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Abstract—Brushless doubly fed induction generator (BDFIG)
has great potential due to its high reliability and low maintenance
cost. To achieve high-performance modeling and control, BDFIG
resistances and inductances are necessary. However, the exist-
ing identification methods either required professional structure
knowledge or special excitations and setups, or only estimated
part of parameters. Thus, this letter proposes a multilayer full-
parameter identification model based on the back-propagation
(BP) algorithm for BDFIG, which is constructed with electric quan-
tities as nodes and parameters as adjustable weights, and utilizes
the electric quantities measured from regular operations as data.
According to the fitting error obtained by comparing the model
outputs with the easily measured references, the BP algorithm is
applied to update the weights until the error is sufficiently small.
Then, all resistances and inductances can be extracted directly
from the weights. Such an identification methodology can be eas-
ily embedded into existing BDFIG systems. The simulations and
experiments verify its feasibility and accuracy.

Index Terms—Back propagation algorithm, brushless doubly fed
induction generator (BDFIG), parameter identification.

1. INTRODUCTION

HE brushless doubly fed induction generator (BDFIG)
has great potential in generation applications for its high
reliability and low maintenance cost [1], [2]. Its structure is
shown in Fig. 1, consisting of the power winding (PW), the
control winding (CW), and the closed-structured rotor winding
(RW) [3]. The BDFIG generation system is also shown in Fig. 1,
where the PW-side converter (PSC) keeps the dc-link voltage
uq. stable, and the CW-side converter (CSC) adjusts the BDFIG
state [4].
Most of the BDFIG modeling and control strategies highly
depended on accurate resistances and inductances [5]-[7]. To
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Fig. 1. Common BDFIG generation system.

obtain these parameters, the existing approaches either cal-
culated them based on detailed structure information, which
were direct but led to professional knowledge burdens [8],
[9]; or estimated only part of them with approximation, which
were simple but the missing parameters may influence the
control performance [4], [10]; or obtained them with fitting
methods such as least square method and semidefinite pro-
gramming, which were intuitive but required special excita-
tion [11] or special setup configurations such as no-load [10],
open-circuit and short-circuit [12], leading to several setup
changes.

Considering that the back-propagation (BP) algorithm is a
powerful fitting tool especially suitable for multilayer models
[13], [14], and the BDFIG model is essentially a group of
equations which can be easily turned into a multilayer form,
this letter proposes a BDFIG identification model suitable for
BP algorithm to obtain all resistances and inductances required
by modeling and control. The contributions of this letter are as
follows.

1) The multilayer identification model containing the nodes
and adjustable weights is specially constructed with clear
physical significances, where the nodes correspond to
BDFIG currents and voltages, and the weights correspond
to BDFIG resistances and inductances.

2) The proposed model takes full advantages of currents
and voltages as inputs, and compares its outputs with the
measured references for the fitting error. Both inputs and
references can be easily measured under regular opera-
tions.

3) The BP algorithm is applied to update the weights layer-
by-layer according to the fitting error. When the fitting
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error is small enough, all resistances and inductances can
be directly extracted from the weights.

Compared with the traditional observer-based approaches,
the proposed identification methodology can obtain all BDFIG
resistances and inductances synchronously; it utilizes the electric
quantities measured under regular operations as data, and thus,
specific setup changes such as open-circuit and short-circuit are
needless; besides, it is easy to be realized by digital controllers,
and thus can be embedded into existing BDFIG systems for
online parameter correction. The rest of this letter is organized
as follows. Section II illustrates the construction of the BDFIG
identification model and the process of the BP-algorithm-based
identification; Section III gives both simulation and experimen-
tal results to verify the proposed methodology; and Section IV
gives the conclusion.

