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Abstract: The brushless doubly fed induction machine (BDFIM) is being considered as a possible
solution for low-speed wind energy generator applications. It has been proposed as an alternative to
the doubly fed induction machine (DFIM) due to its robust rotor structure as well as low operational
maintenance requirements. However, due to its complicated control philosophy, higher overall
machine size due to the extra set of control windings in the stator, and slightly lower efficiency, it is
yet to be adopted in commercial applications. In this paper, a simplified vector control scheme for the
control winding of a cage+nested-loop (cage+NL) rotor BDFIM is proposed. Experimental results are
compared with simulations to validate the effectiveness of the proposed control scheme.

Keywords: brushless doubly fed induction machine; DFIG; nested loop; cage+NL

1. Introduction

The doubly fed induction generator (DFIG) remains popular in wind energy conver-
sion systems. However, with its high maintenance due to slip rings and gearbox wear,
DFIGs face numerous challenges for offshore applications where regular maintenance
can be challenging. The permanent magnet synchronous generator (PMSG) is another
generator which has been commonly used in numerous offshore wind energy conversion
systems. The PMSG has been demonstrated to be more cost effective than its wound rotor
alternatives. Additionally, it is capable of operating at lower speeds, since it has larger
pole numbers compared to traditional wound rotor generators. This makes it preferable
for low-speed applications and in direct-drive applications. The brushless doubly fed
induction machine (BDFIM) has been considered as another possible solution for these
low-speed applications. Furthermore, the BDFIM has been proposed as an alternative
to the doubly fed induction machine (DFIM) due to its robust rotor structure as well as
low operational maintenance requirements. This has made the BDFIM more appealing to
applications such as offshore wind energy conversion systems [1,2]. Furthermore, it can
be used in direct-drive applications, with the significant advantage of not relying on the
scarcity of rare earth metals [3].

Generally, the BDFIM has two stator windings: a power winding and a control
winding. The rotor topology varies but the most popular topology is the nested loop rotor.
As shown in Figure 1 the BDFIM has two balanced three-phase windings on its stator. Here,
one of the windings is the primary winding (also called the power winding (PW)) which
is directly connected to the grid. The secondary winding (also referred to as the control
winding (CW)) is also indirectly connected to the grid by means of a fractionally rated
frequency bidirectional converter.

For BDFIMs developed for low speed direct-drive purposes, a large number of rotor
nests to match the amount of stator pole pairs is required, thus making their modeling
increasingly complicated, with the simplest machine requiring at least 10 system states. It
is easy to imagine how full state control of such a machine can become extremely complex
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to achieve, necessitating the development of a simplified model. In most alternating
current (AC) controllers, this is achieved by reducing the machine model to a dg-frame
equivalent, which allows the machine to be controlled similarly to a DC machine [4]. A
larger challenge in BDFIMs is the reduction techniques suitable for the equivalent circuit
models of the rotor. With multiple possible rotor topologies, BDFIM models often require
superpositioning or various forms of equivalent circuit analysis in order to be simplified to
an equivalent traditional cage rotor, usually a squirrel cage topology. Wallace et al. and
Spée et al. used a dynamic coupled circuit technique to model a prototype BDFIM [5,6]. A
generalized pole number model is presented in [7]. Furthermore the dynamic simulation
and two-axis (dg-axis) model was also further developed and presented in [8,9]. A simple
method of summation was presented in [10]. This however could only reliably be applied
to nested-loop rotors and sometimes lead to erroneous results.
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Back-to-back converter

Figure 1. Bushless doubly fed induction machine (BDFIM) implementation as a wind turbine.

In [11], Roberts proposed an extension to the works done by Boger [10]. A method
whereby a full-state model of the BDFIM was developed and mapped down to an equivalent
two-axis model while retaining as much of the machines’ characteristics as possible, making
it suitable for control purposes.

Due to its complicated control philosophy, higher overall machine size due to the extra
set of control windings in the stator, and slightly lower efficiency, the BDFIM is yet to be
adopted in commercial applications.

