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Abstract: Compared to the doubly fed machine, the brushless doubly fed machine (BDFM) has
high reliability and low maintenance requirements. First, by taking the negative conjugation of the
control motor variables in rotor reference frame, a state-space model of BDFM is derived. It is then
transformed into synchronous reference frame, called synchronous reference frame state-space model
(SSSM). In this way, all the variables of the SSSM are DC under the static state. Second, on the basis
of the analysis of static equations, the possible output torque limits are obtained. Third, the causes
of losing control are analyzed by the flux and the torque derivatives. A new control strategy called
synthetic vector direct torque control (SVDTC) is proposed to solve the losing control problems of
the conventional direct torque control (DTC). Finally, the correctness of the results of this paper is
verified by calculation examples and simulation results, the losing control problems can be solved,
and the theoretical output capacity limits can be reached using SVDTC.

Keywords: brushless doubly fed machine (BDFM); state-space model; load capacity; losing control;
synthetic vector direct torque control (SVDTC)

1. Introduction

A brushless doubly fed machine (BDFM) is a new type of AC variable speed motor that has
the characteristics of both asynchronous and synchronous motors. BDFM has good application
prospects in AC driving systems, wind power generation because it offers high reliability and
low-maintenance requirements by removing the brush gear and slip ring [1-9]. Furthermore, BDFM
shows commercial potential because of its low converter capacity requirement. However, the BDFM
is a high-order, multivariable, and strong coupling nonlinear system. Compared with asynchronous
and synchronous motors, BDFM has a complicated structure and a complicated running mechanism,
thus the establishment of a mathematical model, the analysis of stability, and the design of a control
strategy are difficult.

BDEFM, which originates from a self-cascaded induction machine, has one special rotor and two
sets of stator windings with different pole pairs. Among them, the motor, which stator winding is
connected directly to the power grids, is called power motor (PM), the other motor, which stator
winding is connected to a frequency converter, is called control motor (CM) [2].

Many scholars have proposed various mathematical models for BDFMs to analyze their
performance and study its control methods [10-15]. Roberts et al. developed a network model
of BDFM in a three phase static coordinate [10]. Wallace et al. proposed a model of cascade wound
rotor doubly fed motor in a rotor reference frame. In these models, all the variables of the PM and CM
are AC under the static state [11]. In order to obtain a model which all variables of the PM and CM are
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DC under the static state, the so-called double synchronous frame BDFM model was presented [12,13].
In this double synchronous model, the BDFM was decomposed into two subsystems, a power winding
subsystem and a control winding subsystem, the electromagnetic torque depends on the current and
the flux of both subsystems, so the control system is complex, and the controls of flux and torque
are not decoupled. For a cage rotor BDEM, the so-called unified reference frame BDFM model was
proposed [14,15]. This model is the most advanced and widely used one at present. But the unified
reference frame model adopts the mixing description of differential equations and algebraic equations,
so it is not convenient to analyze the static and dynamic characteristics of BDFMs.

In addition, the supply of a BDEM is dual source, and the motor torque is the sum of the
asynchronous torque and synchronous torque. Due to the interaction between the two types of torques,
the motor torque control process from a setting value to another setting value is rather complex,
and oscillation and loss of control appear easily [16,17]. To solve these problems, researchers have
been made a lot of efforts, and there are mainly three different methods, the method of working
point linearized small signal model, the method of feedback linearization, and the method of DTC
robustness control.

In the method of working point linearization, the BDFM stability was analyzed by the working
point linearized small signal model, which pointed out that the stable operating range of BDFM was
narrow under open loop control. Experimental and theoretical results showed that a small rotary inertia
or a high CM voltage led to a wide stable operating range [18-20]. The working point linearized small
signal model is related to the motor parameters, rotary inertia and the parameters of the controller,
and changes with the working point of the system, so this method can only study the local stability of
the system.

Feedback linearization was first applied to the BDFM based on a state-space model in the rotor
reference frame. The model selected the currents, rotor angle, and angular speed as the states.
Taking only the speed as the output, the input-output feedback linearization method was used
to solve the problem of speed control of BDEM, where in addition to all the motor parameters, load
torque and rotary inertia must also be known [21]. When an inner current loop of CM is adopted, the
control motor can be seen as supplied by a current source, a state-space model of CM synchronous
reference frame was obtained. The model selected the stator flux of the PM and the rotor flux of the
CM as the states. Taking the torque and the rotor flux of CM as the output, the input-output feedback
linearization was developed by the rotor flux of CM oriented, and the decoupling control of torque and
flux was achieved, where all the motor parameters need to know, the toque and flux need to observe,
and the control strategy is complex [22].

After the development of the vector control, direct torque control (DTC) is an another
high-performance AC motor control method. Since Takahashi presented DTC for an induction machine
in 1986 [23], the DTC technique has been widely used in AC machine control because of its simple
structure, high dynamic performance, and robustness [24,25]. The conventional DTC was introduced
directly into the variable speed system of BDFM. Through the analysis of relationships among the
converter voltage vectors and the derivatives of flux and torque, the losing control problems of BDFM
are investigated, and the flux priority and torque priority strategies are proposed [26]. However, these
strategies cannot eliminate the flux and torque ripples. For the flux and torque ripple problems of
BDFM’s DTC, some researchers have put forward many solutions, such as the fuzzy logic direct torque
control and predictive direct torque control, etc., but the results of these efforts are not obvious [27,28].

