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Abstract—The brushless doubly fed induction machine (BDFM)
has great potential in the wind energy generation system because it
offers the advantages of higher reliability and maintenance-free op-
eration. In this paper, a mathematical model in the power windings
stator flux orientation frame is discussed by taking the rotor flux
as the disturbance. Consequently, the control of the BDFM system
is implemented by generating suitable control winding currents.
Moreover, in order to eliminate the speed error and compensate the
system uncertainties caused by the rotor flux and parameter per-
turbations, an integral sliding mode variable structure controller
for the rotor speed is developed, and the reactive power is ad-
justed by a proportional-integral (PI) controller in the outer-loop.
Furthermore, the control winding currents are regulated by the
PI control scheme in the inner-loop. The proposed control frame
achieves a good static and satisfactory dynamic control perfor-
mance. Finally, simulation and experimental results are used to
verify the correctness and feasibility of the proposed method.

Index Terms—Brushless doubly fed induction machine (BDFM),
integral sliding mode control (ISMC).

NOMENCLATURE
WV, V, 0 Flux, voltage, and current.
R, L Winding resistance and self-inductance.
M, L, Mutual inductance and leakage inductance.
T., T,  Electromagnetic torque and load torque.

p Number of pole pairs.

Angular frequency.

Unified reference frame position in PW and mechan-
ical rotor-shaft angular position.

Initial mechanical rotor-shaft angular position related
to the p,, -type pole-pair distribution and p.-type pole-
pair distribution.

Im[x] Imaginary part of x.

Manuscript received July 26, 2016; revised November 28, 2016 and March
21, 2017; accepted May 15, 2017. Date of publication May 26, 2017; date of
current version January 3, 2018. This work was supported in part by the National
Natural Science Foundation of China under Grant 61622311, in part by Natural
Science Foundation of Hunan Province of China under Grant 2016JJ1019,
in part by Key Scientific and Technological Plan Project of Hunan Province
under Grant 2016GK?2039, in part by the Fundamental Research Funds for the
Central Universities of Central South University under Grant 2015zzts057, and
in part by the Project of Innovation-Driven Plan in Central South University.
Recommended for publication by Associate Editor E. W. Fuchs. (Corresponding
author: Jian Yang.)

The authors are with the School of Information Science and Engineering,
Central South University, Changsha 410083, China (e-mail: dr_zgg@163.com;
jian.yang@csu.edu.cn;  yaosun@csu.edu.cn;  sumeicsu@mail.csu.edu.cn;
154601016 @csu.edu.cn; zhu_qi @csu.edu.cn; wanghuicp9 @csu.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2017.2708741

Power converter

L
T

Grid

Fig. 1. Basic structure of the BDFM system.
J,B Inertia constant of the system and the friction coeffi-
cient of the motor.

SUBSCRIPTS

p, ¢, r  Power winding (PW), control winding (CW), and rotor

winding.

pd, pq  dg components of PW variables.

cd, cq  dq components of CW variables.

ref Reference value.

0 Nominal value of the corresponding parameters.
SUPERSCRIPT

* Conjugate.

—  Vector form.

PW reference frame and CW reference frame.

rp  Rotor reference frame in a p,, -type pole-pair distribution.
rc  Rotor reference frame in a p,. -type pole-pair distribution.
dgq  Rotating PW flux frame.

1. INTRODUCTION

RUSHLESS doubly fed machines (BDFMs) inherit the
merits of doubly fed induction machines (DFIMs), such
as small converter capacities (e.g., approximately 30% of the
machine rating), low withstand voltages of the switching de-
vices, adjustable speeds and power factors, and so on [1]. More-
over, BDFMs eliminate the slip rings and electrobrushes so as
to achieve higher reliability and maintenance-free operation [2].
They, therefore, have great potential applications in wind energy
generation system and adjustable speed drive system [3]-[5].
As shown in Fig. 1, the BDFM has two stator windings,
denoted as power winding (PW) and control winding (CW). The
PW stator is directly connected to the power grid, and the CW
stator is connected to a bidirectional power converter. The rotor

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


https://orcid.org/0000-0002-2935-4270
https://orcid.org/0000-0002-4967-2049

3130

winding is specially designed, and the CW stator can modify
and control the rotor current that is induced by the PW stator.
The electromagnetic torque and reactive power of the BDFM
are coupled with the two stator currents and the rotor current, but
only the CW stator is directly controlled by the converter. As a
consequence, the difficulty in controlling the BDFM increases.
The control issue has attracted great attention in the study of
the BDFM, and several control strategies [6]-[22] have been
proposed.

The scalar control is implemented by controlling the angular
frequency and stator current amplitude of CW [6], which is first
used to control the BDFM system. Then, the open-loop volt-
age control [7], which is similar to the V/F control of induction
motors, and the closed loop scalar current control [8] are pro-
posed. Based on the electromagnetic torque equation in [9], the
mechanism of scalar control is illustrated in [10]. Referring to
the power control in the electric power system, the electromag-
netic torque is regulated by the phase angle of the CW stator
voltage, and the reactive power is affected by the amplitude
of the CW stator voltage. The closed-loop current control for
the stand-alone mode is drawn into the scalar control in [11].
Furthermore, because the scalar control depends on the static
analysis of the BDFM, it is only suitable for industrial applica-
tions with low-performance requirements, such as pumps or fan
drives.