Interest on vector control of BDFIMs has generally increased recently. An experimental
evaluation of a rotor-flux-oriented control scheme for a BDFIM was presented in 1997 [12].
In 1999, a complex vector model for a dual-stator induction machine (DSIM) was devel-
oped [13]. The DSIM is very similar to the BDFIM, with two three-phase windings in the
stator, but its rotor is of the squirrel cage type. This study was soon followed by [14], where
a drive was developed for these dual stator winding machines. The proposed drive offered
advantages, such as sensorless operation and more flexibility to manipulate the resultant
torque—speed curve of the motor.

More recently in 2008, control algorithms for the grid-side and control-side converters
were presented [15]. These methods showed soft and fast synchronization at the minimum
rotating speeds.

The control of BDFIMs is based on traditional multiple reference frames, which are
very complex. A simplified control scheme was proposed in [16]. The proposed control
scheme included a new and simpler derivation of the dg-model of the BDFIM. The vector
model presented in [16] only considered a single-loop-per-nest rotor. However, it provided
guidelines for a multiple-loop-per-nest rotor. Using this approach, the resulting vector
model would be based on an approximate equivalent loop for each nest. This granted a
significant reduction in model complexity, while retaining reasonable model accuracy.

In [17], a vector control algorithm was developed with the goal of achieving similar
dynamic performance to the DFIM. There, it was confirmed that by exploiting well-known
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induction motor vector control philosophy, the BDFIM can produce similar dynamic
performance under this type of control to that of the DFIM. In [15,18], a vector model was
derived for a BDFIM where all the loops in each nest of the rotor were considered. Later,
in [19], a performance analysis through simulations was presented.

In [20], a vector control structure was presented for a BDFIM. This structure was
further extended in [21], where the vector control system was based on the basic BDFIM
equation in the synchronous mode accompanied with an appropriate synchronization to
the grid. Furthermore, an analysis was performed for the generalized vector control system
proving the efficacy of the proposed approach.

Recently, it has been shown that the BDFIM employing the cage-plus-nested-loop
(cage+NL) rotor structure has better performance under certain conditions over the nested
loop structure [22]. In Figure 2, an image of the cage+NL rotor structure is shown, whereby,
the cage and the loops can be easily identified.

Cage end-ring Cage bar Common end-ring

Middle loop Inner loop

Figure 2. Cage+NL rotor structure for a brushless doubly fed induction machine [22].

In this paper, a full-state model of a BDFIM that utilizes a cage+NL rotor structure
is presented. To aid in the development of a control algorithm, a reduced dg-equivalent
model of a cage+NL rotor BDFIM is developed. This is realized by adapting and extending
the procedures that were proposed in [11] for nested-loop rotor BDFIMs. The entire 23-state
model is reduced to an equivalent eight-state synchronous reference frame model that is
suitable for control purposes. A vector control scheme for the control winding of the BDFIM
is then developed and validated through simulation and experimental measurements.
Therefore, to summarize, the contributions of this paper are to: (a) accurately model the
BDFIM with a cage+NL rotor, (b) employ model reduction techniques in simplifying the
accurate model and ensure that the machine’s physical properties are retained, (c) develop
a stable and robust control of the BDFMs’ active and reactive power, and (d) validate the
control method through simulations.

2. BDFIM Coupled Circuit Model
2.1. Full-State Frame Coupled Circuit Model

The cage+NL rotor of the BDFIM can be represented in terms of an equivalent circuit
as shown in Figure 3. A full-state model of the BDFIM is given in this section. This model
is then used to validate the effectiveness of the reduced model. The full-state model was
presented in [11] and the same notation is utilized in this paper.

Assuming a linear magnetic circuit, the mathematical model of the BDFIM is given by [11],

am di
v=Ri+—i+M—, 1
MR @
where v and i are the voltage and current vectors, respectively, R is the resistance matrix,
and M is the mutual inductance matrix. Since the mutual inductance can be assumed to
vary with the rotational angle, 8, and by defining the rotor mechanical speed w;, as

de
(Ur = 7;/ (2)



Energies 2022, 15, 5238 40f17
then, (1) can be expressed in terms of the rotor position as
) M . di
v=Ri+w——i+M— 3
" de, dt ®)
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Figure 3. BDFIM cage+NL rotor equivalent circuit [22].

