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ABSTRACT To tackle issues like unbalanced currents in stator windings and power pulsations under
unbalanced grid voltage conditions, this paper introduces a passive control strategy for the Brushless Doubly-
Fed Reluctance Generator (BDFRG). The approach effectively suppresses current distortions in the stator
windings, as well as second harmonic pulsations in the active and reactive power. First, the positive and
negative sequence equations of the BDFRG are established using the symmetric component method. Then,
passive feedback controllers are designed for both positive and negative sequences by using the Euler-
Lagrange (EL) model and the passivity theory. Finally, the given values of the positive and negative currents
of the power winding and control winding are calculated to obtain the passive feedback controllers for the
BDFRG under unbalanced grid voltages. Simulations and hardware in the loop (HIL) experiments are
conducted to validate the correctness of the derived model and assess the effectiveness of the control strategy.

INDEX TERMS brushless doubly-fed reluctance generator, passive control strategy, second harmonic

pulsations, unbalanced grid voltages

I. INTRODUCTION

The Brushless Doubly-Fed Generator (BDFG) is a novel
type of Alternating Current (AC) induction machine in the
field of wind power generation [1]-[3]. Its stator comprises
two sets of independent windings, namely the Power
Winding (PW) and the Control Winding (CW). The PW is
linked directly to the grid, whereas the CW is linked to the
grid through a converter to regulate the operating speed [4],
[5]. The rotor structure determines the operation of the
BDFG and the coupling between the PW and CW [6]. The
Brushless Doubly-Fed Reluctance Generator (BDFRG)
uses salient-pole reluctance instead of short-circuited coils
to impede the alternating magnetic flux. Due to the absence
of rotor circuits, its robustness, reliability, simplicity, and
efficiency are significantly improved [7]-[9]. Reference [10]
proposes that BDFRG can achieve high efficiency and
constant power output over a wide speed range. It has
significant application potential in both independent power
systems and grid-tied systems [11], [12]. The Variable
Speed Constant Frequency (VSCF) wind power generation
system featuring BDFRG is illustrated in Fig. 1.
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FIGURE 1. VSCF wind power generation system with BDFRG

Several scholars have proposed appropriate control
strategies for researching the control of the BDFRG under
unbalanced grid voltage conditions. Reference [13]
establishes a model of BDFRG under unbalanced grid
voltages and analyzes different operational states of balanced
and unbalanced grids under low harmonic voltages. Then, it
derives equations of positive and negative sequence and
provides the theoretical basis of the control method. In
response to the challenges faced by wind turbines in achieving
decoupled control and dealing with complex control structures
under unbalanced grid voltages, the [14] combines Machine
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Side Converter (MSC) and Grid Side Converter (GSC) to
propose a coordinated control strategy. In addressing the
problem of distorted currents and voltages of PW side from
nonlinear loads, the [15] proposes a control strategy for the
independent doubly-fed electric system to eliminate harmonic
currents and voltages. In response to the unbalanced currents
and voltages of PW side caused by unbalanced loads, the [16]
proposes a reactive power loop to generates compensating
voltages of the CW side through the MSC. The approach
mitigates the CW side overvoltage and eliminates the
magnetic flux oscillations of the PW side. To address the 2nd
oscillations existing in the output power of generators under
unbalanced grid voltages, the [17] proposes a novel control
strategy that combines the integral sliding mode and PI
controllers. The approach achieves direct power control (DPC)
of the generator under unbalanced grid voltages while
suppressing the second harmonic fluctuations component in
the power.

In [18], an improved vector control strategy for BDFG
under unbalanced grid voltages is proposed by introducing a
Proportional-Integral-Resonant (PIR) controller. Reference
[19] proposes a control method to suppress the harmonic
components in the power winding voltage. The control
method is to achieve a sinusoidal voltage at the point of
common coupling (PCC) by eliminating the 5th and 7th-order
voltage components of the PW side. Reference [20] suggests
a nonlinear control method for doubly fed wind turbines in
positive and negative sequence synchronous rotating
coordinate systems based on the passivity theory. By
controlling the positive and negative currents of the converters
on both sides, the control objectives under unbalanced grid
voltages are achieved.

To ensure that wind turbine systems remain grid-connected
during voltage dips and to improve their fault ride-through
capabilities under such conditions, existing research such as
[21] has proposed a current control scheme combining
Proportional-Integral (PI) controllers with Resonant (R)
compensators to precisely control the positive and negative
sequence currents of the generator's GSC and RSC. Reference
[22] has enhanced the Low Voltage Ride-Through (LVRT)
capabilities by incorporating a Demagnetizing Current
Controller (DCC) module into traditional crowbar circuits,
thus stabilizing the system quickly during transients.
Reference [23] addresses the suppression of rotor short-circuit
currents with a low-voltage overcurrent control strategy based
on tracking, adjusting the rotor flux linkage to follow a smaller
proportion of stator flux linkage changes via switching RSC
control algorithms. Reference [24] introduces a Forced
Demagnetization Controller (FDC) in wind farms, enhancing
LVRT capabilities by comparing the effectiveness under
three-phase and two-phase faults using the FDC module.
Reference [25] utilizes the positive and negative sequences, as
well as the natural and forced components in DFIGs,
enhancing the modeling capabilities of supercapacitors based
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on the voltage-capacity relationship to improve the LVRT
capabilities of DFIGs against symmetrical and asymmetrical
faults.

