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Abstract: The paper presents the state-space (SS) model of the brushless double-fed machine (BDFM)
by taking the negative conjugate (NC) transformation of the power machine’s correlation variable
when the current source of the control machine is supplied in the m-t reference frame. Based on this,
the testing method of machine parameters is given, and the SS model described by five parameters
is obtained. The derivation process and realization method of the slip-frequency vector feedback
linearization control (SFV-FLC) strategy are given. Then, researching the SS equation in the m-t
reference frame by the control machine rotor field-oriented, the relationship between the maximum
and minimum output torque and the control machine rotor flux amplitude and slip velocity, the
machine parameters are given considering power supply constraints. Finally, the validity of the
theoretical analysis is verified by simulation and experiment, and the feasibility of the decoupling
control method are also demonstrated.

Keywords: brushless double-fed machine (BDFM); slip frequency vector feedback linearization
control (SFV-FLC); load performance; decoupling control

1. Introduction

As a new type of motor, BDFM [1–7] can realize multiple operation modes such as
asynchronous, synchronous, and double-fed. It can be used as a motor in alternating current
(AC) speed-regulating transmission systems, and can also be used in power generation
systems. It has a frequency converter small capacity, adjustable speed, and power factor.
At the same time, brushes and slip rings are eliminated in BDFM, which not only reduces
maintenance costs but also improves the reliability of system operation. Based on the above
advantages, BDFM has been widely considered by scientific researchers.

However, compared with ordinary asynchronous motors, BDFM has a complex struc-
ture and the characteristics of a high order, many variables, and nonlinear [8] strong
coupling. Therefore, the modeling is more complicated, and the design of the controller is
difficult. Many researchers at home and abroad have been starting from the BDFM [9–13]
design in recent years. The impact of machine-related design factors—such as the inner
and outer diameter of the stator and rotor, the pole slots combination, the indexing ratio,
the rotor structure, and the turn ratio of the outer and the inner rotor—on the machine
performance is studied to improve its torque and power density and obtain a more winder
speed range.

At the same time, with the increasing complexity of automation systems, the frequency
of system failures due to various uncertain factors is also increasing. At present, many
researchers conduct research on intelligent fault detection [14] for nonlinear dynamic
systems. However, fault detection [15] can effectively avoid losses caused by system faults,
and the complexity of controller design is also a decisive factor in determining faults.
Therefore, how to design a simple and effective controller is a problem that needs to be
considered. Some scholars have studied the BDFM control strategy, in which [16–18]
proposed a vector control. BDFM is defined as two independent subsystems, namely the
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power motor subsystem and the control motor subsystem. The power motor subsystem
ignores the stator resistance and adopts stator magnetic field orientation, while the control
motor subsystem adopts rotor flux orientation. This method not only has a complicated
derivation process, but the flux linkage and torque have not been decoupled; moreover,
the data acquisition in the experiment is difficult, and the fault [19] rate of the system is
high. To simplify the control, [20] proposed a mathematical model of BDFM in a unified
coordinate system. The rotor current on the power machine side or the control machine
side is conjugated via calculation to make sure that both sides rotate in the same direction
concerning the rotor. All variables in the model are direct-current (DC) values under
the unified reference system when any flux is selected for orientation. Based on this
model, [21,22] adopts stator flux-oriented vector control to realize BDFM active power,
reactive power, and speed control. The unified coordinate system model is simpler and
more convenient than the dual synchronous coordinate system model. However, the vector
sum of the power motor and control motor rotor flux is regarded as the hybrid rotor flux in
the unified coordinate system model, resulting in the limitations of the stator flux-oriented
control system [21–24].

BDFM is distinct from induction motors. Induction motors can accomplish system
decoupling by the rotor field orientation. However, the decoupling control of the BDFM
cannot be solved solely by rotor field orientation. Currently, [21–24], based on the unified
coordinate system model, has been powered by two-terminal voltage sources, which is
inconsistent with the current inner loop design in most practical systems. A BDFM state-
space model is established in the arbitrary rotating reference frame to solve this problem.
The BDFM input–output feedback linearization control [25,26] (IO-FLC) is derived based on
the model. Although [25] and [26] solve the modeling and decoupling control problem, the
performance of BDFM under the control method has not been deeply analyzed. Therefore,
to make up for the deficiency of [25,26], the SFV-FLC method and performance analysis
considering supply constraints are studied in the paper. Based on this, the theoretical
derivation and experimental study are carried out.

The difference between this paper and [27] are as follows: First, the control algorithm is
different (this paper uses SFL-FLC under the control motor rotor flux orientation, while [27]
uses direct torque control (DTC) under the stator flux orientation). Second, the idea of
performance analysis and the depth of theoretical analysis are different (because the two
adopt different control algorithms, the idea of performance analysis of BDFM, the change
rules, and conclusions of the load characteristics are different). Finally, the verification
methods are different (the experimental platform is built in the paper, and the proposed
control method and performance analysis are fully experimentally verified; however, there
is no experimental verification in [27]).

However, the data in the experiment is acquired through sensors or measuring devices,
and under the influence of the external environment and stress, the perfect working state
cannot be guaranteed, resulting in unreliable signals. Therefore, [28] proposes a fault
diagnosis and prediction method, which can evaluate the detection data in real-time,
thereby further improving the reliability of the control.

