental re-
sults indicate that the compensation method performs well and
can be used in practice.
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