This paper presents a passive control strategy for BDFRG
under unbalanced grid voltages. It effectively suppresses the
current distortions in the stator windings, as well as the second
harmonic pulsations in the power. Firstly, the positive and
negative sequence equations of the BDFRG are constructed
using the symmetric component method. Then, based on the
Euler-Lagrange (EL) model and passivity theory of the
positive and negative sequence BDFRG, passive state
feedback controllers for both sequences are designed. Finally,
considering the control objectives, the positive and negative
sequence reference values of the PW and CW sides currents
are calculated to obtain the passive controller for the BDFRG
under unbalanced grid voltages. Experimental results on
different platforms show that the suggested control strategy
can efficiently suppress the current distortions in the PW and
CW sides under unbalanced grid voltages, reduce the second
harmonic pulsations in the active and reactive power, and
enhance the ability to maintain normal operation of the
BDFRG under unbalanced grid voltage conditions.

Il. THE THEORETICAL MODEL OF BDFRG

A. THE PRINCIPLE OF BDFRG FOR VSCF

GENERATION SYSTEM
The BDFRG has two pairs of stator windings, PW and CW.
PW is tied directly to the grid, while CW is tied to the grid via
a converter. The conversion of mechanical energy into
electrical energy is achieved by the modulation of the
magnetic flux generated by the current in the stator.

When BDFRG operates with dual stator windings, there is
only one type of current on the rotor, resulting in the same
angular frequency of induced current in magnetic fields in the
rotor with dual stators.

The correlation between the rotor speed, denoted as ny, and
frequency during the operation of BDFRG in a dual-fed mode
is as follows:

_npR)
P 60 e

where, ny is the rotor speed.

Controlling the CW side current frequency as the rotor
speed varies enables better maintenance of the stability of the
PW side current frequency in the BDFRG. This allows the
BDFRG to achieve variable speed constant frequency
generation.

f @)

B. THE THEORETICAL MODEL UNDER BALANCED
GRID
The theoretical model of the BDFRG in the synchronous
reference frame of two-phase d-q rotation is as follows:
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Upg = Rylpg + PW g — @
Upg = Rylpg + PW + 0,17,
Uy = Rclcd + Py _a)cl//cq

. 2
ucq = Rclcq + pl//cq + DY o ( )
0, =0
W, =0 —0
l//pd = Lpipd + Lmicd
Voo = Lolog — Lulg 3)

V/cd = Lcicd + |‘mipd
l//cq = Lcicq - Lmipq

where, p=d/dt is the differential operator.

The parameters in the theoretical model and their

significance are displayed in Table I.
TABLE |
BDFRG PARAMETER AND SIGNIFICANCE

Parameter Significance

Wods Ypgs Weds Weq

Updy Upgy Ueds Uiy

the d and ¢ axis magnetic fluxes of PW and CW
the d and g axis voltages of PW and CW

the ¢ and ¢ axis currents of PW and CW

Ry, R. resistances of PW and CW

jp:r# ';]J(ﬂ [ 'i('(]

Ly L, Ly, self-inductances of PW and CW, mutual inductance
between PW and CW

W, W, Oy angular velocities of PW and CW, rotor in arbitrary
speed rotating reference frames

Ppr Pe pole pairs of PW and CW

Jor e current frequencies of PW and CW

The equivalent schematic diagram of the BDFRG is
depicted in Fig. 2.
, R R :

! pdg P ¢ '!L'dq

+
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p e l/yc‘n'q -

AR~
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a),u'// pdg (&)}_ - wﬂ )Wr.'dq

FIGURE 2. Equivalent schematic diagram of the BDFRG

C. THE THEORETICAL MODEL UNDER UNBALANCED

GRID
When the BDFRG is operating in unbalanced grid voltages,
asymmetric components will be generated compared to its
normal operating state.

According to the theory of symmetrical components, each
unbalanced three-phase system component in an unbalanced
grid can be separated into three balanced three-phase systems
components: positive sequence, negative sequence, and zero
sequence. The zero sequence can be disregarded as it has no
impact on the behavior of BDFRG [26]-[28].
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Therefore, when the system voltage is unbalanced, the
variables are including positive and negative sequence
components. Typically, any unbalanced vector of the PW side
in a steady state can be written as:

Xp — Xp+ej(wpt+9p+) + Xpiej(—mpnep,) (4)
Substituting (4) into the main reference frame, we obtain:
X, = Xp+ejspA 4 Xp_ejsp, e—ijPI (5)
Equation (5) can also be expressed by rewriting it as:
X, = X, + X872 (6)

where, x,.and x,_ are the vector magnitudes of positive and
negative sequences. ¢, and ¢, are the initial angular
positions of positive and negative sequences. x; and x; are in

their respective positive and negative reference frames with
angular frequencies of @, and —c, .

