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Abstract

In this paper, a current hysteresis control with good decoupling properties for doubly-fed brushless induction machines
(BDFIMs) has been proposed based on a generalized vector model. The independent control of the reactive power and speed for
BDFIMs has been achieved by controlling the d-axis and the g-axis current of the control windings (CW). The proposed vector
control method has been developed for the power winding (PW) flux frame. Experimental verification of a type Y180M-4
BDFIM prototype with 1/4 pole-pairs has been presented. Evidence of its good performance has been shown through
experimental resullts.
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environmental friendliness. BDFIMs are being widely applied
in offshore wind power and large scale wind power
generation systems. A BDFIM has two three-phase windings,
a power winding (PW) that a directly connected to the grid,
and a control winding (CW) that is connected to the grid by a
back-to-back PWM converter. To avoid direct electromagnetic
cross-coupling between the two stators, the pole number for
the two stators is different. The rotor is designed to couple to
the two stators where the number of the nests is equal to the
pole-pairs of the two stators.

Many control strategies for BDFIMs have been proposed
in recent years, such as direct power control [1], direct torque
control (DTC) [2] and indirect stator-quantities control (ISC)
[3]. Of these strategies, the vector control (VC), i.e. the
field/voltage-orientation control strategy, which has been
successfully applied to doubly-fed induction machines
(DFIMs) [4]-[6], has the largest number of control strategies
for BDFMs, resulting in better dynamic performance[7]-[10].
To study control strategies, a relatively precise mathematical
model for a BDFIM is required to predict its dynamic and
steady-state performances.

A detailed mathematical model of a BDFIM, where the
real rotor structure was taken care of, was first proposed in
[11]. After that, a two-axis models was proposed by Wallace
[12]. Based on the two-axes model, a simplified control
method for BDFMs was proposed, were the controller is
aligned with the rotor flux [13]. Roberts developed a
coupled-circuit model for a wide range of BDFMs including
the BDFIM [14]. The parameter values calculated in the
coupled-circuit model can be used in other models. However,
the coupled-circuit model is too complex to be used to
analyse control strategies. A unified reference frame d-q
model for BDFMs was proposed by Poza et al [15] for
BDFMs with a nested-loop rotor with one loop in each nest.
They also developed a new vector control method in which
both the reactive power and speed can be controlled [16].
However, the calculation of the compensation module is
complex. Subsequently, Shao proposed a PW-flux-oriented
control based on a unified reference frame d-q model for a
BDFIM [10], [17]. This method allows for the control of the
speed and reactive power. However, compensation for the
two control loops is missing. Thus, the speed and reactive
power control loop have a strong coupling effect. Farhad
proposed a generalized vector model for BDFIMs that can be
generalized to BDFIMs with any number of loops per nest
[18]. In addition, the effects of all the loops per nest are taken
into account. It then presented a generalized vector control
with a speed control loop but without a reactive power
controller.

In this paper, a speed control strategy is proposed based on
the generalized vector torque equation. Then a reactive power
control loop is established. The control scheme has better

“p

Fig. 1. Rotor of the BDFIM prototype.

decoupling performance than other PW—flux—oriented vector
control schemes such as those presented in [10], [17]. A
detailed theoretical derivation of the generalized vector
control method is presented.

In the existing literature, there is no effective expression
for the torque for a BDFIM to facilitate the analysis of
control strategies. This paper attempts to fill this void by
presenting two concise electromagnetic torque equations that
are similar to the electromagnetic torque equations of doubly
fed induction machines (DFIM), where the modelling and
control methods are already very mature.

In order to demonstrate the control performance of the
proposed controller, a four-quadrant PWM converter control
system is constructed. The good control and decoupling
performances of the current hysteresis control strategy are
shown in experimental results.

II. GENERALIZED VECTOR MODEL FOR THE BDFIM

The rotor angular frequency of a BDFIM operated in the
synchronous (doubly fed) mode is given as follows:

_otw>
pPtp

Where @, is the rotor shaft speed, the “+” indicates that

.