The remainder of this paper is organized as follows: Section 2 introduces the derivation process of
a synchronous reference frame state-space model (SSSM). Section 3 obtains the possible static operation
range of the BDFM. Section 4 presents the Synthetic Vector Direct Torque Control (SVDTC) to solve the
flux and torque losing control problems. In Section 5, the comparative simulation experiments of the
conventional DTC and the SVDTC are performed and the results confirm the good performance of
SVDTC. Finally, conclusions are summarized in Section 6.
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2. Synchronous Reference Frame State-Space Model of Brushless Doubly Fed Machine (BDFM)

For a wound rotor BDFM, in the rotor reference frame (dg reference frame), the stator and rotor
voltage equations of the BDFM'’s power motor (PM) are:

les + ]PpwrllJps

ups = rpszps + (1)
d%r

d
upz = 7pr1pr +

The stator and rotor voltage equations of the BDFM’s control motor (CM) are:

d d
Ued = Vcslcs + ‘Pcs

+ 1pcwrlpcs @)
dtpc!

ucﬂ = rcrl ]+

where j = /—1 represents the unit imaginary, w, is the rotor machinery angular speed pp and

pc are the PM and CM pole pairs respectively, uf,g = ups —|—]ups, uzz = ulgr +]up,, qu = zps —|—ji;’,s,

zp‘z = lpr —|—]1pr are the stator voltage, rotor voltage, stator current and rotor current of the PM

respectively, ucs = ucs + ]ucs, ufﬂ = ucr + ]ucr, z?.j = 1CS + ]zcs and 7 zcr = lcr + chr are the stator voltage,

rotor voltage, stator current and rotor current of the CM respectively, and:

1,1)52 = lpsl + lpml

1}’?5 = lcslfs + lcmlgr
‘Pw = Pmlps + Lpri]
1Pcr = lcmlcs =+ lcrlgr

®)

are the stator flux of the PM, stator flux of the CM, rotor flux of the PM, and rotor flux of the CM,
respectively. All the variables of the voltages, currents and fluxes are complex numbers. The complex
variable is a vector on the plane, so it is also called as “vector” in the following.

Because of the cross connection of the rotor windings of the PM and CM, the phase sequence
of the rotor windings are opposite, as shown in Figure 1. Between the rotor three-phase voltages

and currents, there are the relationships u}, = u,, l}’qr = UGy, Upy = ub. and i ipr = —icp, i?,r = —i,
.c d g\ * d .d
1;7r = —1?7, ie., uf,, = ufr, u?,, = —ul. and i zpr 1fr, 1',7,, =il or up‘z = (uﬂ) sz = (ch) , Where

the superscript * expresses the conjugate operation.
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Figure 1. Variables of stator and rotor windings, stator ABC reference frame, static a3 reference frame,
rotor abc reference frame and rotor dg reference frame.
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Take the rotor currents of the PM as reference, define the rotor current complex variable

dq = z‘;‘l = <1fﬂ ) , combine the two rotor voltage equations of Equations (1) and (2), then we have:
d s
”pz = rpslps + llJp +]ppwrwps
d d
ucsq = 7cslcs chs + ]Pcwrlpcs . (4)
d Yer
0= (rpr+1ar) iy w (dt)

Due to the special structure of the rotor winding, when a steady sine current flows in the rotor
winding, two magnetic fields are generated in the stator and rotor windings of the PM and CM, and
they rotate with equal electrical angular speed and in opposite directions relative to the rotor. Thus, in
the rotor reference frame, and under the static state, the complex variables of the PM and CM are two
sets of rotation vectors, their speeds are same, and their directions are opposite. The complex variables
of the PM remain unchanged, and take negative conjugate operation in both sides of control motor
voltage equation, we have:

! = rpsipl + lzli]t +]prV¢PS
d d
Wi = rcsllcg + lp“ —jpewry'ed ®)
0= i1 4 44
and:
l,bps = slps +1 mlpr =1 slps +1 mlr
d d dq
/csq = - ( qu) = —ls (ch) (lcr) = lcsl s T Zcmlr 6)
d
/dq IP ( Cﬁ) l/) (l[/fﬁ) l mlPS +l l + lcmlldq
*
where u’d‘? = (ufsq) , i’fj = (zf;lsq) , /dq = (IPcs) are the redefined complex variables,

rr = Tpr +er, Iy = lpr + 1oy are the rotor re51stance and rotor inductance of the BDFM and the
electromagnetic torque of the BDFM can be expressed as:

e g { ()2} pam {(52)" 8} = i ((4)" ) - pam {(02) ) )

For the wound rotor BDFM discussed above, except that the methods of conjugate transformation
are different (the complex variables of the CM take negative conjugation or conjugation), the obtained
Equations (5) and (6) have the same form as the unified reference frame model of a cage rotor
BDEM [15]. Therefore, the following obtained results are universally suitable for a wound rotor and
cage rotor BDFM.

In this way, under the static state, the complex variables of the PM and the complex variables
of the CM (after taking negative conjugation) rotate in the same direction and have the same speed
relative to the rotor. This will bring great convenience for analysis.

The motion equation of BDFM is:

dw,

J S =T.—T, ®

where T, and T are the electromagnetic torque and load torque respectively, | is the total motor shaft
rotary inertia.

Equations (5) and (6) adopt the mixing description of differential equations and algebraic
equations. This will lead to some difficulties in analysis and design. This study will give a state-space
description of BDFM, which is more effective form for the control system analysis and design.

Take the stator flux of the PM t,bzz, stator flux of the CM 1,L7’ 4 and rotor flux Y’ 90 as the states, the

cs’/

stator voltage of the PM u ps ! and stator voltage of the CM u I as the inputs, substituting Equation (6)
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into Equation (5), to eliminate the currents i‘;g, i’ fg ,and ifq, we have the state-space model as follows

in the rotor reference frame:

. 1d d d
= Ay 4 gy ©)
T'ps (lcslr—l2 ) . rpslpnllf]n Vpslcslpm
—x T ippwr K K 10
where Adq = _rcslpmlcm _ rCS(lpslr_l%m) +i Vcslpslcm , qu = 0 1 ,
K JPewr K
rrlcslpm rrlpslcm _"rlpslcs 0 0
T T
d d d d d d d
x’ 1= [ l/JpZ /Cg lpqu ] and M/ 1= [ Llpz Mlcsq } s K= lpslcslr - lpslgm - lcslrz,m.

Similarly, the electromagnetic torque can be again expressed as:

r= e gt (7)) e () )+ D {(02) v} a0

In this way, different from Equation (7), the electromagnetic torque is represented as the cross product
of fluxes.

As we see, the BDFM is a 7th order nonlinear system (the complex number state-space model
of BDEM Equation (9) is a 3 x 2 = 6th order derivative equation, the motion equation of BDFM
Equation (8) is a 1st order), and in the rotor reference frame, its complex variables are still AC variable.
Therefore, the model should be transformed into the CM synchronous reference frame (mt reference
frame). In the synchronous reference frame, the vectors of the complex variables of the PM and the
negative conjugation complex variables of the CM will rotate synchronously under the static state.