The frequency of the CW side depends on the frequency of
the PW side. The PW side includes two angular frequencies,
denoted by , and —w, , while the CW side variables

include two angular frequencies, denoted by o, —@, and
o, +w, . Therefore, in an unbalanced grid, any vector of the
CW side can be expressed as:

i@ -0t |

(@ -0 )t+6,.)
X, =X,@ x, el ()

Substituting (7) into the main reference frame, we obtain:
X, =%, e% 1 x_el% el 8)
Equation (8) can also be expressed by rewriting it as:
X, =X +x;e'? 9)
where, x . and x_ are the vector magnitudes of positive and
negative sequences, while g and ¢_ are the initial angular

positions of positive and negative sequences. x. and x, are in

their respective positive and negative reference frames with
angular frequencies of o, —w, and o, +o,.

The vector graph of the stator magnetic flux orientation
under unbalanced grid voltages is depicted in Fig. 3.

0. =0+, .4

FIGURE 3. Vector graph of the stator magnetic flux orientation
under unbalanced grid voltages
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By substituting (2) and (3) into (6) and (9), and then
expanding and rearranging, we can obtain the positive
sequence equations of the stator magnetic flux and voltage of
the BDFRG under unbalanced grid voltages.

Upg = Ry + Py —o,p

i+
|

+ + +o 4+
upq - Rp pg + p‘//pq +wpl//pd

+ it + iy 4 (10)
Uy = Rclcd + P _(a)r — @, )V/cq
Uy = Riig + pwg + (0, — @) Yy,
Woa = Loy + L
Voo = Loisg — Ll (11)
l//;j = Lclg;i + Lmi;d
Ve = Ly = Ll

where, u’, and u’  are the positive voltages along the d and

g axes, in the stator PW's positive sequence d-g rotating
coordinate system. i, and i; are the positive currents along

the d and q axes, in the stator PW's positive sequence d-q
rotating coordinate system. ug, and u; are the positive
voltages along the d and g axes, in the stator CW's positive
sequence d-g rotating coordinate system. iy and i, are the
positive currents along the d and q axes, in the stator CW's
positive sequence d-q rotating coordinate system. v, and
v, are the positive magnetic fluxes along the d and g axes, in
the stator PW's positive sequence d-q rotating coordinate
system. y ¢, and y, are the positive magnetic fluxes along
the d and q axes, in the stator CW's positive sequence d-q
rotating coordinate system. o} =, and @ = o, —w, are

the angular velocities in any speed positive sequence rotating
reference frame of the PW and CW.

The negative sequence equations of the stator magnetic flux
and voltage of the BDFRG under unbalanced grid voltages are
as follows:

Upg = Rylog + PY g — 0,0,
Upg = Ryl + PV + 01

. - ) P (12)
Uy = Rclcd + PY ey _(a)r _a)p )l//cq
Ug = Relgg + Py + (0, — @ )wg
l//;d = Lpi;d + Lmlc_d
Vo = Lolog — Ll (13)

Wea = Lelgg + Liig
Voo = Leleg = Ll
where, u, and u;, are the negative voltages along the d and

g axes, in the stator PW's negative sequence d-q rotating
coordinate system. i, and i are the negative currents along

the d and g axes, in the stator PW's negative sequence d-q
rotating coordinate system. ug and u, are the negative
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voltages along the d and q axes, in the stator CW's negative
sequence d-g rotating coordinate system. i, and i, are the

negative currents along the d and q axes, in the stator CW's
negative sequence d-q rotating coordinate system. v, and

w,, are the negative magnetic fluxes along the d and g axes,

in the stator PW's negative sequence d-q rotating coordinate
system. y ¢, and y, are the negative magnetic fluxes along

the d and g axes, in the stator CW's negative sequence d-q
rotating coordinate system. o, =—w, and o, =, +w, are

the angular velocities in any speed negative sequence rotating
reference frame of the PW.

In the unbalanced grid voltages, our primary control
objective is to manage the output active and reactive power of
the PW side.

pdg " pdq

3 .
P==Re|lU’ I}
SRe[Uz 1]
U;di;d +Ur+lqi;q +Ur_ldir:q +Ur:qi;q

3 P T T,
= +008(2w, 1)U iy +U ic, +U s +U Lin) [ (14)

+Sin(2wpt)(—U ;di;q —U;di;q +U ;qi;d +U ;qi;d)
= Pdc + Pcos + I:)sin
= Pdc + Px
3 R
Q=§|m[updq|pdq]
3 -U ;di;q +U;qi;d _U;dir;q +U;qi;d
=§ +C08(2m,t)(-U i, —U g, +U i, +U i) | (15)

+8iN(2a,t)(-U iy —U iy —U i U Lic)
= Qdc +Qcos + sin

= Qdc + Qx

where, p,_ and Q, are the direct current (DC) components of
the active and reactive power. p, , P, Q,,,and Q. are the

sin ! cos

second harmonic sine and cosine pulsations of the active and
reactive power. p, and @,  are the sum of the second

harmonic pulsations of the active and reactive power.

From (14) and (15), it can be deduced that the second
harmonic cosine and sine pulsations of the active and reactive
power respectively are:

d d d
pd=pq pg = p! pg p (16)

P =U iy +U L in +U i +U i

cos

— + 31— - 3+ + 31— - i+
{Psm = U i —U iy +U iy +U i
pg” pg pq-pg pd " pd

Qup = Uiy —U ity —U i —U il
{ n pd " pd pd "pd pg - pg Pa”pq (17)

—_ 11+ _ - i+ + - - i+
Qcos - Updlpq Updlpq +qu|pd +qu|pd

Ill. PASSIVE CONTROL STRATEGY

A. PASSIVITY ANALYSIS
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The positive and negative sequence equations have identical
coefficients, so they exhibit identical stability characteristics.
Therefore, when conducting a passivity analysis of the system,
it is sufficient to analyze the passivity of the positive sequence
equations to deduce the passivity of the equations of the
negative sequence.