O

the BDFIM is operated at super-synchronous speeds, and the
“-” indicates that the BDFIM is operated at sub-synchronous

speeds.
The BDFIM coupled-circuit equations are as follows [18]:
di
v,= R, +—3
sl s1%s1 dt
. dA 2)
v,= R,i, +—=2
52 52752 dt
v,=Ri + d2,
dt
j’sl = Ms]isl + Mslrir
/152 = Ms2is2 + MsZrir (3)
ﬂ’r = Minrisl + MsTZris2 +Mrir
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dMslr
do,
Te = [isTI isTZ] ir
Mo,
do,
“4)
J@ =T<’-T'I
dt
— dgr
Toodt

Where 7, and 7, are the electromagnetic and load torques,
respectively. ¢, is the rotor position angle. J is the rotor

moment of inertia.

The BDFIM coupled-circuit model can accurately predict
the transient performance of the machine and it includes the
effects of all the space-harmonic components of the
inductance parameters. However, the order of the model is
too high to analyze and design a control system. Therefore, a
generalized vector model is created to analyze and design a
control system more conveniently based on the transform
equations (5) [18]:

J— 2 jg;r ,jg,,
Fs1:§[1,83 e 2 1fy

.2
-j=

— 2 j%lt 37r
Fszzg[l,e e 3 1f,

J— 1 — _ j27zp, (5)
Fr ZE[ENXN, ENxNe S

272p JezCaly

S Evae 5 1f,
indicate the PW, CW and rotor

quantities under the generalized vector model; f,, f.,,f.

E v«ve

Where F,,Fo,F.

indicate the PW, CW and rotor quantities under the abc frame
(coupled-circuit model).

By means of the vector transformation equations (5) for
coupled-circuit equations, the generalized vector model of the
BDFIM can be expressed as [19]:

Vo= RIa+ A o A 6)
dt
-5 - dAv -
Veo=RIsx+ 2 — jow As2 @)
— == dA. . do —
0=V,=R.1.+ - ")A, ®)
7 Jpi( o )
_ 3 _ _ o
Asl = (LH+5L1)1“ + 3Ms1re-‘mlr (9)

Zs2 = (L12+%L2)7s2 + 3M52rejy7j‘ (10)

Zr = (Zr 'ﬁr)?r + %M;]r@jn;sl
an

+ gﬁzzrejyi,:z
2

_ — =
T;:%leslrreal{Irlxle/ ? n)}

) (12)
+% P, Mg, real {irizej(?w}
Where the free variables 7 and y are given as:
n=pe@, ~0a-p0o. (13)
Y =P+ 00+ py(0: =) (14)

The model can be used in a p,/p, pole-pair BDFIM with a
nested-loop that has N loops per nest. WhereR €R""is the
nest resistance matrix (from the inner loop to the outer loop).
M. e R* Mo cr* are the mutual inductance matrices for
the PW-Rotor and CW-Rotor, respectively. L, e RV, M, eR*
are the nest inductance matrix and the mutual inductances,
respectively. ¢ is the physical displacement angle between
the PW and the CW.

III. VECTOR CONTROL METHOD

A. Selection of ¢.,0,6:2 Based on the PW-flux-oriented
Frame
As can be seen in the generalized vector model, the free
variables 7 and » can be given as arbitrary values. In this
paper the values of 7 and » are given as zero to make the
time-varying terms in equations (9), (10), (11) and (12)
constants.
Based on the PW-flux-oriented control method, the
reference angle of the PW variables can be given as:

esl = —HXH (15)
Where, 6z, is the angular position of the PW flux vector.

Then based on (13), (14) and (15), 6, and @, can be
expressed as:

O =0x,—(P1 + P2)0 + P&
(16)

1
?, =;1(p16r—9xu )
The magnitudes of »., and . can be expressed as:

W51 = —W1 (17)
w2 = — (Pt Pr)o-

The identification of the parameters for the rotating
reference frame for the PW and CW is shown in Fig. 2. As
can be seen in this figure, the magnitude of ¢ is 7/4, i.e.
the position angle between the PW and CW.

The PW flux-linkage of two components in the stationary
reference frame is given as follows [14]:

Zsla = j(l_/sla - R];sla)dt (18)

;lsw = j(l_/slﬂ - Rj.cl/z)dt
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Fig. 2. Reference frame for the BDFIM.

O e T

s
Ril,; | PLL ——
Rily, | discrete-time

integrator

Fig. 3. PW flux angle estimation by the PLL technique.