The differences between the paper and [29] are as follows: First, the control objects
studied in the paper are different (the research object of the paper is BDFM, while the object
of [29] is the Cup Rotor Permanent-Magnet Doubly Fed Machine). Second, the control
algorithms are different (the SFL-FLC method is studied in the paper, while [29] adopts
the maximum torque per ampere (MTPA) Control Methods, and the derivation ideas and
derivation process are different). Then, the derivation process and conclusion of the perfor-
mance analysis are completely different (BDFM is more complicated in the performance
analysis, and the constraint of the power motor voltage equation is considered. Contrarily,
the permanent magnet flux is a constant in [29], and there is no voltage constraint equation).
Finally, the verification method is different (this paper built an experimental platform to
fully verify the proposed control method and performance analysis. Contrarily, [29] only
simulated and verified the control algorithm and load characteristics).
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The differences between this paper and [30] are as follows: First, the BDFM modeling
method is different (this paper adopts the mathematical model under the unified coordinate
system, while [30] adopts the mathematical model under the dual synchronous reference
frame system). Second, the control methods are different (this paper adopts the SFL-FLC
method. Contrarily, [30] adopts the vector control method). Finally, the research ideas
and research depths of performance analysis are different (due to the two different control
methods, so the derivation process of performance analysis and the load performance
analyzed is quite different from the paper).

In addition, [30] and [27] have different control methods, modeling methods, and
performance analysis methods, and [30] and [29] have different research objects, control
methods, performance analysis ideas, and verification ideas. Therefore, the research content
of the paper is of great research significance.

The paper is arranged as follows. Section 2 establishes the SS model in the m-t reference
frame. Section 3 shows the SS model in the m-t reference frame when the current source
of the control machine is supplied. Section 4 derives the slip frequency vector feedback
linearization control algorithm (SFV-FLC). Section 5 solves the load capacity of the BDFM
considering supply constraints and analyses the influences of rotor resistance, the control
machine rotor flux, and speed on the load boundary. Sections 6 and 7 are the simulations
and the experimental verification. Section 8 is the summary of the paper.

2. State-Space Equation Description of the BDFM

The BDFM includes the winding type, squirrel-cage type, and reluctance type, among
which the winding type and squirrel-cage type have similar working principles and mathe-
matical models. The winding type BDFM is discussed as an example in this paper. The
method and the results obtained are also applicable to the squirrel cage type BDFM.

As shown in Figure 1, the BDFM is composed of two cascaded induction motors
connected in series. The induction motor connected to the grid is defined as the power
motor (PM), and the induction motor connected to the inverter is defined as the control
motor (CM); two sets of rotor windings are connected in reverse order. There is no magnetic
coupling between the stator windings of the PM and the CM, only the electrical coupling
between the rotor windings. Suppose that the pole-pairs of the PM is pp, the power supply
frequency is fp, the pole-pairs of the CM is pc, and the power supply frequency is fc, the
relationship between the steady speed of BDFM and the frequency of the two machines
is obtained:

nr =
60( fp + fc)

pp + pc
(1)

where n represents the rotating speed, f represents the frequency, and P represents the pole
pairs. The subscripts p and c represent the PM and the CM. The subscript r represents
the rotor.
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The slip frequencies through the rotor windings are as follows:

fs =
pc fp + pp fc

pp + pc
(2)

where the subscript ‘s’ represents the slip.
In (1) and (2), fp or fc takes a positive value when the positive phase sequence is sup-

plied, and otherwise takes a negative value. When the control machine is connected to the
DC power supply, fc = 0, the speed is called synchronous speed. When fc < 0—the speed is
lower than synchronous speed—it is called sub-synchronous operation. When fc > 0—the
speed exceeds the synchronous speed—it is referred to as a super-synchronous operation.

Figure 2 depicts the three-phase static reference frame as A-B-C. The two-phase static
reference frame is denoted α-β. The three-phase rotor reference frame is a-b-c. the two-
phase rotor reference frame is d-q. m-t is the arbitrary rotating reference frame. θr is the
rotor rotation angle. ωr = dθr/dt is the mechanical angular velocity, and m-t is the two-
phase arbitrary rotation reference frame. λ = λc is the rotation angle of the m-t reference
frame relative to the d-q reference frame.
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The voltage models of the PM in the d-q reference frame are as follows:

udq
ps = rpsidq

ps + jppωr(lpsidq
ps + lpmidq

pr ) + lps
.
i
dq
ps + lpm

.
i
dq
pr

udq
pr = rpri

dq
pr + lpm

.
i
dq
ps + lpr

.
i
dq
pr

(3)

The voltage models of the CM in the d-q reference frame are as follows:

udq
cs = rcsidq

cs + jpcωr(lcsidq
cs + lcmidq

cr ) + lcs
.
i
dq
cs + lcm

.
i
dq
cr

udq
cr = rcri

dq
cr + lcm

.
i
dq
cs + lcr

.
i
dq
cr

(4)

where the superscript “.” represents the derivative of the time, and the subscript p and
c represent the PM and the CM, respectively. The subscript s and r represent the stator
and rotor, respectively, r, l, lm represent resistance, inductance, and mutual inductance,
respectively, and voltage u, current i, and flux ψ are represented as vectors in the complex
form. The superscript dq represents the rotor reference system.

Because the PM and CM rotor windings are coupled in reverse phase order, the
rotor voltage and current of the two machines in the d-q reference frame satisfy the follo-
wing relationship:

udq
cr = (udq

pr )
∗

idq
cr = −(idq

pr )
∗
= idq

pr
(5)

The superscript “*” and “−” denote conjugate and NC, respectively. Taking the CM

rotor current as a reference, defining the rotor current idq
r = idq

cr = idq
pr . Taking the NC
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operation on both sides of the PM voltage equations in (3), combining the CM’s stator and
rotor voltage equations in (4), the sixth-order state-space equation of the BDFM in the d-q
reference frame is obtained:

.
xdq

= Adqxdq + Bdqudq (6)

where, rr = rcr + rpr is the rotor resistance, and lr = lcr + lpr is the rotor inductance.