In addition, the direct torque control (DTC) [12], [13] and
vector control methods as the mainstream control schemes, have
been widely utilized in the BDFM system. Moreover, because
of the complex structure, a complete decoupling control and
good control performance are difficult to achieve for a BDFM.
In [12], a DTC strategy with proportional-integral (PI) regula-
tor loops is proposed. However, using pulse width modulation
(PWM) modulators does not take advantage of the features of
DTC strategies to obtain high dynamic responses. A classical
DTC strategy is then developed for the BDFM in [13]; how-
ever, only the electromagnetic torque or the CW stator flux can
be controlled in some sectors. In addition to the methods men-
tioned above, an indirect stator-quantities control, derived from
DTC, is proposed in [14]. Moreover, it is implemented in the
unified o3 reference frame oriented on the CW of the BDFM. In
conclusion, the DTC methods need to calculate electromagnetic
torque and estimate CW flux in each sampling period, both of
which are relatively complex.

In terms of vector control methods [15]—[22], several strate-
gies based on different flux orientation frames are discussed.
However, because the amplitude of rotor flux is small, the rotor
flux oriented control method in [16] and the combined magne-
tizing flux oriented control in [17] are difficult to implement in
practical applications. In contrast, the stator-flux-oriented con-
trol methods are more feasible. A simple control method without
inner-loop controllers is discussed in [18]; it compensates all of
the cross-perturbation terms by feed forward control, but the
system dynamic performance is poor. Based on the unified ref-
erence frame vector model proposed in [19], a cascaded double
closed-loops control method is proposed in [20] and is adopted
in [21] for a matrix converter-fed BDFM system. In order to
adapt to the unbalanced gird, the PI controller is replaced by a
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Fig. 2.

Simplified schematic diagram of the BDFM windings.

PI resonant (PIR) controller in [22]. Although the dynamic con-
trol performance is guaranteed by this method, the decoupling
process is very tedious in the control system.

In this paper, the rotor flux is taken as a disturbance, and
an effective control scheme is developed in the PW stator flux
orientation frame. In the proposed method, in order to guarantee
the system tracking performance and eliminate the speed error
caused by system uncertainties, speed tracking is realized by the
integral sliding mode control (ISMC) method, and the reactive
power is adjusted by a PI controller. For the inner-loop, the PI
control scheme is utilized. Finally, a good control performance
is verified using the BDFM experimental platform.

II. MATHEMATICAL MODEL OF THE BDFM
A. Unified Reference Frame Model

In order to conveniently design the controller, a mathematical
model of the BDFM, based on the space vector representa-
tions, is given. As a self-cascaded machine, the BDFM design
concept is derived from the cascaded connection of winding
induction machines with a common shaft [23], and the mathe-
matical model of the BDFM can be deduced from the inverse
coupling mode of the cascaded-induction motor [24].

The simplified schematic diagram of BDFM windings is
shown in Fig. 2, and the directions of the two stator currents
and the rotor current are given. The relationship of the two rotor
variables is expressed as

=@y, B =—(i) (1)

Referring to the induction motor, the stator voltage and flux
equations are in the respective reference frames, whereas the
rotor equations are in the rp reference frame. The mathematical
model of the BDFM is then written as

e
W = Ryil, + —2

P dt 95,5 = LPZz—’_Mp (eij(evJF‘Sp)z;p) @)

- dge - . -

T = —R.i + ;0;’ 5 = —L.i¢ + M, (e]pr(er"rér-)i;C)
3)

- dgrr
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FP = Lrﬁp +M, (e—jpp(9r+5p){'£) + M, (e—jpr(9r+5<-) (;’2)*)
“)

where Rr = er + Rr?a Lr = Lrl + Lr2s and R7’17 RrZs Lrls
and L,», are the rotor resistance and inductance of the power
machine and control machine, respectively.
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Fig. 3. Vector diagram of the BDFM reference frames.

B. A dg Model in the PW Reference Frame

As shown in (2)—(4), the mathematical model refers to three
different frames, and two pole-pair distributions are considered.
It is, therefore, not suitable for system analysis. The vector dia-
gram of BDFM reference frames, synchronous with PW and CW
stator frequencies, is shown in Fig. 3. The electrical variables of
the rp frame and the rc frame are in the opposite sequence, and
the transformation relations between the p reference frame, the
rp reference frame and the c reference frame, are given as

i = 6‘7’(17,,(9r+6p)+p(.(9,-+6{-))(fg)*

70— oiPp (0r+0,) 2rp
Ty = et T (5)

Denoting the stator PW reference frame as the overall static
reference frame, a dg reference frame with a p, -type pole-
pair distribution is developed by #%? = e 7% 7, and then a
dq BDFM reference model is obtained. Taking v, = —# and
¢, = —F%, and removing the vector and dg notations in order
to simplify the expressions, the BDFM mathematical model is
expressed as

. d .

v = Ryiy + —L + juyi ©

Yp = Lpip + Mp’ir (N
o doe .