Thus, the PW flux vector position angle 6z, can be

estimated by the PLL technique. A block diagram of the PW
flux angle estimation technique of the control system is
shown in Fig. 3. In discrete-time sampling systems, the
transfer function of the integral part can be expressed as
KTs/(z—1), where K is the integral coefficient and T is the

sampling time. The rotor position angle ¢, is obtained from
an incremental encoder. Then 6, can be calculated by

expression (16).

B. Expressions for A.,1, and 1.

Since 7-7-0, the BDFIM flux equations can be
expressed as:

Aa=(Ly +§Ll)?sl +3Ma 1,
Ao=(Ln+ S LT+ 3Ma T, (19)
A =L - ML+ Mo T+ Mia T
The electromagnetic torque equation can be expressed as:
1.= %PI M real {;jil 7} +ngM;zrreal {;r;tZ j} (20)
Based on the rotor flux equation (19):

=@ =) (A= M T - 30T )

2 2 (21)

Tu= %mﬂ —3Ma (L - M)A, %m@, M) M T

~I

39— - —
Where:L:L/.+§L.—5MH,(L,—M,)”M.\lw

Based on equation (21), I> can be expressed by the
following two equations:

To-= g(ﬁtz,)f'[z 7%%.,7\, (L, -MHT

2 -
To=———"———[LTa-Au+3Mu (L -M,)"4,]
OM . (L, — M) Mo,

(22)

Where, (%) is defined as (a%,) ' M, = 1.

Based on (21) and (22):
{”‘ SO G (23)
Ar =Gl +GaAg
Based on (19) and (23):
1, =Gida
4. =G, Aa (24)
T =G Aq

G1,G>,G:,G4+,G;,G, and G:are shown in the Appendix.

It should be noted that 7., A- and /- depend on A+ as
the coefficients G, G.and G: In addition they contain
MaMe , L and M, which depend on the interactions
between the two stator windings (PW and CW) and the rotor
windings. In fact, the values of 7+, A and /- mainly
depend on the value of A+, and are influenced by the

electromagnetic interactions in the BDFIM.

C. Speed/Torque Control Loop
Substituting (19) and (24) into (20) yields:
T = FiIm{ A Ao} (25)
Where: 9P

F=———5—[BM.,,

= 3 G. -Gl M..G.
2G (L + ELz)

Substituting (24) into (20) gives:

Tor = FoIm{T a0} (26)

Where: F,=-©9P:2G.)M ,2,G: -

The electromagnetic torque equations (25) and (26) are
similar to the electromagnetic torque equations of a DFIM
[20]. These two equations can facilitate the modelling of the
controller.

Substituting (24) into (26) yields:

T.=GFIm{A.T.:} 27)

The proposed controller is aligned with the PW flux
reference frame. Therefore, Aui=A.=[As| and A#=0_ Since the
PW is directly connected to a 50 Hz, 220 V grid, a voltage
frequency of @ can be considered stable and the PW flux
has a constant magnitude [17]. Then the electromagnetic
torque can be expressed as:

T.=Glym (28)

Where, G =-G.F:|4.].

Obviously, the coefficient G is
constant.

Expression (28) shows that % can be directly controlled
by 7.

The mechanical differential equation is:

d o,
dt
Where, J is the moment of inertia. As can be seen in (29),

T.=J 2% L T=Jsa, +T, (29)

T. has a first order linear relation with @ . Obviously, the

speed of the machine can be controlled by a2 .
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D. Reactive Power Control Loop
The reactive power of the BDFIM can be expressed as
[21]:

0, :%hn{ﬁl T} (30)

Since w,=-w: , the PW voltage equation (6) can be
expressed as:

Va =R1;31+% +ja)1251 €2y
t

By substituting (21) and (23) into the reactive power
expression (30):
Q,=M1I42+0, (32)
Where:

M = 2L [A0|M (T~ D) D
4L

‘N-3M (L, - M,)'G,]

3 _
0, = iah ‘A.\-l

Since M and Q, remain fixed, O, and Is2have a fixed and
a first order relationship. Then the reactive power of the

BDFIM can be independently controlled by Za:.