According to the stator flux orientation method in the
positive sequence synchronous rotating reference frame, the
magnetic flux and voltage components along the d* and ¢
axes are denoted by v, =y, w;, =0, U, =U;, and
u,=0.

Let the positive sequence of the d-q axes of the PW and CW

sides currents be the positive sequence of the state variables of
the BDFRG system.

x=[if, i i i =[¢ % ox x] @

Formulate the Euler-Lagrange model for the positive
sequence equations of the BDFRG system.

u"=Dx"+JIX" +Rx" +W (19)

where, D is a positive definite matrix, and J is an
antisymmetric matrix, indicating the energy transfer
characteristics of the system. R and W are the dissipative
matrices, representing the dissipative characteristics of the
system. u*=[U;d U, Ug Uc*q]T is the input
parameter of the system, reflecting the energy transfer
between the system and the surrounding environment.

e e T
X" =[iyy it iy iy ] isthe state parameter of the system,

pd P cq
The specific form of each part in the Euler-Lagrange
structure is as follows:

L, 0 L, O
5.0 L 0L 2
L, 0L 0 (20)
0L, 0 L
0 -wl, 0 -alL,
‘L 0 ‘L 0
3= @ (21)
0 -oL, 0 -al
oL, 0 oy L, 0
R, 0 0 0
R |0 R 0 0 .
|0 0 R O (22)
0 0 0 R
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+ T+ + + .+
20, L, + 0w, —20,y

—OY o 20,y = 2L, pig,
20, L1,
2L, piy,

W = (23)

The concept of passivity is defined as follows: For the
general system with multiple inputs and multiple outputs, if
there exists a positive definite function Q(x) and a positive
semi-definite and continuously derivable energy storage
function H(x), then when the dissipative inequality (24) holds,
the system is strictly passive.

HOO) -HOG) <[ uTyde-[Q(x)dz (24)

The passivity of the system reflects the property of energy
change. Let H(x) be the energy storage function.

H= % xTDx* (25)

Taking the derivative of (25) with respect to time and
substituting it into (19), we obtain:

H=x"Dx"=x"u" —x"Rx" —xTIx* —x*"W (26)

Since J is an antisymmetric matrix, the term involving

x"TJIx" =0 does not influence the system energy balance,
nor does it impact the stability of the system. Therefore, it must
be eliminated when designing the controller, which simplifies
the process of the control strategy for the system.

The integration of the equation with respect to the time from

to to t, and since both x*"Rx* and X*"W are positive, we
have:

H(x")-H(x;)
_ t +T, + _ t +T + _ t +T
—.Lox udr J'tox Rx"dr jtox Wdr  (27)

<['xTudr —'[t xTRx"dz
fo o

The equation above is the energy balance equation. On the
right-hand side, the first term indicates the electrical energy
supplied to the CW side by the converter, the next term shows
the electrical resistant losses consumed by the CW side, and
the third term represents the portion of energy converted into
mechanical energy by the CW side. On the left-hand side, the
increment of energy stored in the CW side is always less than
the energy supplied to the CW side. It indicates that the system
is strictly passive.

If we consider x* =[|;d i

T .
oq g lc*q] as the input to the

+ + + + + T
system and u :[Upd Uy Ug ch] as the output,

and the mapping from X" to the output U" is strictly passive,
then it can be inferred that the positive sequence components
system is strictly passive. Therefore, passive control can be
employed, and the control system is stable.
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Using the above strategy, it is also possible to deduce that

mapping from X~ to the output U™ strictly passively results
in the negative sequence components system also being
strictly passive as well. Consequently, this ensures that under
unbalanced grid voltages, the BDFRG operating system
remains strictly passive.

B. DESIGN OF PASSIVITY FEEDBACK CONTROLLER
The above analysis shows that the system's passivity is directly
related to the defined input-output variables of the BDFRG.

An appropriate selection of X should be selected to receive
both Lyapunov stability and excellent tracking performance.
The expected value of the system state is:

=[x % % K] (28)

Let x, =x—Xx denote the difference between the state
steady value and the actual value, we obtain:

u=Dx, +Jx, + Rx, +W (29)

The error dynamic equation is obtained as shown in (30) by
combining (19).
Dx, +Jx, + Rx, =u—[DXx +Jx"+Rx +W] (30)

When the energy storage function of the error dynamic
equation tends to zero, the system reaches asymptotic stability.
Therefore, we define the energy storage function as:

H(x,)= % x! DX, (31)

Taking the derivative of (31) with respect to time as:
H(x,) = x! DX,
=x! {u—[DX* +Jx" +Rx +W}—Jxe - Rxe}
. . . (32)
=x] {u—[DX +JIx" +Rx +W}}—xg\]xe - X! RX,
=X, {u—[D)’(* +JIxX +RX +W J}—xg RX,

In order to ensure that the entire control system is strictly
passive and to improve the dynamic response of the system.