Ve = Rch + i +_7 (wp — (pp +p(’)w7) PLe (8)

Pe = Lcic + Mcir (9)
. dor |

0 = RTZT + — +]wrpgor (10)

dt
@r = Lyi, + Myi, + M, (1D

where w, = df, /dt, w, = db, /dt, and w,, = w, — Pyw;.

The electromagnetic torque of the BDFM is also calcu-
lated according to the inverse coupling mode of the cascaded-
induction motor, and it can be expressed as

Te = Tep + Tec

3 . 3 s
= §pphn [(QOP) : Zp} + Ep(hn [‘Pc ! (ZC) ] . (12)
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The mechanical equation of the BDFM is then identical to
that of the induction motor, and it is written as

dw,
dt
As shown in (6)—(13), the BDFM model is more complex
than the DFIM model. The rotor flux in (11) is related to the
two stator currents and the rotor current. The electromagnetic
torque is determined by two components: one is produced by
the PW stator, and the other is generated via the flux and stator
current of the CW stator. Clearly, these variables are strongly
coupled and quite nonlinear, and the interaction of these vari-
ables is complex. In this case, control schemes are difficult to
design. Thus, modified mathematical models of the electromag-
netic torque and reactive power are discussed next, in order to
facilitate the controller design.

J—" =T, — Bw, —T;. (13)

C. Electromagnetic Torque and Reactive Power in a PW
Stator Flux Orientation Frame

For simplicity, a PW flux orientation is developed as y,q =
l©p|, ¢pg = 0. By ignoring the PW stator resistance R,, the
PW stator voltage is written as v,q = 0, v,, = |v,|. When the
grid is balanced and strong, the frequency and amplitude of
¢p 18 quasi-constant. According to PW stator voltage (6), ¢,
can be simply calculated as ¢, = v e~/ T/ w, by ignoring the
PW stator resistance, where v, is obtained by sampling the
grid voltage and using the phase lock loop method. However,
when the grid is weak, the voltage-model-based estimator is
built to obtain ¢, [25], and is achieved by the modified integral
of (v, — R,i,), with the measured stator current and stator
voltage. This method is utilized in this paper by considering the
voltage fluctuation of the practical grid.

In the PW stator flux orientation frame, the electromagnetic
torque in (12) is represented by the PW stator flux ¢,, the rotor
flux ¢,, and the CW stator current ., and it is expressed as

_ 3M, M. (py +pc) |yl . 3M,, (pp+pe)
= 2\ leq T 5y |opl rq-
2(LyLr — M%) 2(LiL, M)
(14)
Similarly, the reactive power of the BDFM PW stator is ex-
pressed as

3

Qp = §Im [vp - (3p)"]

T

3 vy .
= Ly 0| + MyMeicq — Myipeq) .
2(LTLP—Mp2)( ol My Mo = My era)
(15)

Furthermore, because the PW stator of the BDFM is directly
connected to the power grid, the stator voltage v, and PW stator
flux ¢, are clamped to some extent. It can be seen from (14) and
(15) that 7., and @), mainly depend on the CW stator current i,
when the effects of (, are negligible. As a result, controlling
electromagnetic torque and reactive power is achieved by gen-
erating a proper ., and the control difficulty is correspondingly
reduced. As discussed in [26], the rotor flux is considered as
zero when the speed of the BDFM is in the range of +30%
around the natural speed. However, the rotor flux cannot be
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Fig. 4. Effect of ¢, on T, with different rotor speeds.

directly ignored under other working conditions. Thus, the ef-
fects of the rotor flux are taken into consideration when design-
ing the control scheme in this paper, and the effects of ¢, on the
control system are discussed next.

D. Effects of the Rotor Flux on the Electromagnetic Torque

From (7), (9)—(11), the rotor flux can be expressed by ¢, and
1., which is written as

d%- . Rer<p7' _ .w
dt (L L,— M7 T
R, M, R.L,M.
+ + i..  (16)
(@, - 2,7) 7 " (LI, - M%)

In (16), ¢, is the zero dynamics by assuming . is in the
steady state, because ¢, and 7. are constant and bounded. In
this case, ¢, can automatically reach a steady state because the
coefficient of , is negative. Consequently, ¢, is stable without
control.

