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Abstract—This paper presents a new minimum-loss control
strategy for vector-controlled dual-VSI DFIG-dc systems. The
optimization is based on a simplified formalism using Lagrange
multipliers to determine the optimal stator frequency, stator/rotor
magnetizing current split, and the magnetizing flux magnitude as
a function of the machine operating conditions, namely speed and
torque. Compared with existing minimum-loss control schemes,
the proposed approach provides an explicit solution for all the
three optimal quantities, which makes the implementation and
control design easier, thus avoiding the use of an additional
proportional-integral controller to solve the flux implicit
optimality condition. The theoretical framework also includes a
sensitivity analysis against DFIG parameter variations, to
appraise the robustness of the proposed control scheme. The
devised approach and related control implementation scheme are
validated with simulation and experimental results.

Index Terms— Dc power system, DFIG, Dual-VSI DFIG,
Efficiency improvement, Field-weakening, Minimum loss control.

NOMENCLATURE
General
E Electromotive force
i Steady state current (p.u.).
Lna Magnetizing current (p.u.).
Iing Core loss representing current (p.u.).
LyLy, Stator and mutual inductance (p.u.).
Lys Ly, Stator, rotor leakage inductance (p.u.).
P, P.oo  Stator/rotor eddy current losses at standstill (p.u.).
Pgho, P.po  Stator/rotor hysteresis power losses at standstill (p.u.).
Ty Stator and rotor resistances (p.u.).
Tp Electromagnetic torque (p.u.).
u Voltage (p.u.).
U Voltage.
y! Lagrange multiplier.
P Flux linkage (p.u.).
U Airgap flux linkage (p.u.).
Wy Base frequency (rad/s).
O Rotor speed (p.u.).
W, W, Stator and rotor frequencies.

Superscripts
* Reference value.
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op Relative to optimal point of operation.
Subscripts

d, q Variables on the airgap flux reference frame.
s, r Stator/ rotor.

N Rated value.

I. INTRODUCTION

he classical ac doubly-fed induction generator (DFIG),

interfaced with the mains, has been widely used in wind
energy conversion systems and other variable-speed power
generation applications [1]-[2], using cheaper de-rated power
converters without sacrificing full controllability.

In wind farms, when dc is used for interconnecting several
DFIG systems [3]-[6], the DFIG-dc version is a possible choice
because it simplifies the overall system. The implementation of
a dual voltage source inverter (VSI) can help improve torque
smoothness and power quality, as described in [7]. As shown in
Fig. 1, this system comprises a wound rotor induction machine
(WRIM) fed through the stator and rotor windings by two VSI
converters connected to a shared dc-link.
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Fig. 1 Layout of a dual-VSI DFIG-dc system.

Initially, dual-VSI WRIMs were proposed for high-power
motor drives [7]-[9], with a shared dc-link supplied by a third
VSI connected to the AC mains and functioning as an active
rectifier. One of the first applications of the dual-VSI layout to
DFIG-dc drives was suggested in [6], where the DFIG is
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operated at a slip = -1 to achieve equal stator/rotor active power

sharing. The solution in [6] adopts a vector control strategy

based on the magnetizing flux linkage, while rotor-flux and
stator-flux vector control schemes for the dual-VSI DFIG-dc
system were proposed in [3] and [8], respectively.

Optimizing efficiency, and thus reducing losses, is becoming
an important concern in power generation drives. In the classic
ac DFIG system, the stator/rotor magnetizing current, and the
stator / grid-side-converter (GSC) reactive power splits can be
optimized to minimize losses [13] - [16]. Reference [14]
presents a thorough analysis of the dual-VSI WRIM operating
modes and constraints, and their impact on copper loss
minimization.

In DFIG-dc systems the stator frequency or slip are free
variables which can serve as a further degree of freedom for
total loss minimization. In [17]-[18], minimum-loss control has
been formulated for a single VSI DFIG-dc system. Copper loss
minimization in a dual-VSI DFIG-dc drive was explored in [8]
with a predictive control scheme which, however, maintains the
stator frequency at the WRIM rated value, then causing a
significant variation in core losses.

Further study on loss optimization was carried out in [19],
proposing a comprehensive minimum-loss control strategy that
considers copper, core, and semiconductor losses. This strategy
is based on Lagrange multipliers, leading to three simple rules
to enforce minimum loss conditions. Real-time implementation
details, including optimal frequency, magnetizing flux, and
magnetizing current split reference generation and inner flux
were also discussed, while a stability study considering only
inner control loops was presented in [20]. As a main drawback,
the method in [19] only provides an implicit optimality
condition for the magnetizing flux magnitude. This must be
solved in real-time by using an additional proportional-integral
(PI) controller, with no easy tuning, more complex
implementation, and non-trivial stability properties [20].
Furthermore, the optimization accuracy against parameter
variations was not addressed in previous work.