II. BP-ALGORITHM-BASED IDENTIFICATION

A. Review of BDFIG Model

The electric quantities of PW, CW, and RW in BDFIG are
in three-phase sinusoidal forms with different amplitudes, fre-
quencies, and phases. To facilitate the analysis and design, the
d—q rotation coordinate transformation is performed first, and
the widely used d—g model is given as [2]

PW: v, = Lyip + Mpriy up = 1pip + s, + jwpth,
(1)

CW: e = Leic + Mepty Ue = 1ele + 59 — jweth, (2)
RW: 9, = Lyip + Mp,ip + Moyt
Up = Tplp + S’l,b,,, + jwrp¢r (3)

where subscripts p, ¢, and r denote PW, CW, and RW; r, L, and
M denote resistance, self-inductance, and mutual inductance; u,
i, and W denote vectors of voltage, current, and flux linkage,
formed as © = x4 + jx, (x stands for u, i, ¥), and all d—¢q
components can be known accurately with the encoder and
coordinate transformation [3]; s is the Laplace operator; wy, we,
wy, and w,, denote the electrical frequencies of PW and CW,
the rotor speed and the slip frequency, respectively, and have the
inherent relations as

We = (pP + pe)wr — wp and wyp = wp — Ppwy. @)

The proposed methodology only requires the voltages and
currents measured under regular operations as data, which can
be easily obtained under either open-loop or closed-loop control.
For a certain operation point, the amplitudes, frequencies, and
phases of the three-phase voltages and currents are unchanged.
Therefore, the corresponding quantities in the d—g coordinate
frame are in stable dc forms. With such a precondition, only
the steady-state characteristic of the d—¢ model is considered,
that is, all derivative terms (s-terms) in (1)—(3) are treated as
zero. By letting all s-terms equal to zero and substituting the
left equations of (1)—(3) into the right ones, respectively, the
BDFIG model (5)—(7) can be obtained, where u,. is zero due to
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the closed-structured RW [1]
up = (rp + jwpLyp)ip + jwp Mp s, )
Ue = (TC - chLc)ic — JweMer iy (6)

Uy = 0= (TT + jw'r’pL'r‘)iT + jwrpMpriIz + jwrpMcric'
)

It can be seen that (5)—(7) still contain all eight resistances
and inductances (i.e., rp, rc, 7'y, Ly, Le, Ly, My, and M), and
thus can be used as the identification basis.

B. Construction of BDFIG Multilayer Identification Model

Considering that the BP algorithm is suitable to update the
weights of multilayer models, (5)—(7) are transformed to a mul-
tilayer equivalent model first, where BDFIG parameters should
be turned into the weights for the BP adjustment. The detailed
construction is given as follows.

Layer 1: by splitting (6) into d—¢ form and transforming it
slightly, (8) can be obtained as

{ irg = —(1/we) - Witleq — Waleq + (1/we) - Waicq

i”"q - (1/Wc) cWiled — w2icq - (]_/UJC) . wgicd

®)

where the weights w; = 1/M,,., wy = L./M,,, and w3 =
Te/Mer; 1/w, is treated as known based on (4); icq, teq» Ucd, and
Ucq are naturally taken as input nodes, and ¢, and %,., correspond
to output nodes.

Based on (8), layer 1 can be built as the green subnetwork
shown in Fig. 2, where %Td and %rq denote the estimated values
of i.q and 4,4, and will approach i,q and i, if the weights
w; — w3 have been adjusted to approach w;—ws, respectively.

Layer 2: Equation (9) can be obtained based on (5) in a similar
way as

(€))

Upd = —WaWplrq + Wsipd — WeWplpg
Upg = Walplyq + Wslpg + WeWplpd
where the weights wy = M., ws = r},, and wg = L, and w),

is treated as known. Then, 4,4, %pq, %4, and i, are taken as input
nodes, and u,q and u,, correspond to output nodes.
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Based on (9), layer 2 can be built as the red subnetwork shown
in Fig. 2, where 4,4 and 4,., are provided by layer 1; @i, and 1,
denote the estimated values of u,4 and wu,,, and will approach
Upq and upq if ird and 2rq have approached 7,4 and 7,4, and,
meanwhile, w4 — wg have approached wy—wg, respectively.

Layer 3: similarly, (10) can be obtained based on (7) as

Urqg = w'ﬂrq + wSWTpi'rd + (1/w1)w7‘p7;cd + w4wrp7;pd
(10)
where the weights w7 = r,. and wg = L, and w,., is treated as
known based on (4). Then, icq, icqs tpd» ipgs trd» and 4.4 are taken
as input nodes, and u,4 and u,.4 correspond to output nodes.
Based on (10), layer 3 can be built as the blue subnetwork
shown in Fig. 2, where i,4 and 4., denote the estimated values
of u,q and u,,, and will approach u,q and u,4 if %Td, Erq, wr,
and wg have approached 4,4, i,q, w7, and wg, respectively.