The function H(x,) should quickly tend to zero, so we
introduce damping injection S, =diag(S,;,S,,, Se,S,) as

shown in (33).

pq’

u—[D)’(* +JIX" +Rx” +W]:—Saxe (33)
Substituting (33) into (32), we obtain:
H(x,)=—x](R+S,)x, <0 (34)

According to Lyapunov stability, since D is a positive
definite matrix, the function H(x,)>0 . Therefore, the

control strategy is asymptotically stable. The designed passive
control law according to (33) can be expressed as:

u :[D)‘(* +JIX +Rx” +W]—Saxe (35)
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Since the stator voltages are uncontrollable variables, we set
S, =S, =0. By expanding (26), we have derived the

passive control law for the BDFRG, which is presented in (36).

plpd

u,] L, 0 L 0] pi,
Ueq Lo L, 0 L.J| pig

plcq
R 0]i
4| ° ld
{ 0 RJLJ

N (36)
— Ipd
N 0 -ol, 0 -ol ng
_a)c I‘m a)c Lc 0 icd
icg
+ | ch Lmipq } _ |:Scd (icd - i:d )}
__2 I-m plpq ch (Icq - Icq
Since X remain constant, we can simplify (36) to:
ucd _ Rc 0 I:d
qu 0 Rc I:q
i
[0 -olL, 0 -ol i;q
+ o (37)
| o L, 0 w,l, 0 [

T | ch Lmipq Scd (icd - i:d )
__2 I-m pipq ch (icq - I:q)
By appropriately adjusting S and S,

storage function can converge rapidly, thus achieving rapid
tracking of the relevant parameters.

The same law was applied to derive passive control laws for
both positive and negative sequences. According to (37), we
can derive the positive and negative sequence passive control
laws for the BDFRG. They are represented by (38) and (39):

Uy | [R O i
ug | L0 R iy
Iod

0 - 0 —a)C*LC} i

the system's energy

s 0 |39
a)c I‘m 0 wc Lc 0 ch
s

207 Lyt | [Sa i —i)
| 2L Pigg | | Seq(icg —ig)
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Ug | [R O iy
ug| L0 R iy

*

log

*

(4

J O ek 0 e ﬂ | ag)
o, L, 0 o, L, 0 g
i
+'2wchipq}_{scd (i, —icd:):l
| 2L, Pigg | | Seq(icg —icq)
When the BDFRG reaches a steady state

X =[iny i i
anymore. The stationary values of the positive and negative
currents of the PW and CW sides are obtained as shown in (41)
and (42). Due to:

icq ]T , the state variables do not change

. . .
Ipd = Ipd +Ipd

+ .

io=i +i

pa — 'pg " 'pg
=l (40)
ch _ch +ch
. .
|Cq :Icq -i-lcq
i 2P"
pg +
3Up
i+* _ ZQ
pd +
3Up )
. .. by e
i = Up = Rplpq — @, Lplpd
cd T +
w,L,
+ ol +*
i = @oblo ~ Ryl
g T L
w,L,
i 2P"
pg -
3Up
i = ZQ*
d = o=
P ?:oUp
_ - - (42)
i = up, - Rplpq — @, Lplpd
cd T ,L
o, L,
= _ @obolog ~ Ryl
cq ,L
w,L,

where, P” is the reference value of active power, and Q" is
the reference value of reactive power. i’ and i'> are the

given values of positive currents along the d and q axes, in
the stator PW's positive sequence d-q rotating coordinate
system.i;; and iy are the given values of positive currents

along the d and g axes, in the stator CW's positive sequence

d-g rotating coordinate system. i 7 and i are the given

values of negative currents along the d and g axes, in the

* *
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stator PW's negative sequence d-q rotating coordinate system.
i, and i are the given values of negative currents along

the d and q axes, in the stator CW's negative sequence d-q
rotating coordinate system.

By substituting (41) and (42) into (38) and (39), we can
derive the passive control strategy for the BDFRG as follows;

Uy = u;d +Ug
= Rci:d -, Lmi;; -, Lci;'q* —a)c'Lmi;; -, Lcic'q*
+20; Ljio, +20, Lii, — S, (i —iy) 43)
Ugy = Ugg +Ug,
=Ry + @) Lyicg + o) Ly + o Lo + o, Ly
—2L,pi, — S (i —i:q

IV. DESIGN OF PASSIVITY FEEDBACK CONTROLLER
OF BDFRG UNDER UNBALANCED GRID VOLTAGES

In unbalanced grid voltage conditions, distortions occur in
the stator currents, as well as second harmonic pulsations
occur in the active and reactive power [29]. Therefore, it is
necessary to separately adjust the positive and negative
sequence components of the stator current to achieve our
control objectives. Traditionally, passive control theory
would employ a positive sequence passive state feedback
controllers to control the positive sequence current and a
negative sequence passive state feedback controllers for the
negative sequence current. The extraction process of these
sequence components introduces significant delays and
errors into the signal, reducing the system's dynamic
performance and stability.

To address this issue, this paper introduces a current
control strategy that consists of a main controller and an
auxiliary controller. The main controller directly controls the
current within the positive sequence passive state feedback
controllers, ensuring the system's output of active and
reactive power direct current components, as detailed in (38)
and (45). The auxiliary controller manages the negative
sequence passive state feedback controllers, controlling only
the negative sequence current [30].