E. Proposed Control Strategy

A structural diagram of the vector control method is shown
in Fig. 4. The reference outputs of the speed and reactive
power control loops are Tw.s and la..s. From here the
three-phase stationary frame current /... is calculated with
an inverse park transformation as the reference value of the
hysteresis current controller. The machine side converter

821

(MSC) receives switching signals generated by the hysteresis
current controller. That is to say, the CW voltage can be
controlled by the CW current [22]. Finally, the torque and
reactive power can be controlled by #,. and V..,

respectively [17].

IV. EXPERIMENTAL VERIFICATION

A BDFIM test rig is set up to validate the control algorithm
as shown in Fig. 5. The parameters of the prototype BDFIM
are listed in Table I. A DC machine was mechanically
coupled to the prototype to act as a load machine. The speed
signal and rotor position angle were obtained by an
incremental encoder with a resolution of 1024 cycles/r. The
CW was supplied by a back-to-back PWM converter, and the
PW was connected to the grid (220 V, 50 Hz). The GSC and
MSC of the back-to-back PWM converter were controlled by
a digital signal processor (DSP, TMS320F28335). The
sampling time of the controller was 0.3 ms.

A. Response to Speed Variation

Waveforms in the presence of trapezoidal speed variations
are shown in Fig. 6. The experimental conditions are as
follows. The reference rotating speed starts to vary from 600
r/min (synchronous speed) to 720 r/min (super-synchronous
speed). Then it descends to 480 r/min (sub-synchronous
speed) and finally increases to 600 r/min. The reference
reactive power is 1400 var. The top two graphs in Fig. 6
demonstrate the excellent tracking of reference speeds in the

0, Reactive ‘Usl(aﬁ) B Usgiase
<+—— power L 2s+—3s [*
estimator Ram— Lsianc
GSC
Q*p Calculation |—||—|
| of I*uwi :
eq(;ati:nz gz) 2r—3s T ':I' Hgsterestls Switch signal VSC
»> urren =
" | Controller
-1 ISZABC
952 A
Calculate U. |
| CW flux |«}—228C
< s2(dq)
Ter | Calculation (dg)
of Te1 , ls1(dq)
Calculate
PW flux | _ Usianc ,’-\>
o (dq) and | Toiane T——
P 51 o I
« \' SIABC y Y y
1, <
< si(dq)
Te: | Calculation 2r<3 wr ‘
of Te2 Ioa r<38 /]
l—2(de) | Or

Fig. 4. Structural diagram of the vector control method.
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A Dual PWM Converter

i K

A4

Fig. 5. Experimental platform.

TABLE I

PROTOTYPE PARAMETERS
Parameter Value
Frame size Y180M-4
PW pole -pairs 4
CW pole -pairs 1
Natural speed 600r/m
PW rated power 15kW at S0Hz
CW rated power 1.5kW at 50Hz
PW rated V,I 380V, 30A at 50Hz
CW rated V,I 40V, 13A at SHz

Rated torque

Numbers of loop

318 N'm
6

experimental process while the captured O, is only
marginally affected. In fact, the reactive power of the
machine can be kept relatively stable during speed variations.

It is indicated that the coupling effect in the speed control
loop, i.e., o,-Te-1,.-7,.that has an impact on the reactive
power control loop, i.e., O, I.-V.. can be significantly
reduced.

Three torque waveform signals 7,;, T, and T, are shown in
Fig. 6. It is evident that the values of 7,; and T,,, which are
calculated using the proposed torque expressions (25) and
(26), are in accordance with the value of the measured torque
T,. The error is mostly due to approximations such as
neglecting the iron loss and iron saturation of the generalized
vector model, and the computing errors of the parameters. 7,
is proportional to 7,: as shown in Fig. 6 which demonstrates
the reliability of expression (28).

B. Response to Load Torque Continuous Variations

Fig. 7 shows the good stability of the speed control and
reactive power control when the load torque step changes
from no-load to 140 N.m and then back down to no-load. The
calculation of 7,; and T,, agrees with the measured torque 7.
Another interesting observation is that the PW current
increases significantly when the load torque increases
gradually. In addition, this is done while the increase of the
CW current is not obvious. This indicates that the PW plays a
more prominent role in active power generation.

The obtained experimental results indicate that the
coupling effect in the torque control loop, i.e., o, -Te-T,.-
v .. that impacts the reactive power control loop, i.e., Op-T..-
V. can be significantly reduced.