For the BDFIM, v and i can be expressed as

A Us1 A is]
v=|vs|, i= |is], 4)
Uy iy

where subscripts 1 and 2 represent stator 1 (power winding) and stator 2 (control winding),
respectively, and subscripts s and r represent the stator and rotor, respectively. For practical
implementation, each stator winding requires a four-wire (3 phases plus neutral) connection.
Note that the voltages vy, vs2, and v, are vectors and so are the currents in i. By design,
the mutual inductance between stators 1 and 2 is zero and the mutual inductance between
stator 1 and stator 2 is a function of the rotor angle. Furthermore, M1, = Mzg and My,
M, and M, are constants.
Finally, the full-state BDFIM model can be rewritten as,

Us1 _Rsl 0 0 isl
2| =| 0 Re 0] |in
Oy L 0 0 Rr ir
B dMl
0 0 ddes,r is]
+o | 00 M iy
dMslr dMsZr O iy
Rarn a0,
[ Mg 0 Mg, | |is1
+1 0 Mg M| |is2]- 5)
T T :
_Mslr Ms2r M" Ly

The mechanical dynamic equation for the BDFIM is given by

dw
] dt’ =T,— T — bw,, (6)

where | is the machine inertia, b is the friction coefficient, and T; is the load torque. The
electromagnetic torque, T,, is given by [11]

dMg .
1 0 0 d}‘{/?rr 151
TE:E[IsTl il ]| 0 0 x| il (7)
dMslr dMsZr 0 ir

do, do,
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The complete state-space representation of the dynamics of a BDFIM can be derived
by combining Equations (5)—(7).

In [11], it was shown that the system states depend on the rotor position, 6,, which
can be particularly problematic since a discrete and accurate measurement or estimation of
the rotor position is crucial for effective control.

2.2. BDFIM dq0-Reference Frame Model

The model presented in Section 2.1 provides little insight into the machine for control
purposes. As such it is necessary to represent the BDFIM’s mathematical model as an
equivalent dg0-reference frame model. This is done using the methods suggested in [11],
where the original rotor states are reduced to a rotating dq0 reference frame, effectively
mapping the original physical parameters to theoretical equivalent vectors on a new
reference axis, while attempting to retain as many of the key characteristics of the full-state
machine.

2.2.1. Transformation Matrices

For a stator winding with py pole pairs, the dg0-transformation matrix is given by

cos(px0r) cos(px(0r — @) cos(px(6r — 2¢))
Cu= 2 [sinps0) sin(y =) sin(pa(6~20))] ®)
1 1

V2 V2

&._.

where ¢ = X, and subscript x can either be 1 or 2 representing the two BDFIM stator

= 3p
windings. For nested-loop rotor BDFIMs, the rotor transformation matrix for a p; pole pair

rotor with a single set of loops has been proposed in [10] as,

cos(0) 605(27;”1 ) cos(zn(p;l)p1 )
Cn = \/7 sin(0) Sm(27;p1) sin(h(p%)m) , )
1 1 1
V2 V2 V2

where p = p; + po. A similar matrix is given for a p, pole pairs although it has been
shown to be unnecessary in Equation [11]. The rotor transformation matrix in (9) is not
square and therefore a similarity transformation that is invertible is required. While this
does not reduce the system states, a further analysis will show that by careful selection of
certain state parameters, the dominant characteristics can be retained with minimal loss of
accuracy.