As shown in Figure 2, A, is the angle between the mt reference frame and the rotor reference
frame. Using the following transformation:

M= ™ = Ty (11)

—jAc )
e 7(; 0 o—ike 0
where T} = 0 e 0 |, T = 0 ek

0 0 ek
state-space model (SSSM) is obtained, that is:

], the synchronous reference frame

. ymt t t
X =AM gty ™ (12)
T'ps (lcs Iy _lgm ) . \ 7pslpm lem Tps lcslpm
——x  —ippwrtAc X -
where 47 = g _nleh) i, e |
Vrchs<lpm r,l,,Izlcm _nl,},(slcs —j}\c
10
T T -1
B = |0 1| = [y gt gt e = [t W ] At = mAdT - T
00

B =T BMT; L.
The electromagnetic torque can be re-expressed as:

T, = Lol {ymt ()"} — Pl Lyt ()"} o Erimdengn [ () g} 13)

and the motion equation is same as Equation (8). Because the rotation transformation does not affect the
cross-product operation of two vectors, the torque expressions before and after rotation transformation,
Equations (10) and (13), are the same form. In the mt reference frame, all variables of state equations
are DC values under the static state. The static working point is easily obtained.
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Figure 2. Relationships between the CM synchronous reference frame and the rotor reference frame.

3. Static Load Capacity of Brushless Doubly Fed Machine

Using the SSSM of the previous section, the relationships among flux, torque and speed
under the static state can be easily obtained. The load capacity of BDFM is analyzed by applying
these relationships.

When the mt reference frame orients on the stator flux of the CM ¢/ me

os » there is:

ymt

P = P+ Pt = Pes +0 (14)

where 1. is the stator flux amplitude of the CM. To analyze the static load capacity of BDFM, let
the derivatives of the states are zero in Equation (12), and the static equations of BDFM are obtained
as follows:

Tps (Iesly — 12 o Loml 4 l I
( ps ( cslz ) I wp) 1/) ps pm cm Yes + pstestpm lp,;rnt I ”;nst —0 (15)
7ol 1 Tes lpslr - l;%m . l
T ;}21 cm #’pmst B ( = ) “jwe | s + Tes ps lem l/)/Mt tu ,mt —0 (16)
rrlcslpm Trlpslcm T’rlpslcs t
W e e — (T A ) 9 = (17)

where A, is the slip velocity of the stator flux of the CM relative to the d axis of the rotor reference
frame. In practice, the CM is supplied through a converter (the stator flux amplitude of the CM will be
a constant by a stator flux of the CM feedback control), and the stator of the PM is connected directly
to the power grid. Therefore, the voltage amplitude and frequency of the PM are constant, and there
are the following constraint conditions:

u%s = u';fsz + u;sz,wp = ppwr + Ae = 27 fp (18)
where f, and w), are the frequency and electrical angular velocity of the PM power supply, respectively.
The BDFM has the operation characteristics of the synchronous motor, when the frequency of the PM
and the motor speed are constant, the slip is constant, and from Equation (13), the torque is adjusted
by the angle between the stator fluxes of the CM and the PM. Even though the flux amplitudes of PM
and CM can keep constant, the output torque are limited. Otherwise, with the increase of the stator
current, the voltage drop in stator resistance of the PM will lead to the reduction of the PM exciting
level, and the output torque is further limited. In the following discussion, the limitation of the stator

voltage of the CM will not be taken 1nto account. That is to say, for any l[Jps Ly Tt and ¢, there is

always a supply voltage of the CM u/7 " that meets Equation (16), Equation (16) need not be considered.
Nevertheless, for a certain stator flux of the CM ¢, speed w;, by Equations (13), (15), (17) and (18), the
solutions of 1/;1’?; and ¢’ Tt (its components of m axis and t axis are real number) are only obtained in
a certain range of torque. Then we can get the upper and lower limits of BDFM’s load capacity.
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For getting the solutions of the stator flux of the PM l[Jp and the rotor flux ¢'; mt , firstly, by

multiplying the conjugate of ( rlpsles —jAc > in both sides of Equation (17), the relationship between the
rotor flux, the stator fluxes of the PM and CM, and the slip velocity is given as:

ymt rrlcslpm rrlpslcm

P r (rrlpslcs _j}\cK) IIJZZSt + (rrlpslcs - ]ACK> WPes (19)

2 .
Aok + 212 AR+ 212
ymt

Substituting Equation (19) into Equation (13), to eliminate the rotor flux ¢",
torque can be expressed as:

, the electromagnetic

2 : t 2
T = a9 + Re { (az +jas) ¥ pes | — asyl, (20)
. -2
pprrlcqlpm ay = (pP*pc)"rlrfslcslpmlcm/\c a3 = (perpc)lpmlcm/\cK
7 - .2 7 - .2 7
(r%l,,slgs +A, KZ) <r$l§sl%5+AC K2> (r?l}%slgﬁ-/\c K2)
Pe rrl%s l%m /'\C

ag = (71, a;(i=1,2,---,4) are only the functions of the motor parameters and slip velocity,
1212124+ A K2
ripstcs ¢

where lp%s = l[J + lpps ’

and they are constant under the static state.
In the electromagnetic torque expression of Equation (20), there are four terms. The first term
a 1/1%,5 is the asynchronous torque of the PM, and the fourth term —ay 2, is the asynchronous torque

of the CM. The second and third terms Re {(az +jaz) lPZétllJcs} are the synchronous torque. It can
be seen that, for a certain slip velocity and stator flux amplitude, the two asynchronous torques are
constant, and always have opposite directions. When the slip velocity Acis relatively large (this is the
majority working condition of BDFM), and the rotor impedance relatively small (r, is relatively small),
a1, az, and a4 will be small, and the asynchronous torque of BDFM can be neglected. Therefore, the
electromagnetic torque of the BDFM is controlled by the synchronous torque, and it is only determined
by the angle between the two stator fluxes.