Adq = 1
∆

 M
(
−rps+jppωrlps

)
−lpmlcm(rcs+jpcωrlcs) lcslpmrr+jppωrMlpm − jpcωrlpml2

cm
lpmlcm

(
−rps+jppωrlps

)
−N(rcs+jpcωrlcs) lcmlpsrr+jppωrlcml2

pm − jpcωrNlcm

−lcslpm
(
−rps+jppωrlps

)
lcmlps(rcs+jpcωrlcs) −lcslpsrr − jppωrlcsl2

pm+jpcωrlpsl2
cm


Bdq = 1

∆

 M lpmlcm
lpmlcm N
−lcslpm −lcmlps

, xdq =

 idq
ps

idq
cs

idq
r

, udq =

[
udq

ps

udq
cs

]

∆ = lpslcslr − lcsl2
pm − lpsl2

cm, M = lcslr − l2
cm, N = lpslr − l2

pm

Each variable in (6) is an AC variable, for which the following rotation transformation
is used.

xmt = e−jλxdq

The BDFM state-space equation in the m-t reference frame is obtained:

.
xmt

= Amtxmt + Bmtumt (7)

where, the superscript mt represents the arbitrary rotating reference frame.

Amt =
1
∆

M
(
−rps+jppωrlps

)
− j∆

.
λ −lpmlcm(rcs+jpcωrlcs)

lpmlcm
(
−rps+jppωrlps

)
−N(rcs+jpcωrlcs)− j∆

.
λ

−lcslpm
(
−rps+jppωrlps

)
lcmlps(rcs+jpcωrlcs)

lcslpmrr+jppωrMlpm − jpcωrlpml2
cm

lcmlpsrr+jppωrlcml2
pm − jpcωrNlcm

−lcslpsrr+j(− ppωrlcsl2
pm + pcωrlpsl2

cm − ∆
.
λ
)


Bmt =
1
∆

 M lpmlcm
lpmlcm N
−lcslpm −lcmlps

, xmt =

imt
ps

imt
cs

imt
r

, umt =

[
umt

ps
umt

cs

]

3. State-Space Equation Description of the Control Machine’s Current Source
Power Supply

In the control system, flux linkage and torque are usually controlled variables, and
the CM is generally designed with a fast-response current loop. The following is the
detailed derivation of the BDFM state space description when the current source of the CM
is supplied.

The BDFM state-space Equation (8) is obtained, which takes the PM’s stator flux, the
CM’s rotor flux, and the CM’s stator current as state variables, and the stator voltage of the
PM and the CM as input variables.

.
ψ

mt

ps
.
i
mt
cs

.
ψ

mt
cr

 =

a11 a12 a13
a21 a22 a23
a31 a32 a33


ψ

mt
ps

imt
cs

ψmt
cr

+
1
∆

b11 b12
b21 b22
b31 b32

[umt
ps

umt
cs

]
(8)

where,

a11 = − rps
lps

+j(ppωr −
.
λ),a22 = − l2

cm H+Nlpslcrrcs
∆lpslcr

− jpcωr
N(lcslcr−l2

cm)
∆lcr

− j
.
λ

a23 = lcm H
∆lpslcr

− jpcωr
lcm N
∆lcr

, a12 = − lpmlcmrps
lcrlps

, a13 =
lpmrps
lcrlps

, a21 = − lpmlcmrps
∆lps

+j ppωr
∆

a33 = −H(lcslcr−l2
cm)

∆lpslcr
− jpcωr

l2
cm(lpslcr−N)

∆lcr
− j

.
λ , a31 =

lpm(lcslcr−l2
cm)

∆lps

(
rps − jppωrlps

)
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a32 =
lcm H(lcslcr−l2

cm)
∆lpslcr

− jpcωr
lcm(lpslcr−N)(lcslcr−l2

cm)
∆lcr

+
lcmrcs(lpslcr−N)

∆ , H = l2
pmrps + l2

psrr

b11 = Mlps − l2
pmlcs, b21 = lpmlcm, b31 = lpm

(
l2
cm − lcslcr

)
, b12= 0,b22 = N, b32 = lcm

(
N − lcrlps

)
Since b32 6= 0, the SS equation of BDFM when the current source of the CM is supplied

cannot be obtained simply by removing the CM voltage equation (the second equation) in
(8). It is necessary to redefine the CM rotor flux.

Secondly, the stator leakage inductance and rotor leakage inductance cannot be ob-
tained simultaneously by measuring the stator voltage and current. Therefore, it is nec-
essary to convert the PM’s stator leakage inductance to the rotor side. According to the
principle of constant magnetic field energy storage, it can be obtained that after conversion,
rps, rcs, lps, and lcs are unchanged, and lcm, lpm, lcr, lpr, σlpr, rcr, rpr, lr, and ∆ have changed.
The converted parameter expression is as follows:

l′cm= (lps/lpm
)

lcm, l′pm= (lps/lpm

)
lpm = lps, l′cr= (lps/lpm

)2 lcr, l′r = l′cr + l′pr= (lps/lpm

)2
lr

σ′l′pr =
(

1− l′2pm/l′psl′pr

)
l′pr =

(
1− l2

pm/lpslpr

)(
l2
ps/l2

pm

)
lpr = l′pr − lps, l′pr= (lps/lpm

)2
lpr

r′cr= (lps/lpm
)2 rcrr′pr= (lps/lpm

)2
rpr, r′r = r′cr + r′pr= (lps/lpm

)2
rr, ∆′= (lps/lpm

)2∆

where the superscript “,” represents the converted parameter.
After conversion, the stator current and flux are invariable. The relation between

stator voltage and current is invariable. The rotor current decreases lps/lpm. The rotor flux
increases. The stator and rotor time constant are invariable. Figure 3 includes five machine
parameters. The parameters can be obtained by measuring the stator voltage and current..
Single-phase equivalent circuit and BDFM’s parameter conversion at stationary is given in
Figure 3.
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Figure 3. Single-phase equivalent circuit and parameter conversion of BDFM at stationary.