A stationary solution of ¢, is then obtained by setting the
differential terms of (6), (8), and (10) to zero, and it is expressed
as

—R, (Rypp — Lyvy + jwpLyppp)

e JMy Rywyp .

a7

From (17), ¢, is approximately equal to —R, ¢, /(jw,pM,),
by assuming v, = jwp@p, and g =0, ©rq = Ry@pa/
(wypM,,). Clearly, ¢, mainly affects the electromagnetic torque,
and its effects on the reactive power are almost zero. Moreover,
a control scheme is designed according to (14). The effect of ¢,
on T, is defined as Dr, which is calculated by (14) and (17) as

3M,, (pp+pe)

_ _ 3(pp+pc)Rr|<Pp|2
T = ) (L7~Lp_Mp2) |<IOIU| Lprq

2 (L, Ly—M,*) wyp,
(18)
It can be seen that D7 increases with a rise in rotor speed.
Moreover, it is negligible at low rotor speeds, and the BDFM
system is simplified to a conventional DFIM system. In addition,
the conventional control schemes of DFIM are effective. How-
ever, when w, increases to a high value, ¢, increases rapidly,
and Dr becomes significant. In order to intuitively show the
relationship between Dr and w,, at high rotor speeds, Dr is
plotted in Fig. 4 with the parameters of a 30 kW motor prototype.
In this case, D7 has a great influence on the electromagnetic
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torque, which cannot be ignored. Therefore, the effects of ¢,
should be considered to achieve a good control performance.

Due to the features of disturbance rejection, strong robust-
ness, and fast responses, the sliding mode control is very suit-
able to tackle this problem; thus, a rotor speed controller based
on ISMC is proposed here. In terms of the CW stator currents,
PI controllers are sufficient to deal with the effects of ¢,, con-
sidering the high bandwidth and quick tracking capability of
the inner-loop controller. To summarize, a double closed-loop
control scheme based on the ISMC and PI control method is
proposed in this paper, and the electromagnetic torque and re-
active power are adjusted by the CW stator current. The specific
details are described in the next part.

III. CONTROL SCHEME FOR THE BRUSHLESS DOUBLY
FED MACHINE

In general, two control targets are established. One is the
rotor speed when the BDFM is operated as a motor or the active
power when the BDFM is operated as a generator; the other is
the reactive power provided by the BDFM. In this paper, the
BDFM motoring operation is studied, and the proposed method
aims to control the rotor speed and reactive power.

A. Speed Control of the BDFM

1) Problem Formulation: Inorder to conveniently design the
controller, the quantitative relationship between the electromag-
netic torque and CW stator current 4., is rewritten as

T, = K iy — Dr (19)

where, K, is the accurate parameter that varies with the BDFM
parameters, and K = —Mg”(f] ép ”jﬁ;l‘; el

Furthermore, because the accurate BDFM parameters are dif-
ficult to obtain, K, calculated by (19) is inaccurate and is com-
posed of two parts. One is calculated from the nominal value of
parameters, and the other is obtained from the uncertain parts
of parameters (M,,, M., L,, and L,). Accordingly, Dr is dif-
ficult to be fed forward completely because of the inaccurate
parameters and variable values in (18).

Considering the above effects, the mechanical equation in
(13) can be rewritten as

dw,
dt

T
= Qe — Gyw, — == + D (20)

Jo

where i, is the control input of the speed controller, and it cor-

respondingly determines the speed tracking performance; Tz
is the measured load torque; D is expressed as D = Aajicq —
Aaow, — ATLJijDT - AJ d;;f , and represents the lumped un-
certainties; a; = K0/Jy and as = B/ Jy are the coefficients
of i.q and w,, respectively; and the symbol “A” represents the
corresponding parametric uncertainties.

2) Controller Design: The design of the sliding mode
controller has two important steps—1) designing a switching
surface on which the sliding motion will take place and
2) designing a control law to force the system state trajectories
to reach and slide on the surface. Moreover, when sliding
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is achieved and maintained,
uncertainties is guaranteed.

In terms of the uncertain linear time invariant system de-
scribed in (20), ISMC has no reaching phase, the sliding is
enforced throughout the entire system response, and the sliding
motion is invariant to matched uncertainties during the sliding
mode [27]. Thus, an integral sliding mode surface is designed
in this paper, which is expressed as

robustness against matched

t
S, = ew-l-k/ ey, (T)dr 2n
0

where e, is the rotor speed tracking error and is defined as
€, = Wref — Wy, kisapreset positive constant and it determines
how quickly the error e,, approaches zero once the state is on
the surface.

For the sliding mode control method, the control input con-
sists of two parts: one is the feedforward terms constructed by
the measured variables and known parameters, denoted as the
equivalent control, to maintain the sliding motion on the sliding
surface; and the other is the control law designed to attenuate
the effects of the system uncertainties, denoted as the switching
control, which forces the system state on a suitably defined slid-
ing manifold S, = 0 in finite time. Thus, in order to make the
differential of S, approach zero, the control input is designed
as

- SMC
equ+ZCq

leqg = leq
1 dw, T I<;
Zcqeq“ _ Wref a W, + L + 2
a dt a Kro al
. 9M c .
e S MC = o sien (S,) (22)

where c is the control gain of the sliding mode controller, and it
affects the amplitude of chattering. The criterion for the design
of ¢ is discussed next.

3) Reachability Condition: To ensure the speed tracking er-
ror state trajectories converge toward the sliding surface at each
time instant, the reachability condition must be satisfied. The
analysis based on the Lyapunov approach is, therefore, dis-
cussed.