A full-rank (invertible) transformation matrix for a single set of loops is defined as [11],

Crl
= CL ,

rl

(10)

where C; is a matrix whose rows are orthonormal and span the orthogonal complement

rl
to the row space of C,1. For a rotor with N sets of p rotor circuits, the full rotor dq0-
transformation matrix can then be defined as [11],

Crl
c.| 0 0
rl
cN=1 o 0 |- (11)
C
0 0 cﬂ
L rN1J
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Using Equations (8) and (11), an overall full-state transformation matrix may be

defined as
Cq O 0
C=|0 Co 0. (12)

0 o0 cVN

2.2.2. BDFIM dg0-Reference Frame Modeling

The BDFIM considered in this paper consisted of 2 primary (power winding) and
3 secondary (control winding) pole pairs as well as a cage+NL rotor with 5 nests, with each
nest containing 3 loops. Therefore, the model under consideration would require a total of
23 system states to be an accurate representation of the described machine. The dq0-rotor
reference frame model of the BDFIM can be derived by following the method proposed
in [11]. The general coupled circuit model given in Equation (5) may be represented as,

Us1 Ra O 0 is1
U2 | = 0 Rs2 0 isZ
Uy 0 0 Ry |i
d Msl 0 Mslr isl
+ E 0 Mg, Mg, Z‘s2 . (13)
My, M, M, i

The transformation of the currents into the dg0-plane is defined as

isl A Csl 0 0 isl
ifgo =10 Cs 0]]linf, (14)
140 0 0 CN|Li

where i with no superscript is the current in the full-state model. Then, the transformation
from the dq0-plane to the full-state plane is defined as,

. T [.dq0
Is1 A Ca O 0 lfilqo
i =0 Co 0| [if7). (15)
ir 0 0 CY] [0

Similarly, the voltage transformations are defined as

dq0
vsg A Ca O 0 Us1
U;z;,o =10 Co 0| |vs]. (16)
o310 0 0 CN||o

An equivalent full-state dg0-model for a general rotor BDFIM may be obtained by
substituting Equations (14)—(16) into Equation (13) and rearranging, that is,

.dg0 .dq0
1 1
d | 3ho dg01-17_ 1odq0 d007 | ko
7 0 Bl I e S o R
dt | 's2 52
.dq0 .dg0
i i
vng
S
+ M0 | g0 (17)

0
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where the submatrices can be found in Appendix A.2. The electromechanical torque given
in Equation (7) becomes

.dq0 T dq0
1 .dg0
T - L;zo] [Qz%] i, a8

s2 erz

The dg0-rotor reference frame model that is derived through the use of the transfor-
mation matrices discussed in Section 2.2 consists of 23 states. However, the unobservable
rotor circuits can be removed, thus reducing the rotor states from 15 to 8. Furthermore,
assuming a balanced phase voltage feed, the zero-sequence components of the rotor and
stator circuits can be ignored. Then, the resulting system describing the equivalent full-state
dg-model in the rotor reference frame consist of 4 stator, 6 rotor, and 2 mechanical circuits,
a total of 12 system states.

Simulation results were used to validate the dq0 model. The cage+NL rotor BDFIM
machine parameters are given in Appendix A.1.

Figure 4 shows a comparison of the bar current waveforms of the middle loop of
a single nest for the two BDFIM models derived in this section, the first being the full
23-state coupled circuit model from Section 2.1 and the second being the equivalent 12-state
dq0-model. The results shows the effectiveness of the dg0-model.

_ quO —model

[r—rniddle B r—maiddle

200
<

E 0
£
Q

—200

0 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]

Figure 4. BDFIM full-state coupled circuit model’s middle loop currents compared with the dq0
equivalent model during startup with zero initial current and natural speed.

2.3. Component Selection for Reduced Order Model

For control purposes, it is convenient to develop a reduced order representation of
the BDFIM with a single dg-rotor pair. Truncating the dg0-model will result in a poor
representation of the original model. Due to the system not being time invariant in nature,
reduction techniques for linear time-invariant (LTI) systems such as balanced truncation
and optimal Hankel-norm approximation are not suitable for transient analysis [11]. Since
the system is dependent on rotational speed, w;, it can be called a linear parameter-
varying system (LPV), for which generalizations of the Hankel-norm or balanced truncation
techniques exist as well. However, for the physical interpretation of the machine to be
maintained, techniques such as balanced truncation have to be applied to each component
individually. For instance, the stator is already reduced, and as such, the technique should
only be applied to the rotor. Therefore, it is desired to reduce the states of the rotor currents
represented in Equation (17) as