Define a new CM rotor flux linkage as follows:

ψ′
mt
cr = l′cmimt

cs + (l′cr + l′pr − lps

)
i′mt

r (9)

The newly defined CM rotor inductance includes the PM leakage inductance l′pr − lps

and the CM rotor inductance l′cr. Because l′pr − lps is much smaller than l′cr, so ψ′mt
cr ≈ ψmt

cr ,
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the newly defined rotor flux linkage can also reflect the excitation of the CMs magnetic
circuit. In [20], the BDFM is a combined model of the flux algebraic equation and the
voltage and current differential equation instead of the SS equation model. The rotor flux is
defined as the vector sum of the PM and the CM rotor flux linkage. It is easy to see from
the equation rrimt

r +j
.
λ
(

ψ
mt
pr + ψmt

cr

)
= 0 that when the slip frequency is high for a certain

rotor current, maintaining the balance between the rotor-induced voltage and the voltage
drop on the rotor resistance, ψ

mt
pr + ψmt

cr will be reduced. The CM and PM rotor flux will
appear as two approximately equal sizes, nearly opposite direction vectors. Therefore, the
rotor flux amplitude cannot reflect the excitation condition of the rotor magnetic circuit.

Substitute the newly defined rotor flux Equation (9) and the reduced machine parame-
ters into (8). The correlation coefficient is simplified as follows:

N
(

lcsl′cr − l′2cm

)
∆′ l′cr

= 1, l′cm N
∆′ l′cr

=
lpsl′cm

∆′ ,
l′pm

(
lcsl′cr − l′2cm

)
∆′ lps

= 1
lps

,
l′cmr′cs(lpsl′cr − N)

∆′ = 0

l′cm H
(

lcsl′cr − l′2cm

)
∆′ lpsl′cr

=
l′cm(rps+r′r)

l′cr
,

l′cm(N − l′crlps)
∆′ = 0, N

∆′ =
lpsl′cr

∆′ ,
l′2cml′pm − l′pmlcsl′cr

∆′ = −1

Thus, (8) is further simplified as follows:

.
xmt

= Amtxmt + Bmtumt (10)

where,

Amt =


−rps/lps + j

(
ppωr −

.
λ
)
−l′cmrps/l′cr rps/l′cr

−l′cm
(
rps − jppωrlps

)
/∆′

(
−lpsl′2cm

(
rps + r′r

)
/∆′l′cr

−lpsl′2crrcs/∆′l′cr − j
(

pcωr +
.
λ
) ) (

lpsl′cm
(
rps + r′r

)
/∆′l′cr

−jpcωrlpsl′cm/∆′

)
(
rps − jppωrlps

)
/lps l′cm

(
rps + r′r

)
/l′cr −

(
rps + r′r

)
/l′cr − j

.
λ


Bmt =

 1 0
lpsl′cm/∆′ lpsl′cr/∆′

−1 0

, xmt =

 ψ
mt
ps

imt
cs

ψ′mt
cr

, umt =

[
umt

ps
umt

cs

]

The SS equation of BDFM is obtained by taking the CM stator current as the input variable: .
ψ

mt

ps
.
ψ
′mt

cr

 =

− rps
lps

+ j(ppωr −
.
λ)

rps
l′cr

1
lps
(rps − jppωrlps) − rps+r′r

l′cr
− j

.
λ

[ψ
mt
ps

ψ′mt
cr

]
+

 1 − l′cmrps
l′cr

−1 l′cm(rps + r′r)
l′cr

[umt
ps

imt
cs

]
(11)

The electromagnetic torque equation derived by choosing a newly defined state vari-
able is as follows:

Te = −
pp

l′cr
Im
{

ψ
mt
ps

(
ψ′

mt
cr

)∗}
+

ppl′cm

l′cr
Im
{

ψ
mt
ps
(
imt
cs
)∗}

+
pcl′cm

l′cr
Im
{(

ψ′
mt
cr

)∗
imt
cs

}
(12)

The equation of motion is,

Te − TL= J
dωr

dt
(13)

where Im represents the imaginary part operation, “*” represents the conjugate transforma-
tion, J is the moment of inertia equivalent to the machine shaft, and TL is the load torque.

4. Description of Control Strategy and Necessary Conditions for Its Implementation

The arbitrary rotating m-t reference frame is oriented along the direction of the CM
rotor magnetic field:

ψ′cr
mt

= ψ′cr
m
+jψ′cr

t
= ψ′cr+j0 (14)



Machines 2023, 11, 313 8 of 22

Substitute (14) into (11), (12) can be written as follows:

.
ψ
′
cr

m
=

rps

lps
ψ

m
ps + ppωrψ

t
ps −

(
r′r + rps

)
l′cr

ψ′cr − um
ps +

(
r′r + rps

)
l′cm

l′cr
imcs (15)

0 =
rps

lps
ψ

t
ps − ppωrψ

m
ps −

.
λψ′cr − ut

ps +

(
r′r + rps

)
l′cm

l′pm
itcs (16)

Te = −
pp

l′cr
ψ

t
psψ′cr +

(
pcl′cm

l′cr
ψ′cr −

ppl′cm

l′cr
ψ

m
ps

)
itcs +

ppl′cm

l′cr
ψ

t
psimcs (17)

The expected values of the CM rotor flux and torque are substituted into (15)–(17), and
the reference values of the CM stator current and the slip velocity in the rotor field-oriented
m-t reference frame are calculated by using the inverse model. The torque and the CM
rotor flux are replaced by a given value, and the m-t reference frame synchronous angle
is obtained by calculating the slip frequency integral plus the rotor position. The other
variables are the measured values of the m-t reference frame. The expression is as follows:

im
∗

cs =
1

l′cm
ψ′cr
∗
+

l′cr

l′cm
(
r′r + rps

)(um
ps − ppωrψ

t
ps

)
−

l′crrps

l′cmlps
(
r′r + rps

)ψ
m
ps (18)