Finally, by taking 7,4 and Erq as the bonds to connect three

layers, the BDFIG multilayer identification model can be con-
structed as shown in Fig. 2, which is suitable to utilize BP
algorithm for fitting purpose. Besides, two merits are gained.

1) The identification model has clear physical significances
since parameters are mapped to the weights and the nodes
correspond to voltages and currents. Thus, if the outputs
Upd, Upq, Urd, and 4, fit their actual values sufficiently,
all weights naturally approach the actual parameters.

2) The references of 4 and i, are the measured u,,q and
Upq, Which can be easily obtained from BDFIG systems
(since upq and uy, have already been sampled for control
[6], [7]). The references of 1,4 and 4., are the simple zero
(since RW is closed-structured). Thus, the model is further
simplified.

{ Urd = Wrlpd — WWrplrg — (1/W1)Wrplcqg — Warpipg

C. Fitting Principle Based on BP Algorithm

Before realizing fitting, w; — ws are all set as zero or the
empirically estimated values, and thus errors exist between the
outputs g, Upq, irq, and i,, and the references upq, Upg, O,
and 0, respectively. Therefore, the error function E is defined as
the BP-adjustment criterion

1
E==

L2 L2
B (Upd — pa)” + (upg — Upq)

(0= drg)? + (ofarq)r"}. (11)

Based on (11) and the principle of BP algorithm, w; — ws

can be updated based on the general formula [13], [14] as
OE(k)

T Dy (k)

where 7 is the learning rate, and k and k + 1 denote the present

and the next updates, respectively.

Combined with Fig. 2, the 1,4-node (related to w, — wWs) is
taken as an example to illustrate the BP adjustment intuitively:
1) the partial derivatives of E to w4 — wg are obtained first based
on the chain rule [13], and then w4 — wg can be updated with
(12); 2) along the connection of wy to the zrq-node, since three
nodes (related to w; — ws, respectively) exist in the upper layer

wi(k+1) = w;(k) — (12)
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of %,.q-node, the BP adjustment is continued and w; — ws are
further updated with (12); 3) along the connections of ws; and
wWe 0 ipq— node and i,,— node, since no node exists in the
upper layer, the adjustments of weights in these two branches
are finished.

In a similar way, all weights can be updated. After several
updates, E is small enough, implying that the model outputs fit
their references sufficiently, and thus w; — wg approach wi—wsg,
respectively. All resistances and inductances can be extracted as
follows:

rp = Ws, re = W3 /W, T, =Wy

Ly =6, Lo = W2 /11, Ly = g, My, = Wy, Mer = 1/0.
(13)

III. SIMULATION AND EXPERIMENTAL VERIFICATION

The proposed identification methodology is first applied on
BDFIG simulation models to verify the feasibility, and then
applied on a BDFIG prototype to further verify the validity.

A. Simulation Verification

To verify the feasibility, the 30-kVA BDFIG model is built
in MATLAB with parameters in [15] to provide data. Defining
[Ueds Ueq, Teds Teqs Upds Upgs pds Ipg] Measured from a certain
moment as one group of data, the identification model is built in
Python, and is adjusted by BP algorithm with several groups,
until E is sufficiently small. Then, the identified results are
extracted, and the related error e, is calculated for evaluation
as

€z = |xidcn - xrcf‘/mrcf X 100%7 T=Tp,Tc... Mpra M.,
(14)
where x; 4., and x,of denote the identified results and the param-
eters used in simulation model, respectively.

In Fig. 3, the BDFIG model is under open-loop control. The
amplitude of u.qp. sweeps from 2.5 to 30 V with the step of
2.5 V under 900 r/min and 12 €2 load condition (three steps are
illustrated in Fig. 3). When the amplitude of w4 steps, the
three-phase icqpe, Upabe, and ipqape are all changed (only upqp. 1S
illustrated in Fig. 3). These electric quantities are transformed
to the d—g coordinate frame (only u.q, and i.q, are illustrated
in Fig. 3, and here the d-axis is aligned to w4 SO 1.4 is always
zero). For each step, a group of data can be measured after the
precondition is satisfied (i.e., the BDFIG has been stable at a
certain operation point; see the blue crosses in Fig. 3), and totally
12 groups of data with different values can be collected.