di,

= MR, + o [MA)1 Qs iy + (19)

where the external stator currents and input voltage are represented by 1. When applying
the suitable reduction techniques, it becomes clear that it can be difficult to represent
the balanced system in terms of mutual inductance, resistance, and the Q terms. As
such, the designer loses insight into the physical interpretation of the component matrices.
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Accordingly, a method of reduction using an equivalent circuit mapping was proposed
in [11]. The method is considered to be a good approximation for various rotor types;
however, in [11], it was only applied to nested-loop-type rotors. In order to reduce the rotor
states to two, a state order was chosen such as to order its eigenvalues in decreasing order
from top left. To achieve this, the following steps were performed:

1. A matrix T which consists of eigenvectors of M, must be obtained and ordered such
that its eigenvalues decrease from left to right.

2. T must be partitioned into two submatrices [Tl Tz] where T is two columns wide.

3. Reduce the state order of the full-state dg0-reference frame BDFIM model by applying
the nonsquare state transformation

dq0 _ [T 0 | .dq0
"ReducedState — {0 T%} YFuliState 7 (20)

where I € R%%0 is an identity matrix.

The transformation matrix T; will always be of the form:

T _|er 0 a O ... a, O
Tl_[o 15} 0 a ... 0 an] (21)

From this, it is clear that the resulting reduced-state rotor matrix is an equivalently
scaled representation of the original matrix. However, by careful selection of its eigenvalues,
it can be reduced to retain as much of the original characteristics as possible. After the
transformation has been applied, the final reduced order model can be shown to be:

i ~is — Ms ]\Zfsrl
dt |ig M. M,

srl
Rs 0 Qs er is Us
15 [T 5]+ 5] @

where the reduced order matrices are overset by tilde (7).

2.4. Transformation into the Synchronous Space

The synchronous reference frame allows for numerous simplifications, greatly reduc-
ing the complexity of the resulting control system. It is convenient to derive an equivalent
transformation from the rotor reference frame to the stator reference frame. In order to
achieve this, a synchronous transformation matrix with reference to the primary stator
windings is defined as,

cos(p10; — w1t)  sin(p16, —wit) O
Tsyne = | —sin(p16, —wit) cos(p16y —wit) O, (23)
0 0 1

where wj is the stator 1 supply frequency. Stators 1 and 2 are aligned within the synchronous
reference frame. This relies on the assumption that stators 1 and 2 are physically aligned,
which may not always be an accurate assumption. However, the stators were aligned in
this implementation. Applying the transformation matrix (Tsyxc) to the rotor reference
frame model, the synchronous reference frame model is derived as,
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.dq0 .dq0
d | 'sho 1 o
At isg :Msync {_Rsync o stnc} isg
idqr idqr
r r
quO
-1
+Msync Z}]O (24)
Us2
400 T 490
1 1
= o sync | 1g ’
dt 2] .?iqr .?qur J
i i

where the equivalent torque and submatrices used for the derivation can be found in
Appendix A.3.

Figure 5 shows a comparison of the reduced models, that is, the full 12-state model
in the rotor reference frame, reduced 8-state rotor reference frame model, and equivalent
8-state synchronous frame model. It can be seen that all three simulations show responses
in similar magnitude and period, with a slight phase offset.

R quO—model quO—model dq0—model
la la (reduced) la (sync)

< ~ N
(. I\ AN S /
\ \ \ \
I \‘ ! \ 1 \ I \ i
i ' Vo v o
1 Vo \ '
\ g 1 1 A
4 W) Vi Vi
¢ v v

N
y

Current [A]
(@)

| | | | | | |
0 0.03 005 008 0.1 013 015 0.18 0.2
Time [s]

Figure 5. Simulation results of the phase a current response of the BDFIM's dg0-rotor-reference frame

model (12-state model) compared to the dg0-reduced model (8-state model) and the d40 synchronous
model (8-state model).