.
λ
∗
=
−ppωrψ

m
ps +

rps
lps

ψ
t
ps − ut

ps +
(r′r+rps)l′cm

l′cr
ψ′cr
∗

ψ′cr
∗ (19)

it∗cs =
T∗e −

ppl′cm
l′cr

ψ
t
psim∗cs +

pp
l′cr

ψ
t
psψ′cr

∗

l′cm
l′cr

(
pcψ′cr

∗ − ppψ
m
ps

) (20)

Figure 4 shows the BDFM slip frequency vector feedback linearization control (SFV-
FLC) block diagram. First, the excitation current and torque current are calculated by giving
the CM rotor flux and the electromagnetic torque. The torque reference value is obtained by
the speed PI regulator. The known CM rotor flux and excitation current in (18) and (20) are
substituted into (19) to calculate the slip velocity, so indirect magnetic field orientation is
realized. Secondly, the difference between the reference current and the actual current, and
the control voltage under the m-t reference frame, is obtained by the PI regulator, which is
transformed into a three-phase static reference frame. Finally, the BDFM is controlled by
SPWM modulation.
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pcψ′∗cr − ppψ
m
ps is shown in the denominator position of the electromagnetic torque

expression (20). pcψ′∗cr − ppψ
m
ps is not to be zero; otherwise, this control cannot be realized.

The necessary conditions for the solution of the SFV-FLC are obtained, namely,

pcψ′cr
∗ − ppψ

m
ps 6= 0 and ψ′cr

∗>
pp

pc
ψ

m
ps (21)

When the PM stator is open circuit, that is, ψ
t
ps = ψ

m
ps = ut

ps = um
ps= 0 in (18)–(20),

then the SFV control law of the induction motor can be obtained.

5. Performance Analysis

According to the CM’s rotor field orientation, the load characteristics of the BDFM slip
frequency vector feedback linearization control system are discussed below when the PM
is supplied with constant voltage and frequency.

When the machine is running in a steady state, the state variables in (11) become DC
values, the derivative of the PM stator flux and the CM rotor flux become zero, and the
static equation of BDFM can be written as follows:

0 =

(
−

rps

lps
+j
(

ppωr −
.
λ
))

ψ
mt
ps +

rps

l′cr
ψ′cr + umt

ps −
rpsl′cm

l′cr
imt
cs (22)

0 =

(
rps

lps
− jppωr

)
ψ

mt
ps +

(
r′r + rps

)
l′cm

l′cr
imt
cs − umt

ps −
((

r′r + rps
)

l′cr
+j

.
λ

)
ψ′cr (23)

The Equations (22) and (23) are combined to eliminate the PM stator voltage, and the
expressions for the CM stator current, the PM stator flux and the CM rotor flux are obtained:

imt
cs =

(
1

l′cm
+j

.
λl′cr

r′rl′cm

)
ψ′cr+j

.
λl′cr

r′rl′cm
ψ

mt
ps (24)

The Equation (24) is substituted into (22), and the CM stator current is eliminated to
obtain the following:

umt
ps =

(
rps

lps
+j

( .
λrps

r′r
−
(

ppωr −
.
λ
)))

ψ
mt
ps +j

.
λrps

r′r
ψ′cr (25)

The PM is connected to the constant voltage and frequency power grid (220 V/50 Hz).
The voltage amplitude and frequency are constant. That is, the PM supply constraint is
as follows:  ωp= 2π fp = ppωr −

.
λ

u2
ps =

(
um

ps

)2
+
(

ut
ps

)2 (26)

Multiply the two sides of (25) by their conjugations, and then combine with (26)
to obtain,

u2
ps =

(
b2

1 + b2
2

)
ψ

2
ps+2b3Re

{
(b2 − jb1)ψ

mt
ps ψ′cr

}
+ b3

2ψ′cr
2 (27)

where ψ
2
ps = ψ

m2
ps + ψ

t2
ps, b1 = rps/lps , b2 =

.
λrps/r′r −

(
ppωr −

.
λ
)

, b3 =
.
λrps/r′r.

Equation (24) is substituted into (12) to obtain the electromagnetic torque equation,

Te =

.
λ

r′r

(
−ppψ

2
ps + pcψ′cr

2
+
(

pc − pp
)
ψ′crψ

m
ps

)
(28)
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It can be seen from (28) that
.
λ/r′r is constant when slip velocity and machine parame-

ters are fixed. Based on the above conditions, the torque boundary corresponding to the
BDFM sinusoidal steady-state solution can be reached when ψ

m
ps = −ψps or ψ

m
ps = ψps.

The PM’s stator flux amplitude is affected by the stator current’s voltage drop on
the stator resistance. To calculate the BDFM output torque boundary, the PM voltage
Equation (27) and torque Equation (28) are simultaneous equations. The electromagnetic
torque equals the load torque when the machine is in a steady state. To derive the quadratic
equation for the PM stator flux,

a1k2
2 + a1k2

1
k2

2

(
ψ

m
ps

)2
+

2a1k1 k3 + a2k2
2ψ′cr

k2
2

ψ
m
ps +

a1k2
3

k2
2

+ a3ψ′cr
2 − TL= 0 (29)

where,

k1 = a2

(
b2

1 + b2
2

)
ψ′cr − 2a1b2b3ψ′cr, k3 = −

(
b2

1 + b2
2

)
TL + a1u2

ps +
(

a3

(
b2

1 + b2
2

)
− a1b2

3

)
ψ′cr

2

k2= 2a1b1b3ψ′cr, a1 = −pp
.
λ/r′r, a2 = −

(
pp − pc

) .
λ/r′r, a3 = pc

.
λ/r′r.