Assumption 1: All the parameters in (19) are bounded as
Kmin < AI(L + KLO < Kmaxy Jmin < AJ + JO < Jmax,
and Bmin S AB + BO S Bmax-

Assumption 2: Considering the practical factors such as the
mechanical inertia and the output capacity of the power con-
verter, 4., ¢r, wy, and its differential dw, /dt are bounded, as
well as external disturbance ATy,.

According to the assumptions above, although D is affected
by the parameter variations and the operation state of the BDFM,
it is bounded to a known non-negative value, denoted as |D|.

3133

The Lyapunov function is defined as V = S? /2, and the time
derivative of V is calculated from (20)—(22), as

av dS,, dew
S. (~csign(S.) - D)
—c|Sy| — DS,

(=e=D)[S,].

In order to enforce a sliding mode, the value of the gain ¢
should be greater than any disturbance or uncertainty in the sys-
tem. Therefore, based on Assumption 1, any choice of ¢ must
satisfy ¢ > |D|. In other words, the speed tracking error trajec-
tory converges to the sliding surface S, = 0 in infinite time,
and remains on this surface when ¢ > |D| holds. When S,, = 0,
dS,, /dt = 0, the tracking error e, exponentially converges to
zero, according to (21), which is independent of the switching
signal. According to the direct Lyapunov approach, V is posi-
tive definite, and dV/dt is negative definite when ¢ > |D|. The
origin is then globally asymptotically stable. That is, the stabil-
ity is guaranteed with a suitable ¢, even when the parametric
uncertainties and other system disturbances exist.

Finally, in order to overcome the chattering phenomenon
around the sliding mode surface, the saturation function is uti-
lized to replace the sign function in (22), and the command
current ¢.4,¢ for the speed tracking is calculated as

IA

(23)

. 1 dwlef
legref =
cqre o dt

T k c
—l———i——ew + —sat 24)
Kry a1 ( )

where sat() represents the saturation function and is expressed
sign(S,), [Su|>¢
(Su) ={ "5,

as sat
2« otherwise’

of the band.

; and € (¢ >0)is the range

B. Reactive Power Control of the BDFM

As discussed before, the reactive power is unaffected by the
disturbance of ¢, in the steady state. Therefore, a PI controller
can sufficiently compensate the tracking error caused by the un-
matched parameters, and the controller parameters are minimal.
In this case, the reference current 7., contains the feedforward
term, which is calculated by the nominal parameters and mea-
sured electrical variables, and the compensation term obtained
from the PI controller. The reference current 7.4, is then cal-
culated as

2 (Lo Lyo—Myo”) 0 Lo
ref —
3 "Up| Mp[)Mc() e MpOMcO

+ (o + 22 (@t - Q)

where kg and k;q are the controller parameters.

Z.cdref - |50p|

(25)

C. Current Control of the BDFM

1) Structure of the CW Stator Current Controller: Control-
ling the CW stator current well is directly responsible for the
electromagnetic torque production and the reactive power. The
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Fig. 5. CW stator current control diagram.

differential equations of the dg components of the CW stator
current are calculated from (8), (9), and (11), and they are ex-
pressed as

dicq .

dt = —Kpeicqa + Kvevea + Di, +D4p,‘d

dicq .

dt = _KIchq + KVcch + Dicq + Di,i“,q (26)

where 6;,=L.L,L, — M.*L, — M,*L., K;. and Ky are the
coefficients of the CW stator current and voltage; D;.; and
D, are the coupling terms; D,,q and D, are the distur-
bances caused by the rotor flux, respectively. Moreover, they
are expressed as follows:

L,L, — M,* L,>M.?
ch =P P Rc+ P £ 5 Rr
or or, (Ler - M, )
Ko (LoLs = 34
or,
L,M.R, M
Di(\:w7p+pcwric* - ®
= g = oy ) r)icg = s
D, =- (wp = (pp + D) Wr) Gca
M, M(; Wy — P, +p(‘ Wr
L
L, M, p.w L,>M.R
D _ piFcle®r ; D cltir .
Prd oL Prq oL (Ler — MPQ)SO d
L, M p.w, L,>M.R
D. _ HpHeler . D ctlr o 27
Prq (5L @ d 5L (Ler o Mpg)gp q ( )

As shown in (26), because the CW stator currents are mea-
sured and the PW stator flux is estimated, D;.q and D;., are
eliminated by a feedforward control. The PI control method is
utilized to solve the first-order problems and compensate the
effects of D,.q and D,,,. The current control problems are
then simplified as a common issue. The current control dia-
gram is shown in Fig. 5, where the CW stator current references
are obtained from (24) and (25). Furthermore, Kp jcq, Kp_icq,
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Fig. 6. Block diagram of the inner-loop system.

K7t jca, and Ky ;.4 are the proportion coefficients and integral
coefficients of the PI controllers, respectively.