Secondly, substituting Equation (19) into Equation (15), to eliminate the rotor flux ¢'}", " the
relationship between the stator voltage of the PM and the stator fluxes is obtained as:
= (b1 +jba2) ¥ps + (b3 + jba) Yes (21)
22 .
2 pIEREEN 1<2>+ A2 12 A 2
where b — rps/\CK(lcslyflgm)Jrrpsr%lpslzs, by — wp | 17l5slE A '27’1757 &slpm c, by — M/
(2 +icke) (B (B2

S l’l QZCSI mlcm)\c . . .
by = VE T pses pm bi(i=1,2,---,4) are only the functions of motor parameters and slip velocity.
213,12 4+A 1<2>
ripstcs

Furthermore, substituting Equation (21) into the constraint condition Equation (18), the
relationship between the stator voltage amplitude of the PM and the stator fluxes is obtained as:

= (B3 +82) 2+ 2Re { [(b1bs + baby) — (brbs — babs)] gt b pes + (BB +062) 92 (22)

Combining Equations (20) and (22) and letting T, = T; (under the static state, the electromagnetic
torque T, equals the load torque T;), the following equation is obtained:

k2+k2 K3tpes — 2a1kiks — azkik k3 k
( )1/) (012 5Pcs a1 kl2 3 — azky 21/)05) l/f’ps ‘11 + as k31/)cs _ 1144«’?5 —T,=0 (23)
2 2
where k1 = (b% + b%) — 2aq (b1bs + bobs) Yos, kn = a3 ( + b%) — 2ay (bab3 — byby) s,

ks = (b3 4 b3) Ty — ayup, + ag (b7 4+ b3) +ay (b5 + b3) 95, ki(i = 1,2, 3) are not only the functions
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of the motor parameters and slip velocity, but also related to the stator flux amplitude of the CM,
among them, the k3 is also related to the voltage amplitude of the PM and load torque.

Equation (23) is complicated and difficult to obtain the analytical solutions. However, for a given

ps, stator flux of the CM ¢, speed wy (so the slip velocity /\ is also given) and torque Tj, the numerical

solution of ¢y can be solved. Then, substituting the solved ¢y into Equation (22), the l[Jps is obtained,

and substituting the solved ¢y and tpps into Equation (19), the ¢’} ™! is obtained. These solutions meet
the conditions of Equations (15), (17) and (18). All real number solutions constitute the possible static
operation range of the BDFM (Stability is temporarily not considered). When the torque arrives at
a certain value, the solved ¢ is not a real number, that is, the torque reaches the upper limit or lower
limit of the static solution range, corresponding to the maximum or minimum torque of the BDFM.
In this way, looking for the static working range of the BDEM is transformed to find the real solutions
of Equation (23).

4. Losing Control Problems of Conventional Direct Torque Control (DTC) for BDFM and Its
Improved Strategy

As mentioned above, the model of the BDEM is complex, and in practice its parameters are difficult
to measure. DTC has less dependence on motor parameters, and specifically, it is not dependent on the
rotor parameters. This is especially important for the BDFM control system design. However, compared
to the induction motor, the flux and torque losing control problems of the BDFM’s conventional DTC
are more evident (There may exist some time intervals, where the flux and the torque cannot be
controlled simultaneously, the flux and torque ripples exceed the hysteresis ring). In Reference [26], the
losing control problems of the BDFM are investigated, and flux priority and torque priority strategies
are proposed. However, these strategies cannot eliminate the flux and torque ripples. In this paper, the
causes of losing control problems are analyzed deeply, and an improved control strategy of DTC is
proposed to solve these problems.

In the mt reference frame, the CM stator flux amplitude and the torque derivative equations about

dlpcs o alpcs dl,blmt . 1 ymt * . ymt
dt alpl(fgt ar %Re { (l[) cs ) P } (24)

time are as follows:

dT, _ T, R or, dy'l | or, 4y _ pplpmles Jmt me\* o
= alp;'jfsf dt +a¢/'§“ i +a¢/f"f ar _Tlm Y, lpps - qus Y,

ettt () 9~ () ) e (g () )
Substituting Equation (12) into Equations (24) and (25), we have that:
d;/]tcs _ 4,165 {tlee {lp/zt (lP'Tt)*} _ Re {IIJ,Z”J (l/]/zr;t>*} n 0‘31/155 n Re{ 4 (lp/gt)*H 26)
% = —uyT, + a5 [Im {u’mt (1/1’7”) *} pcwrRe {w’mt (w’:"t> ' H + agIm {1[]’”” (w’;"t> *}
s o (v} o im (o)} e[y (7)) @
v {9 ()} i () 5 et () )]
where &y — rcsz;;zml a0 — r“l’}é"lc"’, 2 = rcs(lf,mel,,sz,)’m4 _ 7ps (leslr— zm)msg( pslr—12 )+r,l,,slcsl 0 = % ,

7psl Tesl lesl +pe ) lpml, .
“6:Pc;}gcmlw7:Pp;pm,asz7}7;732{17?1,“9:7(?}7 p%)pmcm,ﬂéi(l:12"

motor parameters, and independent of motor working points. Obviously, the CM stator flux amplitude
and the torque derivatives have no relationship with the selection of coordinate, thus, the derivatives

-,9) are only the functions of
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of Equations (26) and (27) can be transformed into the two-phase static reference system (a3 reference
frame), so we have:

U = e R (v (7)) —aare it (v) p et me w2 () )]
% = —a4T, +as5 {Im {u/'xﬁ (lPMﬁ) *} pewrRe {llflaﬁ (ll’/aﬁ> ’ H + aglm {lP'lXﬁ (Wfﬁ) *}
erim {5 (#) s [im {2 (977} ppare {032 (977) )] @)
ag [im {gpf (wF) | —tm {9/ (15) "} + (pp + o) wrRe {3 (w22) "}
For the static working points (discussed in the previous section), the output torque and the motor
speed are constant. Using the stator flux of the CM as the reference (the initial phase angle of the stator

flux of the CM is zero), the amplitudes of all vectors, the angles among these vectors are const, and
they can be expressed as:

lpps I,U 6‘] wct+¢5 /?/5 Pes e]wc ¢/aﬁ Py (3] wct+6), uzsﬁ _ upsej(wct+5+'y) (30)

where w is the synchronous angular speed of the stator voltage of the CM, ¢ is the angle between the
stator flux of the PM and stator flux of the CM, 6 is the angle between the stator flux of the CM and
rotor flux, and v is the angle between the stator voltage and stator flux of the PM. The stator of the CM
is supplied through a converter, and the converter output voltage vectors are as follows:

2 .