3. Control Winding Controller

The fundamental target of the control winding controller is to control the BDFIM’s
active and reactive power. For torque and speed control, further derivations can follow
based upon this fundamental. From Equation (24), the real and reactive power of the power
winding in the rotating stator reference frame is defined as,

3 dd a4 3 a4 _a.d
Py = 5Ustis1 + 040, Qa1 = 5Us1ls1 — L1 ¥st- (26)
If the stationary reference frame is aligned with the d-axis of the stator power winding’s
flux vector, ¢¢, then the power equations simplify to [23,24],

3 4. 3 4.
Py = EUZﬂsqv Qs1 = Q”Zﬂgl- (27)
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The control winding’s voltage command signals can be expressed as

) d )
U‘si; = RSZZZZ + E(_dl(l)gl + dZ(Pf + d31?2) - 0227comp
) d .
UZ; = RSZlZZ + E(dz@? + d3122) + UZZ—comp’ (28)
where

UgZ—Comp = wsz(dz(l)? + d3i22)
Z]227comp = wSZ(_d1¢sdl + d2¢rd + d3i§2)
d d d .d
(Psg = _dlq)siq + d2¢7’q + d3lsg’
Lmlem(sz)

d=—>—
LrLys1) — L%d(sl)
dr — Ls(sl)Lm(SZ)
2= 7T 12
L"LS(SU - Lm(sl)
fo— Ly Ls(s1) Lis2)
- Hs(s N
LrLys1) — Lfn(sl)

The dynamic disturbances caused by the rotor flux and the power winding are consid-
ered negligible in steady state and therefore, they are omitted from the inner-loop transfer
function from here onwards. It can be shown that the transfer function for the plant can be
approximated as,

4 1
Hj((s) = ls;: = 7@;3 . (29)
USZ 1+ TSZS

Recall that the dg-axis is aligned with flux vector 4)?1 and assuming that Rs1i5 <<
jws1¢s1, the power winding'’s flux can be approximated as

iU
P = @ (30)
The rotor flux can be estimated as,
L) ~ Lrls L
¢r = T(sl)lﬂ + Lyy(s2)is2 + %4&1 (31)

By substituting the rotor flux and rotor current into the rotor voltage equation and
regarding the disturbances caused by the dynamic current changes to be negligible, the
relationship between the power and control winding currents is given by,

i = LTLs(sl) . Lm(sl) . Ls(sl)RV i
Lm(sZ)Lm(sl) Lm(sZ) wr(sl)Lm(sz)Lm(sl)
L, . R,
+|— + (32)
Ly (s2) Lims1 ]wr(sl)Lm(SZ) Lyy(s1 ] P

Note that the rotor-to-power-winding slip speed only becomes small enough to have
a significant influence at a maximum rotor speed of four times the natural operating speed.
Therefore, for machines with poles in the power winding less than the amount of
poles in the control winding (to ensure that the rotor-to-power-winding slip only becomes
considerable at twice the natural operating speed), the imaginary terms in Equation (32)
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can be regarded as negligible. Additionally, due to the dg-axis alignment, the quadrature
reference flux is zero and ¢% remains near constant. This results in the complete removal
of cross-compensation between the winding currents, for the power winding control loop.

However, there is still flux compensation (Ugqu com p) to be added to the direct current control
loop, that is,
2
; |~ LrLs(sl) - Lm(sl) idl B L, 4)51
’ Lm(sZ)Lm(sl) : Lm(sZ)Lm(sl)
dq
Uslfcomp
g Lelsen) = L)
1, 0 = Luen g -

Lm(sZ) Lm(sl)

The resulting transfer function used for PI control parameter design is approximated as,

Hi(sl)(s) _ bt Tm(s2)Pm(sl) (34)

dg = 2
lsg LrLS(Sl) - Lm(sl)

Due to the linearity of the zero-order function above, it is recommended to remove the
PI control for the power winding loop, since it can be compensated for by the PI controllers
upstream, should the objective of the control be not to directly control the power winding
currents.