However, since the feedback voltages of the CW side have
only two parameters, it is not possible to control the above
objectives at the same time [31]. Therefore, the passive state
feedback controllers can separately achieve the following
objectives.

Objective 1: Balance the three-phase currents of the PW
and CW sides.

Obijective 2: Maintain constant active power and suppress
the second harmonic.

Objective 3: Maintain constant reactive power and
suppress the second harmonic.

Objective 1:

In the negative sequence coordinate system, we can obtain

the given values of negative currents in the stator.

7
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|;E = |F’,,11 =0

iy =i, =0 (44)
iy =i =0

g = ic’ql =

where, |pdl is the given value of i, " for achieving objectlve
Li, | is the given value of i, for achlevmg objectlve Li,

~ for achlevmg objective 1. ioq s the
given value of i, for achlevmg objective 1.

By substituting into (39), we can obtain the negative
voltages of the CW side:

uczﬂ 20, Lmlpq SC} ic} 45)
qul 2Lm plpq ch Icq
where, uz,, isthe negative sequence voltage along the d-axis

of the CW side calculated for achieving objective 1.u_, is

the negative sequence voltage along the g-axis of the CW
side calculated for achieving objective 1.

The sum of (45) and (38) provides the feedback voltages
of the CW side, which is obtained to achieve the objective 1.

{Ucm} _ Ul +Ugg,
ucql U;I +uc7q1
_ {Rc 0 } i . 20; Liv, + 20, L,
0 R ||ig =2L,,pi,,

is the given value of i

pd (46)
. 0 -wl, 0 -olL
oL, 0 &L 0 |;,*

P

leg

Scd (ch cd )
ch (Icq cq )
where, u,,, is the feedback voltage along the d-axis of the

CW side calculated for achieving objective 1.u,, is the

feedback voltage along the g-axis of the CW side calculated
for achieving objective 1.
Obijective 2:
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To keep the active power constant, we can set the second
harmonic cosine and sine pulsations of the active power to
zero, meaning the given active power p_ =p, =0. In the

cos
negative sequence coordinate system, we can obtain the
given values of negative currents in the stator.

i Upd pd +Upd pd +qu Pq
pq — 'pg2 T —U+
.
T Upd pq +Upd pq qulpd
pd = "pd2 T _U+
] (47)
i i _up Rplpq a)prlpd
cd — ‘ed2 T
@, L,
i =i = a)pr pq R I
(o cq2
q q a) |_

where, |pdz is the given value of i for achieving objective
2.0, is the given value of g for achieving objectlve 2.
i, Isthe given value of i for achieving objective 2. icq

is the given value of j_r for achlevmg objective 2.

cd2

By substituting into (39), we can obtain the negative
voltages of the CW side:

Uggy _{Rc 0} =
uc_qz 0 R cq2

B pd2
+ 0 -aolL, 0 -ol I.pllz 48)
Lol 0 ol 0 i,

. 2a) Loing S;d (i =)
| 2L, piny | | S licg —ics2)

where, u,, is the negative sequence voltage along the d-
axis of the CW side calculated for achieving objective 2. u_,

is the negative sequence voltage along the g-axis of the CW
side calculated for achieving objective 2.

The sum of (48) and (38) provides the feedback voltages
of the CW side, which is obtained to achieve the objective 2.
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Uy, uc*d+u‘ _{RC 0} i;i*—‘ri;i*z
Ugq2 Ug +Ugq, 0 R |qu

f

N 0 -olL, 0 -o lg(l
oL, oy L, 0 [
s

) I

N 0 -wL, 0 -olL !,}12 (49)

o L, 0 w; L, 0 [
ez

. 2a) Loipg + 20, L,
—2L,,pi,,
]S (g =€y +1c55))
| Seq(ig ¢ iy +ig))
where, u,,, is the feedback voltage along the d-axis of the

CW side calculated for achieving objective 2. u,,, is the

feedback voltage along the g-axis of the CW side calculated
for achieving objective 2.
Obijective 3:

To keep the reactive power constant, we can set the second
harmonic cosine and sine pulsations of the reactive power to
zero, meaning the given reactive power Q. =Q,, =0. In

the negative sequence coordinate system, we can obtain the
given values of negative currents in the stator.

+ - - 3+ -+
i =i = _Updlpd _Updlpd _qulpq
pa — Tpa3 T U+
-
if* _ i Upd Pq +Upd Pq qulpd
pd — Tpd3 T U+
) (50)
it u, — Rplpq o, Lplpd
(¢ cd3 a) L
i=it = a)p Lp pg Rplpd
cq cq3 Ct) L
where, i 7. is the given value of i,/ for achieving objective
3.i,, isthegivenvalueof i : for achlevmg objective 3.i

pq3
is the given value of i

o

- for achlevmg objective 3.i_7, is the
given value of i_* for achieving objective 3.

By substituting into (39), we can obtain the negative
voltages of the CW side:
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_ ipd3

N 0 -aolL, f) -o; L, IET 51)
o, L, 0 o, L, 0 lea3
g3

" Za)c Lmlpq S;d (I(;(i _iczi*S)
| 2L, pi, Seq (icg —lcgs)
where, u,, is the negative sequence voltage along the d-

axis of the CW side calculated for achieving objective 3.u_,

is the negative sequence voltage along the g-axis of the CW
side calculated for achieving objective 3.