In this example, all 12 groups of data are utilized for the BP
adjustment, and the learning rate is set as 1 = 5 by trial-and-error
method (the inputs and weights in our model are not normalized,
so the value of 7 is not between 0 and 1). Case 1 of Fig. 3 gives
the tracking performances of all parameters per 25 epochs. It
can be seen that error E converges to a small value 9 x 1072;
meanwhile, all identified parameters extracted from the weights
approach their accurate values. It is worth mentioning that, in
Case 1, all weights are initialized as zero, so the convergence
requires 300 epochs. If the weights are initialized properly, the
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convergence could be accelerated. To verify this, in Case 2, the
weights are initialized as the empirical values, so all parameters
converge to their accurate values after 175 epochs.

In Fig. 4, the BDFIG model is under the stand-alone closed-
loop control presented in [4], [16]. Under such a control, the
three-phase quantities are transformed to the d—g coordinate
frame, and then .4 is regulated for PW voltage control, while
icq 1s Tegulated as zero to realize the so-called “forced CW-
current orientation.” When the rotor speed w,- varies from 600
to 900 r/min, other electric quantities also vary under the closed-
loop effect. Nevertheless, such variations are so slow that their
derivative terms can still be treated as zero, and the precondition
is still satisfied. Therefore, enough groups of data with different
values can be measured during w,. variation (see the blue crosses
in Fig. 4). Besides, after the load is switched and the regulation
reaches the stable state, a new group of data can also be measured
(see the green crosses in Fig. 4).

Then, the 12 groups of data during w,. variation and after load
switching are utilized for BP adjustment, and the weights are
initialized as empirical values. As shown in Case 1 of Fig. 4, all
parameters can also converge to their accurate values after 175
epochs, proving the validity of the proposed methodology under
closed-loop condition.

For comparison purpose, Case 2 of Fig. 4 shows a counter-
example in which the proposed identification methodology fails.
In this case, all 12 groups of data are measured during the
transient regulation period (see the red crosses in Fig. 4). Since
the d—g electric quantities vary fast, the derivative terms cannot
be treated as zero, so the precondition is not satisfied. As a result,
the error E cannot converge to a small value, and, consequently,
all parameters converge to the wrong values.
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The main difference between the proposed identification
model and neural networks is that, neural networks are usually
fully connected and with nonlinear activation functions, and
thus the local convergence may occur when the training data
are inappropriate; however, the proposed identification model
is strictly constructed based on the BDFIG model, and no
activation function is utilized. Such inherent constrains avoid
local convergences largely. Thus, the proposed identification
methodology is feasible in the most time of regular operations
(except some transient periods such as voltage drop and regula-
tion periods), and suitable for both open-loop and closed-loop
controls.

Besides, to evaluate the influence of the data-group number
(namely n4) on identification, 4-12 groups of open-loop and
closed-loop data are used for BP adjustment. Then, e, is calcu-
lated based on the identified results and shown in Fig. 5, where
the x-axis is n4; the y-axis denotes the parameters; and the z-axis
is e,. It can be seen that 1) the overall trend of e, is downward
when n, increases from 4 to 12, implying that the accuracy
increases when n, increases. On the contrary, the identified
results may be wrong if n is too small (for example, n, = 1 or
2); 2) some local maximal errors can be observed such as ez, 10
in Fig. 5(a) and epsq-—12 in Fig. 5(b), since the BP algorithm
only minimizes the total error E, not the individual errors; 3)
according to Fig. 5(a) and (b), the e, based on closed-loop
data are close to the open-loop one, further proving that the
identification methodology is independent of BDFIG control
and thus is robust.

For persuasion, the above process with different n, is also
applied on the 64-kW BDFIG in [10] (the open-loop data are
obtained under 400 r/min and 12 €2 load condition; the closed-
loop data are obtained when w, sweeps from 350 to 650 r/min).
As shown in Fig. 6, the phenomena are similar to those of Fig. 5,
further verifying the identification validity.