Similar to [25], the torque and rotor speed transfer functions can be obtained to be

T. 3
7~ 5 (pa + p2)gl (35)

L

—_

In order to control the reactive power in the power winding, it is necessary to determine
the reference reactive power as a function of the reference current i‘sil. By substituting the
estimated power winding’s flux into the reactive power Equation (27), the transfer function
for the control of reactive power is

3
Qi 3,08 5

lsl

The schematic of the machine with the developed controller is shown in Figure 6.

Grid BDFIG CWSC

Figure 6. Control winding’s side controller with active and reactive power regulation.
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4. Experimental Test Results

An experimental setup was used to verify the theoretical derivations. The aim was to
validate the simplified model in conjunction with the developed controller.

As shown in Figure 7, the BDFIG test bench consisted of a custom designed prototype
three-phase 3.4 kW cage+NL BDFIG directly coupled to a 22 kW induction motor. The
specifications of the BDFIG are given in the appendix. The test bench setup allowed for both
motoring and generation modes investigations. The control algorithm was implemented
in a National Instrument (NI) PXIle-8115 embedded real-time controller. The proposed
control strategies designed in Simulink were implemented for the experimental test bench
using LabVIEW. Additionally, the test bench also included two NI 7841R FPGA expansion
modules that allowed for both input and output signals to or from the PXIe-8115 controller.
Furthermore, the back-to-back converter consisted of two 8.7 kVA custom-modified with
a switching frequency of 5 kHz from commercially available SEW power converters. For
the purpose of this setup only the control winding’s side controller was investigated
and a stable grid side controller was assumed. The measurements of the three-phase
voltages were obtained using LEM LV25-P sensors and that of the three-phase currents
were measured using LA55-P sensors. A GI341 BAUMER incremental encoder, mounted
on the rotor shaft was used to measure the rotor speed and angle.

. —— -
VHz Control Labview Vector 2xSEW 8.7kVA |
Inverter Control System Inverters

3.4kW Bar cage , ) NI Control &
BDFIM ‘ // Y Sensors Cabinet

Figure 7. BDFIG test bench setup showing the BDFIG, the induction motor, the inverter, and the
control system.

The deviation of the measured results of the stator’s currents is shown in Figure 8. In
the figure, the distribution of the simulated versus actual measurements over the subsyn-
chronous speed range of the motor is shown. A mean deviation of 11.32% to the estimated
readings for the stator’s power winding (1};)) and 3.06% for the stator’s control windings
(Ij2)) is observed. Additionally, the standard deviation for the power winding currents
was determined to be 8.71 and 16.34 for the control winding currents. This indicated that
although the model current estimates for the power winding currents were slightly offset
from the real values, the surety of the estimates were more reliable than for the control
windings.
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Figure 8. Spread of deviation of simulated currents compared to measured currents.

Due to the physical limitations of accessibility to the rotor, measurements of the rotor
bar’s currents were impractical, and thus the induced currents into the control winding
were used for comparison, essentially visualizing the machine as a black box with the
power winding as input and control winding currents as output. At first, the BDFIM
was investigated in motoring mode whereby the control winding was short-circuited.
In Figure 9, a comparison between the simulated and experimental cage+NL BDFIM
motor power winding stator phase a current is shown. It is observed that the currents
are oscillating as expected at the grid frequency of 50 Hz. The currents start out with
very similar amplitudes of ~2.5 A and soon after, the simulated currents reduce to a peak
amplitude of 1.2 A compared to the peak of 1.7 A in the primary stator.

l l l
01 02 03 04 05 06 07 08

i a—exp _ _ _ .a—sim
sl Us1

Figure 9. BDFIM power winding currents during startup.

The control windings induced phase a currents are shown in Figure 10. Both simulated
and experimental results show similar current peaks and periods. However, a phase shift is
seen, which is likely due to the difference in rotor speed causing a drift in angular position
during startup.