2) Design of the PI Controller: In order to simplify the anal-
ysis, the inverter is modeled as a first-order transfer function,
where ¢ is a smaller time constant composed of the inverter dead
time, signal conditioning, analog-to-digital conversion, and pro-
cessing time delays. When the cross terms are eliminated by a
forward feedback control as shown in Fig. 5; the block diagram
of the inner-loop system is simplified, as shown in Fig. 6, where
L. is the time constant of (26), calculated as ¢t;. = 1/Kj,, and
t;. > ts. It can be seen that ¢.q and ., have the same subsys-
tem structures. Moreover, the PI controllers are designed with
the identical method, and the subsystem of i., is taken as an
example here.

Typically, the PI controller is designed to cancel the inertia
link with a larger time constant, the gain of the PI controller
satisfies K'p jcq = tr. K7 icq according to Fig. 6, and the closed
loop transfer function is simplified as
Kyctickr—icq Kyctrckricq

s(tys+1) . ty

Kycticki—icq 9 1 Ky ctrekrieq *
s(tast1) 87+ s+ T

Gy (28)

1+

As shown in (28), a standard second-order system is obtained.
Designing a damping factor of 1/4/2, the integral coefficient is
then selected as K ., = 1/(2Ky tstr.), in order to achieve
the unit magnitude of the closed-loop frequency response with
as large as possible a bandwidth, and to avoid a significant
overshoot [28].

D. Proposed Control System and Its Stability Discussion

In conclusion, the control scheme based on the PW stator flux
orientation frame is developed as shown in Fig. 7. The outer-
loop control is constructed by an ISMC speed controller and a PI
reactive power controller, and the inner-loop control consists of
two PI current controllers. The proposed method simultaneously
achieves the rotor speed control and reactive power adjustment.
In this method, three PI controllers are utilized, and the band-
width of the inner-loop controller is designed to be larger than
that of the outer-loop controller. The selections of the PI con-
troller parameters have been discussed in Sections B and C.2
in part III, which have provided theoretical guidance for the
simulations and experiments.
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Fig. 7. Block diagram of the proposed vector control scheme.
The system stability is difficult to directly analyze, due to the TABLET
combined control scheme of the ISMC and PI control methods. PARAMETERS OF THE BDFM
According to (20) and (26), the BDFM system is a two-time
scale model, and a; < Kj.. Furthermore, (20) is then a slow Parameters Value
model. In this case, two steps are discussed using the singular Rated power (kW) 30
perturbation theory to study the system stability. Rated voltage (V) 380
. _ : Pole-pairs of the PW stator 1
. Step 1: For the outer-loop, the time sgale of the rotor speed Pole.pairs of the CW stator 3
is larger than that of the currents, and it tracks the reference Resistance of the PW stator (2) 0.403
in a small-time scale. Therefore, i., could be directly treated Resistance of the CW stator (€2) 0343
: . . Resistance of rotor (£2) 0.785
as a conFrf)l input; thus, the order (?f the system is reduced. Sclf-induotanco of the W stator () 0710
The stability of the subsystem (20) is then guaranteed by the Self-inductance of the CW stator (H) 0.061
direct Lyapunov approach method, which has been discussed in Self-inductance of the rotor (H) 0.787
: Mutual inductance of the PW stator (H) 0.706
Section A. 3) Mutual inductance of the CW stator (H) 0.059

Step 2: The precondition for i, being treated as a control
input is that the current loop is well designed and stable. To
prove the stability of the current loop, it is reasonable to treat
the speed as a constant in the current time scale. The stability is
then analyzed using a small signal model. In Fig. 6, the closed-
loop transfer function of the subsystem of i, is expressed as

Ky tre (kpff,(:q stkr_icq )
s(tss+1)(tres+1)
Kyctre (kP—ch5+kf—znq)
S(te s+ (o5t 1)
Ky otre (kp_icqs+ ki—icq)
totres® + (tre +t5) 8% + (1+ Kvetrekp_icq) s+ Kvetrekr—icq
(29)

Gcoq =

1+

According to the Routh stability criterion, the stability of
the subsystem (29) is guaranteed by K7 ., > 0 and kp_;.q >

tstickricq 1 EURT : ; tetre 3
tretts 7. 7,-» Which is easy to achieve, since ;75— is
very small.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. System Configuration

In this part, the simulation and experimental platforms of a
BDFM system are built with the motor parameters listed in Ta-
ble I. The PW stator of the BDFM is directly connected to the
grid, and the CW stator of the BDFM is fed by a back-to-back
PWM converter. In the experiments, the BDFM is mechani-
cally coupled with a 30-kW induction machine that works as

Torque sensor

Fig. 8. Experimental platform.

a load machine as shown in Fig. 8. A magneto-electric phase
difference torque sensor JC2C is used to monitor the torque.
Speed and position signals are obtained from an incremental
encoder, E6B2-CWZ6C provided by OMRON, with a reso-
lution of 2000 pulses/r. The control method is realized by a
combination of a digital signal processor TM320F28335 and a
field-programmable gate array EP2C8T144C8N.