As seen from (25), when the PM stator voltage is constant, given the CM rotor flux,
slip velocity, and load torque, the PM’s stator flux solution can be obtained. When the load
torque gradually increases and gradually decreases, (29) is not the real solution. In this
case, the BDFM has reached the torque boundary. According to the BDFM parameters in
Table 1, the load boundaries of the BDFM are calculated by MATLAB, as shown in Figure 5.
To facilitate understanding, convert the above 3D surface into 2D, as shown in Figure 6.
The load torque in the figure is expressed in per unit value,TLb = TL/TN .

Table 1. BDFM Experimental parameters.

Parameter Value Parameter Value

P(KW) 8 rps/rcs (Ω) 0.813/0.533
TN/(N·m) 50 rpr/rcr (Ω) 0.6/0.493

pp 1 lps/lcs (H) 0.372/0.0649
pc 3 lpm/lcm (H) 0.367/0.0636
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Figure 5 shows that the load torque of the BDFM with steady-state sinusoidal solution
has a boundary. Under the condition that the stator voltage and the PM’s supply frequency
are fixed, the BDFM output torque boundary varies with the CM rotor flux and the machine
speed. However, the load boundaries of the BDFM are not symmetrical. When the CM
rotor flux amplitude is greater than a specific value, the upper bound of output torque will
be less than zero. When the CM rotor flux amplitude is less than a specific value, the lower
bound of output torque will be greater than zero.

Figure 6a shows that when the CM rotor flux ψ′cr = 0.7 Wb, the static load-interval
width decreases from sub-synchronous to synchronous to super-synchronous (The syn-
chronous speed is 750 r/min), and the load capacity is weakened; the load torque bound-
aries are shown in Table 2. Figure 6b shows that when the speed nr = 1500 r/min, the
load-interval width becomes more extensive with the rotor flux amplitude increase, but the
machine’s positive load capacity becomes weaker. Therefore, when the machine is running
at high speed, the load capacity can be improved by reducing the CM rotor flux. Unless the
slip frequency is particularly low, reducing the CM rotor flux can always cause the machine
torque to be much higher than the rated value.

Table 2. The boundaries of load torque at ψ′cr = 0.7 Wb.

nr (r/min)
.
λ (r/min) TLb

300 −2700 [3.49, −5.24]

600 −2400 [3.12, −4.58]

900 −2100 [2.74, −3.91]

1200 −1800 [2.37, −3.25]

1500 −1500 [2.00, −2.59]

When the PM stator resistance is minimal and the PM stator flux is kept constant, the
torque Equation (28) is linearly related to the rotor resistance and slip velocity under the
specific CM rotor flux. Figure 7 shows the boundaries of the BDFM loaded interval before
and after the rotor resistance reduction by 0.5 times, calculated by MATLAB. To facilitate
understanding, convert the 3D surface to 2D, and the result is shown in Figure 8.

From Figure 8 and Table 3, when ψ ′cr = 0.7 Wb, the load torque boundaries are
proportional to the slip velocity and inversely proportional to the rotor resistance. When
the slip velocity is constant, the load torque boundaries are inversely proportional to the
rotor resistance. When the rotor resistance is minimal and the rotor loss can be neglected,
the CM torque and PM torque are controlled in the same direction. The ratio of the
two-machine torque is equal to the ratio of the pole-pairs number of the two machines.
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Table 3. The boundaries of load torque at ψ′cr = 0.7 Wb.

nr (r/min)
.
λ (r/min)

TLb
rr 0.5rr
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6. Simulation Results

To verify the effectiveness of the research content proposed in the paper, the BDFM
control system model is established based on MATLAB /Simulink. In the simulation and
experiment, the CM is powered by the inverter, and the Siemens inverter powers the PM.
The Siemens inverter is powered by 44 V/10 Hz. The inverter’s DC voltage is 150 V. As
can be seen in (18), (19), and (20), it is necessary to observe the machine flux during the
control process. Therefore, the rotor voltage equation in (6) and the rotor flux equation in
(9) are combined to eliminate the rotor current, and the flux observation model in the d-q
reference frame is obtained: ψ

dq
ps = − l′pml′cms

(r′r+l′rs) idq
cs +

lps(r′r+l′crs)
(r′r+l′rs) idq

ps

ψ′cr
dq =

l′cm(r′r+l′pms)
(r′r+l′rs) idq

cs −
l′crl′pms
(r′r+l′rs) idq

ps

(30)
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Of course, the PM’s stator flux can also be obtained by using the voltage and current
model in the static reference frame. The PM stator flux linkage is obtained by using the
large inertia instead of pure integration to solve the problem of DC offset.

6.1. Verification of Decoupling Performance

The CM rotor flux reference value is 0.45 Wb. Combining with (29) and Table 1, the
results show that when the rotor speed changes from 75 r/min to 225 r/min, the positive
boundary of the load changes from 13.2 N.m to 10.7 N.m, and the negative boundary
of the load changes from −38. 4 N.m to −28.5 N.m. The rotor speed loop is added in
the simulation and experiment based on the SFV-FLC. When the reference speed is from
75 r/min to 150 r/min to 225 r/min; the step increase speed, step decrease speed, and
torque limit are ±10 N.m; the simulation results are shown in Figure 9. When the reference
speed (synchronous speed) is 150 r/min and the load torque is 8 N.m, the simulation results
are shown in Figure 10. When the reference speed is 75 r/min and the load torque is 8 N.m,
the simulation results are shown in Figure 11. When the reference speed is changed from
150 r/min to 75 r/min, and the torque limit is ± 20 N.m, the simulation results are shown
in Figure 12. When the reference speed is an under-synchronous speed of 75 r/min, and
step load torque is applied from no-load to 10 N.m, the simulation results are shown in
Figure 13.
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Figure 9. Simulation results of step increase and decrease. 