C. Response to Reactive Power Variations

Fig. 8 shows the response of the machine to a step change
in the reactive power while the speed is set to 674 r/min
(super-synchronous speed) and the machine is in the no-load
condition. The PW reactive power changes from +2000 var to
-2000 var and then back to +2000 var. During the dynamic

200
1501
100

50

50— Tel [F———1HH4 -4 ———+———

00— Ted | = b
150 e |t

Torque (N.m)
=3

CW dq current (A)

2007 25 3 35 4 45

(3]
W

PW current (A)
=)

'
(3]
W

<
>

CW current (A)

Time(s)

Fig. 6. Response waveforms to trapezoidal speed variations.
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Fig. 7. Response waveforms of load torque variations.
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Fig. 8. Response waveforms of reactive power variations.

process, the speed is well controlled at its reference value of

674 t/min. la2is changed to control the reactive power, and
1, is almost constant since the speed remains stable. Unlike

the results of the previous section, the amplitude of the PW
current remains almost constant during the dynamic process
of the reactive power while the amplitude of the CW current
changes from about 22 A to 31 A. This is a clear
demonstration that the CW current can control the release of
reactive power. Again, the calculations of 7,; and T,, are
consistent with the measured torque 7,. Experimental results
illustrate that the proposed vector control strategies
demonstrate good performance in controlling the reactive
power, both while switching from absorbing reactive power
to releasing it, and vice versa.

The obtained experimental results also indicate that the
coupling effect in the reactive power control loop, i.e., Op-1«
-V. that impacts the speed/torque control loop, i.e., o . -Te-

1,:-7,.can be significantly reduced.

V. CONCLUSION

This paper proposed a PW-flux-oriented generalized vector
control scheme with a current hysteresis controller. A
detailed theoretical analysis has been carried out to present a
decoupled control method for the speed/torque and reactive
power control. The control strategy was verified by
experimental results showing that the controller exhibits good
decoupling performance even without cross-perturbation
compensation. In fact, the strongest cross-coupling effects
where 7, affects the speed/torque and V,, affects the
reactive power have been avoided in the proposed current
hysteresis controller.

In this paper, two electromagnetic torque equations (25)
and (26) for a BDFIM have been proposed based on the
generalized vector model. The speed control loop has been
implemented based on equation (26). The present torque
expressions of the BDFIM are similar to the torque
expressions of a DFIM and can facilitate the analysis of the
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control methods. With the two electromagnetic torque equations,
a mature control scheme for a DFIM can be applied in
controlling a BDFIM more conveniently.

Since the electromagnetic torque was proposed under the
that 7=r=0 , in the future, a generalized
electromagnetic torque equation in an arbitrary frame will be
studied.

condition

APPENDIX

61 :E:Es, 62 :E;]Em G,?:C7/L, 64 :Eg /C7,
MZZr

= LG/ G
3Mslr(Lr—Mr) MsZr

Gs= (Inxn —

+3Mslr(2r _M' )_1])_1’
66 = (z, 7ﬁr )7I 7iﬁilrﬁxlr,
2L

= 3 —t 33— 2
G =—Mu+—Mo (" — — — —1 -
2L 2 9C M (L —M ;) Mg

1),
ai:[INxN - (61 +G-G, )6;1 Gs T [(61 +G>G, )6;1 G +G,Gs 1,
G, = (61 +G>Gy )! (6. - ast)

2L —
G.=—————[LG:+LG:G,
9Mslr (Lr _Mr) MsZr

+3M g, (Zr -M, )7161‘ +3M . Gi — 1]

GS = 3 1—3Mslr6r)
(L,,+5L,)
Where
C1=£, Ez zgﬁz,zs =£E3,
L L L

Ci=Inoy — (L~ M) " Meor(Mon) (L — M),
Cs= (Zr - ﬁr)il[INxN - ﬁ;m(ﬁizr)?l],

Co= (Lo~ M,) ' [Mar (M) M, -gm,],

C:=C —EsE;Es, Cs=C» +C3C;1C5.

Where:
C,,Cr,Gs,G.,H,, € constant, C»,Cs,Cs,Gs e R™,

CG,Gz,G7,G,',Gr ERNXI, C4,C5,G1,G5,G6 GRNXN
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