Wil = S Vhued 201 (31)

where Vj,4 is the DC bus voltage, and n = 1,2, -+ ,6 correspond to the six fundamental nonzero
voltage vectors (three-phase two level converter, six fundamental voltage vectors and two zero voltage
vectors). Substituting Equations (30) and (31) into Equations (28) and (29), we obtain the stator flux
amplitude of the CM and torque derivative equations around the static working points are as follows:

2
d;”t“ = 5V,,uscos, (wet —/3(n—1))+ A (32)
T, 2 . 2 .
s §D£5thsl[)751n (/3 (n—1) —wct—0)+ ganguslppssm (wt+6—m/3(n—1))+B (33)
where:
A = a1Pycost — aPpscosd + azihes
B - 70(4’1—'6 + D(giljpslpcs [(pp(&]r + pc(Uy) COS& + wpsin ((s + ’Y)} - &5pgw7¢cslprC059 - aéwcslprsine

+0giPps Py [wpsin (0 — 6 — y) — ppwrcos (6 — 6)] + azippspysin (6 — 5)

are constant (but change with working points), and they are the derivative values of the stator
flux amplitude of the CM and torque when the converter output voltage is the two zero voltage
vectors, respectively.

As mentioned above, if the asynchronous torque is neglected, we have:

d;pt“ = %Vbuscos (wet—m/3(n—1))+A (34)
T, 2
de = 300 Vhustpssin (wet +0 —71/3 (n—1)) + B (35)

where:
A = —a31Ppscosd + azies
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B = —a4Te + aoippstpes [ (ppwr + pewr) cosé + wpsin (6 + )]

For a large power motor, the stator resistance of the CM is small. Because &1, ap and «3 are
proportional to the stator resistance of the CM and the stator flux amplitude will decrease when the
converter output voltage is zero, A is always small and negative. The stator flux amplitude of the CM
and the torque derivatives are sinusoidal with the synchronous angle w,t, and when the converter
output voltage u’ ?Sﬁ is different fundamental voltage vectors (n = 1,2, - - -, 6), the electric angles of
these derivative curves are 60 apart in turn. For a given voltage vector u’ ?f , the angle between the
stator flux amplitude of the CM derivative curves and the torque derivative curves changes with the
variation of the working points.

For conventional DTC, there are the six nonzero voltage vectors, V1—V¢. As shown in Figure 3,
the two-phase static reference frame is divided into six sectors (sector I-VI), each sector occupies 60°,
and the angle ¢ between the boundary of sector I and the & axis is —30°.

Figure 3. Six sectors in the two-phase static reference frame.

In the follow discussion, a rated power 3.7 kW BDFM is used as an example, the parameters of
which are shown in the Appendix A, and the supply voltage and frequency of the PM are 220 V/50 Hz.
Using the Equations (32) and (33), the stator flux amplitude of the CM and the torque derivative curves
are shown in Figure 4a,b.Where the stator flux of the CM is 1.2 Wb, the motor speed is 62.8 rad/s
(subsynchronous), and the output torques are 30 Nm (motoring mode) and -30 Nm (generating mode).
It is clear that the flux derivative curves of the two nonzero voltage vectors with 180" phase difference
are symmetrical about the line of dy.s/dt = A. In each sector, there must be two flux derivative
curves, their signs will be changed, and the two corresponding voltage vectors cannot be selected,
because they cannot provide a fixed response direction of flux. Similarly, the torque derivative curves
of the two fundamental nonzero voltage vectors with 180" phase difference are symmetrical about
the line of dT./dt = B, there must be two torque derivative curves in each sector, their signs will be
changed, and the two corresponding voltage vectors cannot be selected. In each sector, if the above
four voltage vectors are not the same, as shown in Figure 4a,b, there will be four voltage vectors, they
cannot be selected. Obviously, the rest of two voltage vectors cannot satisfy the four kinds of control
requirements: decreasing in flux and torque, decreasing in flux and increasing in torque, increasing in
flux and decreasing in torque, and increasing in flux and torque. The selection of the voltage vector
can only make the losing control time as short as possible. In Figure 4c,d, the flux derivative curves of
sector I are enlarged to show the regions of the flux losing control more clearly.
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Figure 4. Stator flux of the CM and torque derivative curves (light load). (a) Motoring mode
(Te =30 Nm); (b) Generating mode (T, = —30 Nm); (c) Partial enlarged (T, = 30 Nm); (d) Partial
enlarged (T, = —30 Nm).

Thus, the voltage vector switch tables can be obtained under the motoring mode and generating
mode, as shown in Tables 1 and 2, called the conventional DTC. From the sector I to the sector VI,
the electric angles of voltage vectors selected for the same control requirements are 60 apart in turn.
The control system is shown in Figure 5. Under the motoring mode, the flux will lose control when
an increase in flux and a decrease in torque, or an increase in flux and an increase in torque are
desired, corresponding to the third and fourth rows in Table 1 (that is the circular region in Figure 4c).
Under the generating mode, the flux will lose control when an increase in flux and a decrease in torque,
or an increase in flux and an increase in torque are desired, corresponding to the third and fourth rows
in Table 2 (that is the circular region in Figure 4d).

220V/50Hz

Ves 0.05 Voltage
0%} | vector
w1~ -0.05 table
cs

-1 (motoring state)

Choose Converter BDFM

y ¥y

1 Voltage
T P) vector ,
™ table

T B (generating state)

p=arctan(y’ /y<)
Flux and Hcs ! IICS

torque

observer ps’ ps

Figure 5. Control system of conventional DTC.
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Table 1. Voltage vector switch table (motoring mode).

Output of Hysteresis Comparator Six Sectors
Flux Torque 1 I 111 v \%4 VI
1 -1 Vs Vs Vi V, V3 V4
a 1 V3 V4 Vs Vs Vi Vs
1 -1 Ve Vi Va V3 Vs Vs
1 Vs V3 V4 Vs Ve Vi

Note: “1” and “—1" indicate the increased and decreased flux or torque, respectively.

Table 2. Voltage vector switch table (generating mode).

Output of Hysteresis Comparator Six Sectors
Flux Torque I I 1 A% |4 VI
1 -1 Vs Vy Vs Ve Vi Vo
- 1 Vs Ve Vi Vs V3 Vy
1 -1 Vs V3 Vy Vs Vs Vi
1 Vs Vi Vs V3 V4 Vs

Note: “1” and “—1” indicate the increased and decreased flux or torque, respectively.