-&.‘
2.5s/div

2.5s/div

(©) (d)

Comparison of feedforward compensation waveforms. (a) No compensation. (b) Compensation (ny = 4). (c) Compensation (ny = 8). (d) Compensation

B. Experimental Verification

For further verification, the identification methodology is
applied on a wound-rotor BDFIG prototype as shown in Fig. 1,
where the 30-kW BDFIG (with 230-V rate voltage and w, range
as 500 r/min =+ 30%) is driven by a prime machine; controllers
in the cabinet (with 5-kHz switching frequency) are based on
DSP TMS320F28335. It is worth mentioning that the proposed
methodology needs not to be implemented at each switching
period. Instead, it only runs in the idle time of control routine.
Once the BP adjustment is finished, parameters are extracted for
control.

Similar to the simulation verification, 4—12 groups of open-
loop experimental data (where the amplitude of wu.qp. SWeeps
from 2.5 to 30 V with the step of 2.5 V under 400 r/min and
12 © load condition) are measured. Based on the data, the
identification model is adjusted by the BP algorithm to realize
fitting. Such an identification process is realized by DSP within
100 ms. Then, the identified parameters are extracted as shown
in Fig. 7(a) and (b). It is seen that when n, increases to 12, the
identified results approach certain stable values, which are close
to the actual parameters.

To prove the validity, the identified results with n, = 12 are
substituted into the BDFIG simulation model in MATLAB, and
the open-loop performances of i.q, icq, and u, are compared
with those of the prototype under the same condition (where the
amplitude of ucqpe steps from 10 to 20 V under 400 r/min and
72 €2 load condition) as shown in Fig. 7(c) and (d) (for direct
comparison, the experimental waveforms are saved as data first
and redrawn in MATLAB). It can be seen that performances
of icd, tcq, and u,, in simulations and experiments match well,
verifying the accuracy of the identified results.

Besides, the identified results can provide the parameters
required by BDFIG controllers. For example, the feedforward

compensation controller in [16] required Ly, L., L, M,,, and
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M., which can all be provided by the proposed methodology
now. The control performances are given in Fig. 8, where .,
tracks zero and .4 tracks the reference stepping from 3 to
8 A under 400 r/min and 72 €2 load condition. Taking the
performance of Fig. 8(a) without compensation as the baseline,
it can be seen that: 1) Fig. 8(b) (compensation with results of
ng = 4) has better performance compared with the baseline, but
the overshoot and oscillations still exist, because the identified
results of n, = 4 still have relatively large deviations from
the actual parameters; 2) Fig. 8(c) and (d) (compensation with
results of ny = 8 and 12, respectively) shows the fast response
of i.q without overshoot and the ignorable oscillations on ..
Thus, it can be concluded that the identified results of n, = 8 and
12 are already close to actual parameters. The above phenomena
match the results of the simulation verification.

IV. CONCLUSION

This letter has proposed a BDFIG multilayer identification
model based on the BP algorithm. By comparing i,q, Gpqg,
Uyq, and 1,4 calculated based on the measured voltages and
currents with actual g, Upg, Urq, and w4, the error function
E is obtained as the criterion, and the BP algorithm adjusts the
weights of the identification model based on E to realize fitting.
Then, all resistances and inductances required by modeling and
control can be extracted from the well-adjusted weights.

Both simulations and experiments verify the feasibility of
the proposed methodology. It is seen that the identified results
always converge to the actual parameters since the solution
space has been constrained by the proposed multilayer model
construction. However, the random small errors (0.2%—6.7%)
always exist between the identified and actual parameters, be-
cause even though the solution space has been constrained, there
are still many groups of w;—wyg satisfying the BP-adjustment
termination condition (i.e., E is sufficiently small). Nevertheless,
such random errors can be neglected since the simulation wave-
forms based on the identified parameters have matched well with
the experimental waveforms, and the feedforward performances
have also been improved distinctly with the identified parame-
ters. The proposed methodology can be embedded into both
stand-alone and grid-connected BDFIG generation systems, and
the idea can also be used to identify the parameters of other
models.
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