I I
0 0.1 0.2 0.3 0.4 ) 0.6 0.7
a—exp _ _ _ ]afsim
s2 s2

Figure 10. BDFIM measured and simulated control winding currents during startup.

In Figures 11 and 12, respectively, the controlled active and reactive power of the
machine while transitioning between generation and motoring modes can be observed.
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It can be observed that the controller sufficiently tracks the reference powers. Through
physical tests, it was found that the observable noise level in the figures is due to sensor
noise that was caused by the modified inverter. In the future, a converter with less noise,
operating at a higher frequency, can be used to reduce the noise. However, the noise does
not affect the conclusion on the performance of the control method.
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Figure 11. Measured BDFIM generator’s active power.
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Figure 12. Measured BDFIM generator’s reactive power.

5. Conclusions

In this paper, it was shown that the method presented in [11] can be used to model
a cage+NL rotor BDFIM for control purposes. In [11], a method was presented for the
modeling of BDFIM and in this work, that method was validated through simulation
and practical measurements for a new rotor (cage+NL rotor) BDFIM. A full-state model
of a cage+NL rotor BDFIM was presented. A model reduction technique was utilized
in order to develop a portable model that can be used in the development of a vector
control algorithm for the cage+NL rotor BDFIM. To ensure accurate simulation results,
the full expanded BDFIM model (23-state model for the BDFIM under consideration) was
compared to the reduced model and to practical measurements. Both the full-state and
reduced-order models showed satisfactory comparison to that of the physical machine
during free acceleration. The controllers demonstrated good stability and accurate response
times, indicating that the vector control parameters were within reasonable tolerances for
the PI controllers to be stable. Different modes of operation were analyzed, whereby the
machine response under synchronous, sub- and supersynchronous speeds was shown.
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Appendix A
Appendix A.1. BDFIM Parameters

PW (s1) and CW (s2) represent the power winding and the control winding, respectively.

Table Al. Prototype BDFIM machine’s parameters.

Item Symbol Unit Value
Rated PW and CW voltage ViL Vims 381
Rated PW current I Lins 6.56
Rated CW current I Lrms 5.6
Grid frequency fs1 Hz 50
PW pole pairs Ps1 - 2
CW pole pairs Ps2 - 3
Natural speed ny rpm 600
Moment of inertia ] kg~m2 0.154
Rotor friction coefficient b - 0.022
Rotor bar resistance Ry uQl 26
Rotor lower end ring segment resistance R, uQ) 2.89
Rotor upper end ring segment resistance Rer e 14.5
Rotor loop 2 resistance R;» uQ) 60.7
Rotor loop 3 resistance Ry pnQ) 549
Rotor bar Inductance Ly uH 1.22
Rotor lower end-ring segment inductance L, uH 0.169
iﬁ;ﬁi;ﬁgjr end-ring segment Lr uH 0845
Rotor bar and loop 2 mutual inductance L uwH 2.95
Rotor bar and loop 3 mutual inductance L1z uH 2.61
Table A2. BDFIM reduced model synchronous frame parameters.
Value
PW cw Rotor
Resistance (Q2) 4.1 6.1 112.5u
Self inductance (H) 2.1299 2.2355 117.56
Mutual inductance (mH) 11.9 9
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Appendix A.2. Rotor Reference Frame Submatrices

[ ~dq0 dq0
dq0 QSl Ei)qO Q%l()
Q - 0 QsZ erZ
| O 0 0
r dq0 dq0
dq0 Moy (31 0 Mf’irlo
M = 0 Mqu Msqu
dqo dq0 dq0
[(Mgy)T (MR)T MY
R 0 o0
R = |0 RI o
o o RW
Appendix A.3. Synchronous Reference Frame Submatrices
A _
Rsync = TsyncquTsy%c
A 1 d_ .4
stnc (wll a)r) = wTTSyﬂCquTsync + TSynCquETsync
A _
Msync = Tsynchquch
dq0
S
A 0 0 -1
Ssync = Tsync dqo erZ Tsync

@HT (@HT o
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