From Figure 4a,b, it can be also seen that if the angle ¢ is increased, the flux losing control can
be eliminated under the action of the voltage vector V, but the flux losing control will be serious
under the action of the voltage vector V,. On the contrary, if the angle ¢ is decreased, the flux losing
control can be eliminated under the action of the voltage vector V5, but the flux losing control will be
serious under the action of the voltage vector V¢. Therefore, it is useless to solve the flux losing control
by changing the angle ¢. Because the DC component A of the flux amplitude derivative is relatively
small in general situations, the time interval of the flux losing control is short, and the range of the flux
fluctuation is small. When the load is light, the torque will not lose control.

With the increase in torque, the DC components A and B are increase, the phase angles of the flux
derivative curves remain unchanged, and the torque derivative curves move right or left (motoring or
generating modes) relative to the flux derivative curves. In Figure 6a,b,the stator flux of the CM and
the torque derivative curves are shown, where the stator flux of the CM is 1.2 Wb, the motor speed
is 62.8 rad /s (subsynchronous), and the output torques are 55 Nm (motoring mode) and —99 Nm
(generating mode). The voltage vector switch tables can be obtained, which are same as the Tables 1
and 2. When the load is heavy, the flux and the torque will all lose control. Under the motoring mode,
the torque will lose control when a decrease in flux and an increase in torque, or an increase in flux
and a decrease in torque are desired, corresponding to the second and third rows in Table 1 (that is the
losing control regions I and II in Figure 6a). Under the generating mode, the torque will lose control
when a decrease in flux and a decrease in torque, or an increase in flux and an increase in torque are
desired, corresponding to the first and fourth rows in Table 2 (that is the losing control regions II and I
in Figure 6b).

Similarly, from Figure 6a,b, it can be also seen that if the angle ¢ is increased, the flux losing
control can be eliminated under the action of the voltage vector Vg, but the flux losing control will be
serious under the action of the voltage vector V5, and the torque losing control will also be serious
under the action of the voltage vectors V3 and V. On the contrary, if the angle ¢ is decreased, the
flux losing control can be eliminated under the action of the voltage vector V3, and the torque losing
control also can be eliminated under the action of the voltage vector V3 and V¢, but the flux losing
control will be more serious under the action of the voltage vector V. Therefore, the losing control
problems of the conventional DTC cannot be solved by changing the angle ¢.
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Figure 6. Stator flux of the CM and torque derivative curves (heavy load). (a) Motoring mode
(Te = 59 Nm); (b) Generating mode (T, = —99 Nm).

From the analysis above, it can be seen that the BDFM’s conventional DTC easily loses control,
because the selected voltage vector are fewer and the sector is relatively wide. The losing control
problems cannot be improved by increasing the switch sectors, or by changing the angle ¢ between
the boundary of sector I and the a axis. And increasing the DC bus voltage, the time of losing control
will decrease, but the losing control phenomena would not disappear. Therefore, for the BDFM’s DTC
control system, the flux and torque losing control phenomenon always exist and are inevitable.

Without changing the converter topology, the new voltage vectors are synthesized by the six
fundamental voltage vectors. As shown in Figure 7, the V1, is synthesized by the V; and V3, the V3
is synthesized by the V; and V3, the V34 is synthesized by the V3 and V4, the V5 is synthesized by
the V4 and Vs, the V¢ is synthesized by the V5 and Vi, and the V4 is synthesized by the V¢ and V.
The duty ratio of two fundamental voltage vectors related to every synthesized voltage vector are 50%.
The six fundamental voltage vectors and the six synthesized voltage vectors, there are twelve voltage
vectors. At the same time, the switch sectors also increase to twelve, each sector occupies 30", and
the angle ¢ is —15°. The following will point out that the losing control problems can be solved by
increasing the number of voltage vectors and the switch sectors simultaneously, and combined with
the appropriate choice of angle ¢.

Figure 7. Twelve sectors in the two-phase static reference frame.

After adding synthesized voltage vectors, the stator flux amplitude of the CM and the torque
derivative curves are shown in Figure 8a,b, where the stator flux of the CM is 1.2 Wb, the motor speed
is 62.8 rad/s (subsynchronous), the output torques are 30 Nm and 59 Nm (light load and heavy load
under the motoring mode), and the angle ¢ = —15°~c = —21 has been chosen properly.
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Figure 8. Stator flux of the CM and torque derivative curves. (a) Motoring mode (T, = 30 Nm);
(b) Motoring mode (T, = 59 Nm).

Similarly, in each sector, there are also two flux amplitude and two toque derivative curves, their
signs change inevitably, the corresponding four voltage vectors cannot be selected. Among the rest of
eight voltage vectors, the vectors, they can satisfy the control requirements of flux and torque and their
derivative curves are farther from the horizontal axis, will be selected. In this way, the selection of
voltage vector makes that the control effect is more obvious (good effectiveness and quick adjustment),
and the effectiveness can be maintained (strong robustness) when the operating conditions (load
torque, speed, etc.) change. Then twelve sectors voltage vector switch tables can be obtained, as shown
in Tables 3 and 4, and called SVDTC control strategy. From the sector I to the sector XII, the electric
angles of selected voltage vectors for the same control requirements are 30" apart in turn. If the angle ¢
is still —15°, the sector I as an example, the selected voltage vectors can satisfy the control requirements
of torque, but the flux will lose control under the action of the voltage vector Vs¢. Because the DC
component A of the flux derivative is relatively small in general situations, only a small adjustment of
¢ is needed in the basis of —15°. The analysis of the generating mode is similar to the motoring mode,
the figures of its derivative curves are omitted here. The control system of SVDTC is shown in Figure 9.

220V/50Hz
1 Twelve sectors
* voltage
WL>®—> 003 — vector
_ -0.05 table
Vs .
-1 (motoring state) 0
Choose}~Triaﬂgu|ar wave Converter {} ( BDFM
1 Twelve sectors
2 Triangular wave voltage @
1 vector
2 table
-1 (generating state)
p=arctan(p/ [y &)
Ug,l
Flux and T cs? ICS
torque
observer ps' ps

Figure 9. Control system of SVDTC.