The sum of (51) and (38) provides the feedback voltages
of the CW side, which is obtained to achieve the objective 3.

|:qu3:|_ chrd +ul;d3 |:Rc 0 :| icd +i;d3
= N - ~
ucq3 ucq + ucq3 0 R cq cq3

-

pd
_w:Lc I;‘:
0 L 0

ch

- pd3
T

_a)c Lm 6(); Lc 0 ch3

o

. 20 Loing +2-a)chipq:|

| 2L, pi,
_ S (icd _(i;ﬂ* + i&x*s )

_ch (igq —(igq* + ic‘;z))

where, u,, is the feedback voltage along the d-axis of the
CW side calculated for achieving objective 3.u,,, is the

feedback voltage along the g-axis of the CW side calculated
for achieving objective 3.

The resulting negative currents in the stator can be used to
calculate the negative voltages of the CW side by
substituting into the passive control laws. By feeding back
the negative voltages of the CW side into the system, it is
possible to effectively suppress the distortions in the stator
currents and the second harmonic pulsations in active and
reactive power under unbalanced grid voltages, thereby
achieving the corresponding control objectives.

V. EXPERIMENTAL RESULTS ANALYSIS

A. SIMULATION ANALYSIS

9
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In unbalanced grid voltage conditions, the multi-objective
control structure diagram for the BDFRG is illustrated in Fig.
4,

To confirm the efficiency of the control strategy adopted in
the BDFRG operational system under unbalanced grid
voltages, a passive control simulation model for the BDFRG
was developed using the MATLAB/Simulink platform. The
relevant parameters are given in Table II.

—=  value " passive
Q.| caleulation control

Yoyl pwm e

value
=i, /calculation

abe
passive
control

iy
By =— e .
Power s lsymmetrical
0 =
" component | 7. )
Q calculation [ method -

FIGURE 4. Multi-objective control structure diagram for the BDFRG
under unbalanced grid voltages
TABLEII
BDFRG RELATED PARAMETERS
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S 20t
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1000t 0l

Power Winding Current (A)
()

Parameter Value

Pole pairs of the PW p, 3

Pole pairs of the CW p.. 1
Resistance of the PW R, (Q2) 0.1662
Resistance of the CW R.(Q) 0.1882
Self-inductance of the PW L, (H) 0.01737
Self-inductance of the CW L. (H) 0.02351
Mutual inductance between the PW and CW L,,(H) 0.01813

In the simulation of the BDFRG, the speed of the rotor is
given to 450 r/min, with active power given to 5 kW and
reactive power given to -5 kvar. The stator voltage is in an
unbalanced state at 3 seconds and returns to normal at 4.5
seconds. For different control objectives, the control effects
before and after adding the negative voltage control to the
system are compared in the simulation.

The waveform of grid voltage under unbalanced grid
voltages in the simulation is shown in Fig. 5.

600

40
20

|—Ua

oS o O

-200

Tmi

3.0 ) 4.5
Time (s)

-400

Unbalanced Grid Voltage (V)

D
(=3
(=}

FIGURE 5. The waveform of unbalanced grid voltages
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FIGURE 6. The waveform of currents. (a) The PW side current before
adding the negative voltage control. (b) The PW side current after
adding the negative voltage control. (c) The CW side current before
adding the negative voltage control. (d) The CW side current after
adding the negative voltage control

For the problem of distortions in the stator currents as
mentioned in objective 1, a simulation study of the passive
control for the BDFRG under unbalanced grid voltages was

conducted. The control effects before and after adding the
negative voltages U, to the control system are compared. In
Fig. 6, (a) and (c) represent the waveforms of the PW and CW
sides currents before adding the negative voltage control,
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while (b) and (d) represent the waveforms of the PW and CW
sides currents after adding the negative voltage control. From
the simulation waveforms, we can observe that the PW and
CW sides currents exhibit distortions under unbalanced grid
voltages. After adding the negative voltage control, the
distortions in the stator current waveforms are suppressed, and
they tend toward sinusoidal. Furthermore, the amplitudes of
the modified current waveforms remain the same as before,
without significant changes.

For the problem of second harmonic pulsations in the active
power as mentioned in objective 2, a simulation study on
passive control for BDFRG under unbalanced grid voltages
was conducted. The control effects before and after adding the

negative voltages ug,,, to the control system are compared. In

Fig. 7, (a) represents the waveform of active power before
adding the negative voltage control, while (b) represents the
waveform of active power after adding the negative voltage
control. From the simulation waveforms, we can observe that
under unbalanced grid voltages, the active power exhibits
second harmonic pulsation. After adding the negative voltage
control, the second harmonic pulsations in active power are
efficiently reduced, and the active power can track the given
active power well.
14 .

—
o

Active Power (kW)
™

Time (s) 43
(a)

Pref ——P| .

Active Power (kW)
N

2F i

Time (s) 43
(b)

FIGURE 7. The waveform of active power. (a) Before adding the
negative voltage control. (b) After adding the negative voltage control.