As shown in Figure 9, the rotor speed and the CM rotor flux can accurately track the 
reference value. In increasing speed and decreasing speed, the torque change does not 
affect the CM rotor flux. The results show that the decoupling control method can elimi-
nate the coupling effect between the flux and torque and realize high-performance decou-
pling control. In addition, the CM stator current waveform shows that 150 r/min is the 
synchronous speed. The CM’s stator phase sequence changes when the synchronous 

Figure 9. Simulation results of step increase and decrease.

As shown in Figure 9, the rotor speed and the CM rotor flux can accurately track
the reference value. In increasing speed and decreasing speed, the torque change does
not affect the CM rotor flux. The results show that the decoupling control method can
eliminate the coupling effect between the flux and torque and realize high-performance
decoupling control. In addition, the CM stator current waveform shows that 150 r/min is
the synchronous speed. The CM’s stator phase sequence changes when the synchronous
speed runs up and down. When the rotor speed increases from 75 r/min to 225 r/min in
2 s~4.8 s, the CM changes from a negative phase sequence to a positive phase sequence,
and the machine runs in the super-synchronous state. When the rotor speed decreases from
225 r/min to 75 r/min in 4.8 s~7.6 s, the CM changes from a positive phase sequence to a
negative phase sequence and the machine runs in an under-synchronous state.
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Figure 11. Simulation results of under-synchronization at 75 r/min. 

As shown in Figure 11, the load torque is 8 N.m. The rotor speed is stable at an under-
synchronous speed of 75 r/min (the negative phase sequence of the CM power supply 
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As shown in Figure 10, the load torque is 8 N.m. The rotor speed is stable at a
synchronous speed of 150 r/min (the CM power supply frequency is 0). The CM rotor flux
and the rotor speed are controlled to track the reference value accurately.
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Figure 11. Simulation results of under-synchronization at 75 r/min.

As shown in Figure 11, the load torque is 8 N.m. The rotor speed is stable at an
under-synchronous speed of 75 r/min (the negative phase sequence of the CM power
supply output and power supply frequency is 5 Hz). The CM rotor flux and the rotor speed
are controlled to track the reference value accurately.
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Figure 13. Simulation results when step disturbance is applied. 
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Figure 13. Simulation results when step disturbance is applied. Figure 13. Simulation results when step disturbance is applied.

As depicted in Figure 12, the rotor speed changes from 150 r/min to 75 r/min at 2 s,
the CM frequency changes from 0 to the negative phase sequence 5 Hz, and the rotor speed
responds quickly and is stable at the reference value. When the rotor speed step changes,
the CM rotor flux is stable at the reference value. In addition, the system has a stable output
torque of −20 N.m in 2 s~2.12 s; the rotor speed enters the steady state, and the torque
is immediately stable at 0 N.m in 2.12 s~2.5 s. The results show that the control strategy
is effective.

As depicted in Figure 13, the reference speed of 75 r/min is kept constant, at which
point the CM power supply frequency is the negative phase sequence 5 Hz. When 10 N.m
load torque is added at 2.8 s, the torque response is fast, and the reference value is tracked
accurately. With the increase in load torque, the CM and PM stator current decrease. When
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the load torque changes suddenly, the rotor flux is stable at the reference. Simulation results
show that the strategy has anti-load disturbance performance.

6.2. Verification of Load Boundary

The CM rotor flux reference value is 0.45 Wb. The combined (31) and Table 1 calculated
that when the rotor speed is 75 r/min, the positive and negative load boundaries are
13.2 N.m and −38.4 N.m, respectively. In this paper, only the positive load boundary is
verified. In the simulation, the load torque from 10 N.m increases gradually.

From Figure 14, the rotor speed and rotor flux do not change with the increase in
torque in 1 s~2.5 s, so the decoupling of flux and torque is realized. The load torque applied
exceeds the load positive boundary 13.2 N.m in 2 s~4 s. The CM and PM’ stator current
waveforms are non-sinusoidal, and the flux and torque fluctuate greatly. The control
strategy presented in the paper loses decoupling and dynamic tracking characteristics. The
simulation results show that the loaded boundary is effective.
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Figure 14. Simulation results of load boundary verification. 
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7. Experimental Results

The BDFM experimental platform, as shown in Figure 15, is built in the laboratory.
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Figure 16. Hardware experimental platform connection diagram. 

7.1. Verification of Decoupling Performance 
The dynamic tracking and decoupling performance of the BDFM are tested under 

the same simulation conditions as in Section 6. 
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Figure 16 shows the hardware platform connection diagram. This mainly includes
the BDFM, the DC Cabinet, the Siemens Inverter, the dynamometer machine, the inverter,
the control algorithm by dSPACE hardware in the loop system, and Matlab/Simulink
modeling real-time interface (RTI) automatically compiles and downloads to dSPACE 1103
control board to achieve.
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7.1. Verification of Decoupling Performance

The dynamic tracking and decoupling performance of the BDFM are tested under the
same simulation conditions as in Section 6.

As depicted in Figure 17, the rotor speed and the CM rotor flux can accurately track
the reference value. In increasing and decreasing speed, the torque change does not affect
the CM rotor flux. The results show that the decoupling control method can eliminate the
coupling effect between the flux and the torque and realize high-performance decoupling
control. In addition, the CM stator current waveform shows that the rotor speed increases
from 75 r/min to 225 r/min in 1.5 s~3 s, the CM changes from a negative phase sequence
to a positive phase sequence, and the machine runs in the super-synchronous state. The
rotor speed decreases from 225 r/min to 75 r/min in 4.5 s~7.2 s, the CM changes from
a positive phase sequence to a negative phase sequence, and the machine runs in an
under-synchronous state.