In order to examine the control performance of the pro-
posed method, several experimental scenarios are tested
using the MATLAB/Simulink platform and the experimental
platform. As previously discussed, the parameters of current
PI controllers are designed with reference to the common first-
order system, and the parameters in the discrete PI controllers
are Kp jcq = Kp,,, = 1.3, K1ica = K1.icq = 15, whereas the

icq
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PI controller of the reactive power slightly adjusts its tracking
performance, and the gains are K, = 0.05 and K7, = 0.1.

B. Simulation Results

In the simulations, two cases are studied to evaluate the con-
trol performance of the proposed method. The first case is the
comparative analysis between the proposed method and a PI
control method. The selection of PI parameters influences the
control performance of the PI controller, and different static
and dynamic responses are obtained with different parameters.
In this case, the PI parameters are obtained from a universal
design criterion as mentioned in Section C in part III, and the
comparative analyses are conducted. The second case is the sys-
tem response of the proposed method with different modeling
parameters. Moreover, because the effects of ¢, increase with
a high rotor speed, the ISMC gain ¢ varies with the rotor speed.
Furthermore, the load torque is 100 N-m. Considering the distur-
bance of the load torque and parametric errors, the parameters
of the ISMC controller are set as: k = 20, ¢ = 35 w, /w,, and
e=0.2.

Case 1: Fig. 9 shows waveforms of the rotor speed, electro-
magnetic torque, reactive power of PW stator, and CW stator
currents, with the proposed method and PI method, respectively;
where the output of the PI controller is fed into a saturation
block. The reference rotor speeds are 450, 850, 1000, 1300, and
1600 r/min, which correspond to the changing times ¢ = 2 s,
t=35s,t=8s,and t = 11 s, respectively. As shown in Fig. 9,
the rotor speed and reactive power track the references quickly
with the ISMC method. Moreover, the rise time is smaller than
1.2 s, the steady-state errors of the rotor speed and reactive
power are = 0.5 r/min and 4+ 50 Var, and the BDFM works
from the subsynchronous mode to the super-synchronous mode
with a satisfactory dynamic response with the ISMC method.
When the reference rotor speed is 1600 r/min, there are some
fluctuations in the dynamic state, but the BDFM system also
achieves a good steady performance.

In addition, when the rotor speed is near the nature speed,
such as 850 and 1000 r/min, an acceptable control performance
is achieved with the PI method, as shown in Fig. 9. However,
a large steady-state error of = 1.5 r/min is obtained when the
rotor speed is 450 r/min. In particular, when the rotor speed is
1600 r/min, the BDFM system is unstable with the PI method,
which is caused by the increasing value of D, and the CW
stator currents are uncontrollable.

Compared with the ISMC method, the transient tracking per-
formance is worse with the PI method, the rise time increases, as
well as the transient values of CW stator currents. Moreover, the
electromagnetic torque and reactive power have large pulsations
as a result.

Thus, it can be seen from Fig. 9 that the proposed ISMC
method achieves a good control performance in a wide rotor
speed range.

Case 2: In practice, motor parameters are difficult to obtain
precisely, which also change with the temperature and the motor
working occasions. From (19), the mutual inductance M,, and
M., directly affect the selections of controller parameters; thus,
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Fig. 9. Simulation results with the proposed method and PI method.

the robustness of the proposed method is tested with +40% mu-
tual inductance variations, and the simulation results are shown
in Fig. 10.

In Fig. 10(a), when the mutual inductance M, has +£40% er-
rors from the nominal value, the waveforms of the rotor speed,
electromagnetic torque, reactive power, and CW stator currents
are shown from the top to the bottom, where MC represents
the case that M, is the nominal value; the MCI represents the
case that M, is 40% larger than the nominal one; and MCII rep-
resents the case wherein M, is 40% smaller than the nominal
value. With the parametric variations, the control performance
of the BDFM system slightly decreases. The rise time increases
with MCI and MCII, but the tracking performances are both
acceptable. In MCI, the parametric error results in higher chat-
tering when the rotor speed is 1300 r/min, especially the reac-
tive power. In MCII, a stable operation is guaranteed with small
tracking errors at 1300 r/min.

Fig. 10(b) shows the waveforms of the rotor speed, electro-
magnetic torque, reactive power, and CW stator currents when
the mutual inductance M, has £40% variations; where MP,



ZHANG et al.: ROBUST CONTROL SCHEME BASED ON ISMC FOR THE BRUSHLESS DOUBLY FED INDUCTION MACHINE

1400 , . : . : . '
1200 / :
ma]
.= 1000 1
£ .
e =Me
2 600 [ e Meh
i \——Reference!
400 ) 2 3 1 5 6 7 8
time(s)
250 |
=200
= I
Z150
100
|
30 ) 5 i 5 6 7 ]
time(s)
2000, :
£ 1000}
20 j
SLo00 e 1
= |
M
W—F— % 4 .5 & T &
< : ;';m_c(a) \ ! ; ‘:
& |
© f : i
£ 726 3 3 ) 5 6 7 8
— time(s)
Z70 - —
E 60 - e\ : !
=
T 50
g |
?: 40 - 1
20T
$.20 ] 3 5 4 5 6 7 8
= time(s)
(a)

Fig. 10.