For the problem of second harmonic pulsations in the
reactive power as mentioned in objective 3, a simulation study
on passive control for BDFRG under unbalanced grid voltages
was conducted. The control effects before and after adding the

negative voltages U, to the control system are compared. In

Fig. 8, (a) represents the waveform of reactive power before
adding the negative voltage control, while (b) represents the
waveform of reactive power after adding the negative voltage

VOLUME XX, 2017

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

control. From the simulation waveforms, we can observe that
under unbalanced grid voltages, the reactive power exhibits
second harmonic pulsation. After adding the negative voltage
control, the second harmonic pulsations in reactive power are
efficiently reduced, and the reactive power can track the given
reactive power well.

15 . . . . .

Ol _—0]

N

Reactive Power (kvar)
n

-15 F
25 3.0 45
. Time (s) '
(a)
15

'
wn
T

1

Reactive Power (kvar)
n

30 Time (s) 4.3
(b)

'
[Se]
N

FIGURE 8. The waveform of reactive power. (a) Before adding the
negative voltage control. (b) After adding the negative voltage control.

B. EXPERIMENTAL VALIDATION
A hardware-in-the-loop experimental platform, as illustrated
in Fig. 9, was constructed to further demonstrate the
effectiveness and reliability of the passive control for the
BDFRG under unbalanced grid voltages.

Scope-MDASOSA

i
B Control Module

1 PXle-1071
il

Signal Conversion
PCB Board

FIGURE 9. Hardware-in-the-loop experimental platform

This platform utilizes the NI PXle-1071 as the controller
and the experimental main circuit construction carrier. The
control chip is Xilinx K7-160T FPGA, and the oscilloscope is
the Lecroy MDAS805A. The BDFRG main circuit is
constructed in the Start Sim software, and the Start Sim HIL
software is used to combine the main circuit with the control
circuit.
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FIGURE 10. The experimental voltage waveform of unbalanced grid
voltages
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FIGURE 11. The experimental waveform of currents. (a) The PW side
current before adding the negative voltage control. (b) The PW side
current after adding the negative voltage control. (c) The CW side
current before adding the negative voltage control. (d) The CW side
current after adding the negative voltage control.

On the above platform, experiment with the dynamic
changes of PW and CW sides currents, as well as active and
reactive power. Observe the variations before and after adding

12
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the negative voltage control. Study the control effect of
different objectives under unbalanced grid voltages.

The BDFRG speed is set to 450 r/min in the experiment,
with an active power setpoint of 5 kW and a reactive power
setpoint of -5 kvar. At 2 seconds, the stator voltage is in an
unbalanced state, returning to normal at 3 seconds. The control
effects before and after adding the negative voltage control are
compared in the experiment. The experimental voltage
waveform of unbalanced grid voltages is displayed in Fig. 10.

To address the problem of distortions in the stator currents
as mentioned in objective 1, we compare the control effects
before and after adding the negative voltage control. From the
results, we can observe that the PW and CW sides currents
exhibit distortions when the grid is in an unbalanced state as
illustrated in Fig. 11. After adding the negative voltage control,
the distortions in the stator currents are suppressed.

To address the problem of second harmonic pulsations in
the active power as mentioned in objective 2, we compare
the control effects before and after adding the negative
voltage control. From the results, we can observe that the
active power exhibits second harmonic pulsations when the
grid is in an unbalanced state as illustrated in Fig. 12. After
adding the negative voltage control, the second harmonic
pulsations in the active power are efficiently reduced, and the
active power can follow the given active power well.

To address the problem of second harmonic pulsations in
the reactive power as mentioned in objective 3, we compare
the control effects before and after adding the negative voltage
control. From the results, we can observe that the reactive
power exhibits second harmonic pulsations when the grid is in
an unbalanced state as illustrated in Fig. 13. After adding the
negative voltage control, the second harmonic pulsations in
the reactive power are efficiently reduced, and the reactive
power can follow the given reactive power well.
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FIGURE 12. The experimental waveform of active power. (a) Before
adding the negative voltage control. (b) After adding the negative
voltage control.
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FIGURE 13. The experimental waveform of reactive power. (a) Before
adding the negative voltage control. (b) After adding the negative
voltage control.

We performed Fast Fourier Transform (FFT) analysis on
the output current of the generator's stator PW side under
unbalanced grid conditions. The analysis showed that the total
harmonic distortion (THD) was 1.71%, which is significantly
below the standards required for grid interconnection,
demonstrating the effectiveness of passive control in
enhancing power quality. The FFT analysis of the generator
stator PW side current waveform is shown in Fig. 14.
Fundamental (50Hz) = 11.28 , THD=1.71%

2
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FIGURE 14. Analysis of THD in Power Winding Current

VI. CONCLUSION

Based on the symmetrical component method, the positive
and negative sequence theoretical model of BDFRG under
unbalanced grid voltages was derived. According to the EL
model and the passivity theory, we not only analyzed the
passivity characteristics of BDFRG from the energy, but also
proposed the passive control strategy. The reference values
of the negative sequence currents of the PW and CW sides
were calculated by different control objectives, and the
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passive feedback controllers can be designed by substituting
them into the passive control strategy proposed. Simulation
and experimental results demonstrated that the designed
passive feedback controllers could effectively suppress
distortions in the stator currents and second harmonic
pulsations in the active and reactive power according to
different objectives, which validated the correctness of the
derived model and the effectiveness of the control strategy.
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