As depicted in Figure 18, the applied load torque is 8 N.m. The rotor speed is stable at
a synchronous speed of 150 r/min (the CM power supply frequency is 0 Hz). The CM rotor
flux and the rotor speed are controlled to track the reference value accurately. Experimental
results show that the control strategy has a good response performance.

As depicted in Figure 19, the applied load torque is 8 N.m. The rotor speed is stable at
an under-synchronous speed of 75 r/min (the CM power supply frequency is the negative
phase sequence 5 Hz). The CM phase sequence is opposite to the PM phase sequence. The
CM rotor flux and the rotor speed are controlled to track the reference value accurately.
The results further verify the feasibility of the control method.

From Figure 20, the rotor speed changes from 150 r/min to 75 r/min at 1.9 s, the
control frequency changes from 0 to the negative phase sequence 5 Hz, and the rotor speed
responds quickly and is stable at the reference value. When the rotor speed step changes,
the CM rotor flux does not change with the torque change, and the precise decoupling of
the flux and the torque is realized. In addition, the system has a stable output torque of
−20 N.m in 1.9 s~2.1 s; the rotor speed enters the steady state, and the torque is immediately
stable at 0 N.m in 2.2 s~2.5 s. The experimental results present that the control strategy has
good decoupling performance.
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From Figure 21, the reference speed of 75 r/min is kept constant, at which point the
CM power supply frequency is the negative phase sequence 5 Hz. When adding 10 N.m
load torque at 2.8 s, the torque response is fast, and the reference value is tracked accurately.
The CM and PM stator current decrease with the increase in load torque. When the load
torque changes suddenly, the rotor flux keeps constant, and the decoupling of flux and
torque is realized. The experimental results are consistent with the simulation results and
show that the strategy has good control and anti-load disturbance performance.
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7.2. Verification of Load Boundary

The same simulation conditions as in Section 6 are selected to verify the positive load
boundary with the BDFM.

From Figure 22, the rotor speed and rotor flux are unaffected by an increase in torque.
in 1 s~2.5 s, so the flux and torque become decoupled. The load torque applied exceeds
the load positive boundary 13.2 N.m in 2.5 s~4 s. The CM and PM stator current is non-
sinusoidal, and the flux and torque fluctuate considerably. The control strategy presented
in the paper loses decoupling and dynamic tracking characteristics. The results present
that the performance analysis is effective.
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By comparing the simulation results in Figures 9–14 with the experimental results in 
Figures 17–22, it can be seen that when the simulation conditions are consistent with the 
experimental conditions, the conclusions of the simulation and the experiment are con-
sistent, but there is a slight difference between the two waveforms. Since the voltage and 
current sampling in the simulation are in an ideal condition, there is no interference from 
external factors. In the experiment, the voltage and current are sampled through the sen-
sor. Due to the interference of various factors, the sampling signal will have weak ripples, 
which will affect the feedback control, the observation of the actual torque, and the obser-
vation of the rotor flux. Therefore, the control effect of each variable observed in the ex-
perimental results is slightly different from that in the simulation, but the verified conclu-
sions are consistent. If the BDFM runs within the load boundary, the SFV-FLC can realize 
the decoupling of the flux linkage and torque. If the torque boundary is exceeded, the 
whole system loses its decoupling characteristics. 
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This paper presents the slip frequency vector feedback linearization control (SFV-

FLC) strategies and analyses the BDFM control performance under supply constraints. Its 
contribution lies in the SFV-FLC method that can realize the effective decoupling of the 
CM rotor flux and the torque. In addition, the BDFM control characteristics analysis shows 
that when neglecting the PM stator resistance, the BDFM load boundary is inversely pro-
portional to the rotor resistance and directly proportional to the slip velocity. Theoretical 
derivation and experimental results prove the feasibility and correctness of the control 
strategy and performance analysis. The research presented in the study applies to the 
squirrel-cage BDFM. These results are not only beneficial to the machine system design 
but also help to reduce the fault [31] rate of the machine operation.  
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Figure 22. Experimental results of load boundary verification.

By comparing the simulation results in Figures 9–14 with the experimental results
in Figures 17–22, it can be seen that when the simulation conditions are consistent with
the experimental conditions, the conclusions of the simulation and the experiment are
consistent, but there is a slight difference between the two waveforms. Since the voltage
and current sampling in the simulation are in an ideal condition, there is no interference
from external factors. In the experiment, the voltage and current are sampled through
the sensor. Due to the interference of various factors, the sampling signal will have weak
ripples, which will affect the feedback control, the observation of the actual torque, and
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the observation of the rotor flux. Therefore, the control effect of each variable observed in
the experimental results is slightly different from that in the simulation, but the verified
conclusions are consistent. If the BDFM runs within the load boundary, the SFV-FLC can
realize the decoupling of the flux linkage and torque. If the torque boundary is exceeded,
the whole system loses its decoupling characteristics.

8. Conclusions

This paper presents the slip frequency vector feedback linearization control (SFV-
FLC) strategies and analyses the BDFM control performance under supply constraints.
Its contribution lies in the SFV-FLC method that can realize the effective decoupling of
the CM rotor flux and the torque. In addition, the BDFM control characteristics analysis
shows that when neglecting the PM stator resistance, the BDFM load boundary is inversely
proportional to the rotor resistance and directly proportional to the slip velocity. Theoretical
derivation and experimental results prove the feasibility and correctness of the control
strategy and performance analysis. The research presented in the study applies to the
squirrel-cage BDFM. These results are not only beneficial to the machine system design but
also help to reduce the fault [31] rate of the machine operation.
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