The following simulation will illustrate that the SVDTC not only can solve the flux and torque
losing control problems of the conventional DTC, but also can make the BDFM output torque reach
the theoretical output capacity limits.
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Table 3. Twelve sectors voltage vector switch table (motoring mode).

Output of Hysteresis Comparator Twelve Sectors
Flux Torque 1 1I Iar 1v 1% vi VIl VIII IX X XI XII
1 -1 Vs Vs Vsg Ve Ve Vi Vip Vo Vo3 Vi Vi V4
1 Vs Va Vs Vi Vs Vs Vs Vg Vg Vi Vo
1 -1 Vse Ve Ve Vi Vi Vo Va3 Vi3 Vi Vi Vg Vs
1 Vig Vo V3 V3 Vag Vi Vis Vs Vsg Vg Ve V3

Table 4. Twelve sectors voltage vector switch table (generating mode).

Output of Hysteresis Comparator Twelve Sectors
Flux Torque 1 nm Im 1iv 14 VI Vil VII IX X X1 XII
1 -1 Vs, Va3 Vs Vu Vg5 Vs Vsg Ve Ve Vi Vio V)
1 Vis Vs Vse Vo Ve Vi Vi Vo V3 V3 Vi Vy
1 -1 Vio Voo Vaz Vz Va Vi Vis Vs Vse Ve Ve V3
1 Vse Ve Ve Vi Vi Vo Vo3 V3 Vi Vi Vg5 Vs

5. Simulation Experiments

5.1. Numerical Calculation of Static Operation Ranges

The BDFM of the Appendix A is still used as an example, the supply voltage and frequency of the
PM are 220 V /50 Hz, a specific calculation result is shown in Figure 10. It can be seen that the range of
possible maximum output torque decreases gradually with the increase in motor speed when the stator
flux amplitude of the CM is constant. The range of possible maximum output torque first increases
and then decreases gradually with the increase in the stator flux amplitude of the CM when the motor
speed is constant. When the stator flux amplitude of the CM increases to 1.8 Wb, the maximum output
torque of the BDFM reaches the peak value of 72 Nm. Compared with the maximum torque, the range
of possible minimum output torque increases gradually with the increase in the stator flux amplitude
of the CM, and decreases gradually with the increase in speed.
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Figure 10. Maximum and minimum torque curve surfaces of a BDFM.

For large power motor, the situation of above is somewhat different. In this case, the stator and
rotor resistances are very small, the ranges of possible maximum and minimum output torque will
tend to be equal, independent of the motor speed, and increase with the increase in the stator flux
amplitude of the CM.

Obviously, the stable working points of BDFM must locate in the interior of the maximum and
minimum torque curves, and the percentage of the stable operation range is related to the control
method. When the stator flux amplitude of the CM is 1.2 Wb, the maximum and minimum torque
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curves, the stability operation ranges of the BDFM under constant V/f open loop control and under
conventional DTC are shown in Figure 11. As we seen that, using the constant V/f open loop control,
the stability operation rangeis near the synchronous speed, and occupies a small part of the entire
static solution range, using conventional DTC, the torque will lose control before it reaches the limits
of the static solution region.

gg maximum torque line stability operation range
[ _—(the upper limit of static | under V/f control
‘218 [ olution region) 1 =
IS 0 [ ey NN
E 7] R N A v S <1 torque wold not lose
=40 . = | control
-60 | under conventional DTC
80+ inimum torque line | -
100+ " (the lower limit of static|
-120 solution region)
0 50 100 150 200 250 300
o, /(rad/s)

Figure 11. Stability operation ranges under constant V/f control and under conventional DTC.

5.2. Simulation Test of Synthetic Vector Direct Torque Control (SVDTC)

To display the performance of the proposed new control strategy SVDTC, simulation tests have
been carried out. The control performances of the conventional DTC and SVDTC are compared
under various kinds of operating conditions. The power motor is connected to a 220 V/50 Hz
power supply, and the control motor is supplied through a bridge converter, and the DC voltage
of the converter is 500 V. The stator flux observers of the PM and CM use voltage current models,
lpz/sg = (ugf — rpsizf)dt and lpfff = (ufsﬁ — rcsi?sﬁ)dt. In order to overcome the problem of dc
drifts of a pure integral, the stator fluxes are estimated by a adaptive compensation integrator, where
the cutoff angular velocity of low-pass filter wcr is 1 rad/s, and the PI parameters of regulator
are kp, = 0.01, k; = 1 [29]. The torque is calculated by the cross product of fluxes and currents,

T, = pplm { (q);sﬁ ) ' i‘;f } + pclm { ( ?sﬁ ) ' 1?55 } The speed outer loop is adopted, the PI parameters of
speed loop are kp, = 2, k1 = 20. The upper and lower limits of flux and torque hysteresis comparators
are 0.05 and —0.05, 2 and —2. The parameters of BDFM are shown in the Appendix A.

5.2.1. Simulation Waveforms of DTC and SVDTC

Figures 12 and 13 display the simulation results of conventional DTC and SVDTC, respectively.
In this simulation, the reference value of s is 1.2 Wb, the reference value of w; is 62.8 rad/s or
100 rad/s (subsynchronous or supersynchronous) under different load torque.
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Figure 12. Cont.
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Figure 12. Simulation waveforms of conventional DTC. (a) 55 Nm, 62.8 rad/s (motoring mode);
(b) 50 Nm, 100 rad/s (motoring mode); (c¢) —85 Nm, 62.8 rad/s (generating mode); (d) —80 Nm,
100 rad/s (generating mode); (e) 55 Nm, 62.8 rad/s; (f) 50 Nm, 100 rad/s; (g) —85 Nm, 62.8 rad/s;
(h) —80 Nm, 100 rad/s.
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Figure 13. Simulation waveforms of SVDTC. (a) 55 Nm, 62.8 rad/s (motoring mode); (b) 50 Nm,
100 rad /s (motoring mode); (c) —85 Nm, 62.8 rad /s (generating mode); (d) —80 Nm, 100 rad /s (generating
mode); (e) 55 Nm, 62.8 rad/s; (f) 50 Nm, 100 rad/s; (g) —85 Nm, 62.8 rad/s; (h) —80 Nm, 100 rad/s.