MPI, and MPII represent the cases wherein M), is the nominal
value, and M, is 40% larger and 40% smaller than the nominal
value, respectively. It can be seen that the proposed methods with
40% M, errors have worse steady and dynamic control perfor-
mances than the case that M), is the nominal value. Nonetheless,
the tracking performances of the rotor speed are both satisfac-
tory with quick tracking processes. However, the waveforms
of the electromagnetic torque and reactive power have large
fluctuations at high rotor speeds in MPI, as well as in MCI.

In conclusion, the control performance worsens when the
parametric error exists. The waveforms in the steady state and
in the dynamic state are both affected to some extent, and the
effects with larger parametric errors are severe on the control
system. According to (19) and (23), a larger c is required to
achieve robust stability with larger parametric errors, especially
when the rotor speed is high. As a result, the chattering may
unavoidably increase.

C. Experimental Results

Case 1: InFig. 11(a)—(c), the expected reactive power is 0 Var,
and the reference rotor speeds are 450, 750, and 1100 r/min.
Moreover, the BDFM works in the subsynchronous mode,
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Simulation results with different parameter errors. (a) Simulation results with £40% M. (b) Simulation results with £40% M, .

synchronous mode, and super-synchronous mode, respectively.
Meanwhile, the rotor speeds 450 and 1100 r/min are both out of
the range by £30% around the natural speed.

It can be seen that the rotor speed tracks the reference value
well, and the tracking error is within about &2 r/min. Although
the rotor speeds have some oscillations, the results are accept-
able in practical applications. In addition, this error range can
be adjusted by the band range . The reactive power fluctuates
by about £400 Var at different rotor speeds, and the errors are
large at high rotor speeds, due to the large effects caused by the
rotor speed.

In Fig. 11(d), the expected reactive power is 5000 Var at
800 r/min, and the reference reactive power tracks the reference
with some fluctuations. In the steady state, ¢.4 increases accord-
ingly to generate the expected reactive power at the PW stator,
whereas i., is unchanged and maintains the proper electromag-
netic torque. In conclusion, the proposed method adjusts the ro-
tor speed and the reactive power independently, and it achieves
a good steady-state performance. Furthermore, the CW stator
currents are stable at a certain value with tiny fluctuations. In
this method, ., relates to the electromagnetic torque, whereas
i.q corresponds to the reactive power. When the reactive power
is zero, i.q is mainly used to establish the PW stator flux, and
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it is determined by the grid. Compared with the simulation re-
sults in Fig. 11, the tracking error is relatively large, due to
the nonidealities of the power source and IGBT switches in the
experiments.

Case 2: In general, the rotor speed is variable in practical ap-
plications, and the dynamic performance is critically important.
Therefore, the dynamic experiments are conducted in this case;
two tests about the changes of the reference rotor speed and load
torque with the proposed method are considered. Fig. 12 illus-
trates the simulation and experimental results from a change in
the command rotor speed and load torque.

In Fig. 12(a), the reference rotor speed of the BDFM changes
from 600 to 850 r/min, and the BDFM works from the subsyn-
chronous mode to the super-synchronous mode. The rise time
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is approximately 1.2 s, which is able to be adjusted by the con-
troller parameters k and ¢, and the maximum limit of the CW
stator current. On the other hand, the actual rotor speed tracks the
reference well, the g-axis component of the CW stator current
increases accordingly to generate a high electromagnetic torque
during the acceleration process, and 4.4 has a smooth transition
when the rotor speed changes. However, both currents exhibit a
tendency toward stabilization after the acceleration process.

In Fig. 12(b), the load torque changes from 100 to 50 N-m.
Moreover, the rotor speed increases because the electromagnetic
torque is larger than the load torque at the changing moment,
and the rotor speed experiences a recovery process when the
electromagnetic torque gradually decreases with the decrease
of i.q. Although the rotor speed has small fluctuations during
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Fig. 12.  Experimental results when the rotor speed changes. (a) Rotor speed
changes from 600 to 850 r/min. (b) Load torque changes from 25 to 110 N-m.

the transience, it is able to track the reference value again, as
displayed. Furthermore, ., then reaches a low value in the
steady state. On the other hand, ., keeps the value after small
variations, in order to maintain the reactive power constant. In
conclusion, the proposed method can achieve good dynamic
control performance.

V. CONCLUSION

In this paper, the mathematical model of the BDFM is dis-
cussed by taking the rotor flux as a disturbance. A robust control
method based on ISMC is then proposed in the PW flux orienta-
tion frame. The developed method regulates the rotor speed and
the reactive power of the PW stator with high steady-state accu-
racy, by compensating the effects of the rotor flux and parameter
perturbation. Moreover, it guarantees the normal operation of
the BDFM at different working modes. Furthermore, the steady-
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state performance and the dynamic tracking performance are
good. The detailed experimental results on the BDFM bench
verify the feasibility and correctness of the proposed method.
Thus, this paper is greatly significant for the development of
BDFM control methods.
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