Under the four conditions of different torques and different speeds, the partial enlarged simulation
waveforms of the conventional DTC are illustrated in Figure 12a—d. It can be seen that, the deviations of
torque will exceed the upper and lower limits of hysteresis comparator, the speed fluctuation appears
when the torque loses control. And the torque losing control has two forms, from little to big, and
from big to little, which is associated with the different change trends of torque derivative curves in
the losing control region, as shown in Figure 12a,b. Figure 12e-h show the torque waveforms in a 360"
of electric angles under the four work conditions, there are six torque ripples in each of them. With the
increase in the torque, the torque losing control becomes serious and continues for a longer time, the
maximum torque ripple reaches 9 Nm, and the maximum proportion of losing control time is over 70%.

The partial enlarged simulation waveforms of the SVDTC are illustrated in Figure 13a—d. It can be
seen that the SVDTC can effectively solve the losing control problems, whether the motor operates in
motoring or generating modes, and it makes the deviations of the stator flux of the CM and torque are
restricted in the hysteresis ring width simultaneously. The motor speed and stator flux amplitude of
the CM properly follow the reference value. When a fundamental voltage vector is selected, until the
deviations of the flux or torque reach the limits of hysteresis comparators, the voltage vector will switch
once. In this case, the switching frequency is related to the hysteresis ring width. When a synthesized
voltage vector is selected, two related fundamental voltage vectors are modulated, the duty ratio
of the two fundamental voltage vectors are 50%, and the modulation frequency is 20 KHz. In this
case, the switching frequency is fixed, until the hysteresis comparator state changes and other voltage
vector is selected. Figure 13e-h also show the torque waveforms of several periods under the four
conditions. This demonstrates that the effectiveness can be maintained in a wide range by the SVDTC
control strategy when the operating conditions (load torque, speed) change. The proposed SVDTC is
effective in coping with losing control problems. The stability and robustness of the control system
are improved.

5.2.2. Speed Command and Load Torque Disturbance Responses of SVDTC

Figure 14 shows the dynamic response of the BDFM to a step speed command. In this simulation,
the reference value of ;s is 1.2 Wb, the reference value of w, changes from 62.8 rad/s to 100 rad/s at
0.21 s, and the load torque is 5 Nm, the PI regulator output limiting values are £53 (the maximum
torque is 54 Nm at 100 rad /s when the flux is 1.2 Wb). It can be seen that, when the speed command
changes from subsynchronous to supersynchronous, the actual speed rapidly follows the reference
value without overshoots, and the current phase sequence of the CM changes. The motor accelerates
at 53 Nm, and then the torque returns back 5 Nm after approximately 0.06 s.

Figure 15 shows the regulating performance of the BDFM to a step change in load torque. In this
simulation, the reference value of s is 1.2 Wb, the reference value of w;, is 62.8 rad /s, and the load
torque changes from 5 Nm to 30 Nm at 0.1 s. The system stability is validated under a step load torque
disturbance. The speed returns to the reference speed after several dynamic fluctuations, and the speed
regulator is able to compensate for the load torque disturbance in a time period of approximately 0.3 s.
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Figure 15. Load torque changes from 5 Nm to 30 Nm at 62.8 rad/s.

Figures 14 and 15 also show the stator currents of the PM and CM, and the rotor current. Figures 14
and 15 demonstrate that the system of SVDTC has a good response characteristics for step speed
command, and a good regulating performance under step load torque disturbance. The stator flux
amplitude of the CM follows the reference value well, and it is almost unaffected by the variations of
speed and torque.

5.2.3. Output Capacity of the SVDTC of BDFM System

In addition to the losing control problem, the systems of conventional DTC and CM constant V/f
open loop control will lose stability when the load torque increases to a certain value. For example,
under the conventional DTC, when the flux ¢ is 1.2 Wb, the speed wy is 62.8 rad/s, if the load torque
exceeds 55 Nm, the torque will diverge.

The SVDTC not only can solve the flux and torque losing control problems of the conventional
DTC, but also can make the output torque of the BDFM reach the theoretical output capacity limits.
In order to validate this conclusion, simulation tests have been carried out.

In this simulation, the reference value of s is 1.2 Wb, the reference value of wy is 62.8 rad/s,
and the load torque is changed gradually. According to Figure 11, the maximum output torque of
BDFM is 59 Nm under the above working conditions. Figure 16 shows that the actual output torque is
always able to follow reference torque when the load torque changes from 30 Nm to 50 Nm at 0.2 s,
and then changes from 50 Nm to 58 Nm at 1 s. In the interior of the maximum and minimum output
torque curves of Figure 11, setting some test points on the boundaries, we find that the results are
same, and the waveforms are omitted here. The SVDTC can make the output torque of the BDFM
reach the theoretical output capacity limits, but conventional DTC cannot.
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Figure 16. Simulation waveforms of SVDTC at limit torque.

6. Conclusions

For different rotor structures BDFM, the method of taking conjugation transformation of the
complex variables of CM or PM has universality. Using this method, the synchronous reference frame
state-space model, called SSSM, is obtained in this paper. By the description of the SSSM, the analysis
method of the output capacity limits of BDFM is given and used to test the performance of the control
strategy. The improved DTC strategy, called SVDTC, can solve the losing problems of the flux and
torque, and keep the advantage of conventional DTC, such as simple structure, less dependence on
motor parameters, and strong robustness. The dynamic performance of SVDTC is tested over a wide
range of speeds from subsynchronous to supersynchronous, and also under conditions of sudden
load change. The theoretical output capacity limits can be reached by the SVDTC control strategy.
These results have significant meaning for the BDFM’s design and development and also for the
control strategy study.

Author Contributions: The conjugation transformation and the synchronous reference frame state-space model,
the analysis method of output capacity limits and the SVDTC of BDFM belong to Chaoying Xia. The derivation
of output capacity related results of BDFM and all the simulations are completed by Xiaoxin Hou. Both of the
authors wrote and revised the manuscript.
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Appendix A
BDFM parameters:

pp=1,pc=3,1ps = 1.77 Q, 15 = 1.64 Q, Iys = 0.461 H, les = 0.136 H, Ly = 0.4575 H, Iy = 0.115 H,
rr=6.0028 O, [; = 0.597 H, ] = 0.05 kg-m?.
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