Compared to previous work on the subject —and in particular
[19], this paper includes the following key innovations:
¢ Provision of a simplified mathematical model allowing the

derivation of fully analytic optimality conditions.

o New and explicit formulation for the optimal flux level as a
function of the reference torque and speed — this then serves
as a direct input reference for the flux controller.

o Discussion of the physical meaning of Lagrange multipliers
beyond their role of mere slack optimisation variables — with
the first Lagrange multiplier being identified as the variable
conjugate of torque to determine the total losses, which eases
the sensitivity analysis against parameter variations.

e Thorough optimal-loss sensitivity analysis against WRIM
parameter variation to justify the validity of the proposed
solution.

The paper is structured as follows. Section Il gives a brief
description of the method presented in [19] and the most
relevant results. It will be shown that there are four optimal
operating zones. A simplified optimization procedure using
Lagrange multipliers is presented in Section Ill. This section

derives some key analytic results which form the basis for the
synthesis of the new control method shown in Section V.
Section 1V presents a comprehensive discussion of the analytic
relationships defining the optimal control variables, including a
detailed comparison against results obtained with a numeric
optimization method. Section V introduces the new control
scheme based on the analytic optimization presented in
previous Sections. A sensitivity analysis to WRIM parameters
mismatches is conducted in Section VI to assess the robustness
of the control method. Section VII presents some experimental
results, and the conclusions are drawn in Section VIII.

II. MODELLING BACKGROUND

A. Equivalent Circuit

The system is mathematically described using the equivalent
circuit shown in Fig. 2, with p.u. variables.
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Fig. 2 Equivalent circuit of the induction machine.

Core losses are represented by the I, current source, and
copper losses, in the stator and rotor, by resistances r; and 7.,
respectively. Per unit values are used throughout this paper.
Motor convention is adopted for all electric quantities (positive
when feeding the machine) and generator convention is used at
the shaft.

B. Phasor Diagram Near an Optimal Operating Point

In [19] it was shown that the optimal operating points for the
dual-VSI DFIG-dc system have slip values that are close to -1.
By utilizing airgap flux orientation in both the study and control
system, the phasor diagram shown in Fig. 3 is obtained.
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Fig. 3 Steady-state phasor diagram for negative slip (s = —1), with
the generator running close to the minimum loss operating point [19].
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The stator and rotor voltages are in opposite quadrants of the dg
reference frame. Other control systems rather than airgap
orientation can be used, but this latter option leads to compact
expressions for core, Joule loss and optimal variables.

C. Optimization Conditions and Control Regions

Fig. 4 presents the optimal airgap flux surface according to
[19], and shows that there are four different operating regions:

A — Minimum flux region: for small torque levels, when the
flux hits the minimum value, here set at 0.5 p.u.

B — Low torque region: the optimization of the flux level
aims to minimize core losses while no constraints are active; in
this region, the optimal flux level is strongly dependent on
torque and only weakly dependent on speed.

C — Maximum flux region: for high torque levels and low or
medium speeds — the flux reaches the maximum value of 1 p.u.
In practice, a smaller value is used.

D — Maximum voltage region: voltage constraint active. This
corresponds to the classic field-weakening region.
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Fig. 4 Airgap flux in the four operating regions.

The minimum-loss control strategy presented in [19] uses
airgap flux control and implements three conditions:

1) Optimal frequency condition. This is the same in regions
A, B, C, Fig. 4, and it is slightly modified in region D. The
stator and rotor frequencies depend on the rotor speed and
on the WRIM parameters.

2) Optimal magnetizing current split condition. It requires
stator and rotor resistive voltage drops due to the d-axis
current components to be equal.

3) Optimal flux condition. This is only relevant in region B
[19]. If semiconductor losses are neglected, this relation is
translated into the equality of the d- and g-axis component
losses.

I1l.  OPTIMIZATION VIA LAGRANGE MULTIPLIERS

This section briefly presents a simplified mathematical
formalism for the dual VVSI DFIG-dc optimization. Unlike in
[19], for better understanding and to derive explicit conditions,
only core and Joule losses are considered, neglecting
semiconductor loss component proportional to current — while
the loss proportional to 12 can be easily represented with
“increased” WRIM resistance values. This assumption is
acceptable also considering the new generation of power
electronic devices, like silicon carbide and gallium nitride,
which allow higher efficiency in the power electronics

conversion [21]-[25] and make semiconductor losses much
smaller than WRIM losses.

The study presented in this paper is relevant to regions A, B
and C only, being the voltage constraint active in region D.

A. Lagrange Multipliers Formalism

In the analytic optimization, current I, (see Fig. 2) is
neglected for current calculation purpose because, as it will be
seen later on, it is much smaller than the torque-producing
current I, (see Fig. 5). This leads to:

isq = - irq . (1)

Equation (1) allows eliminating iy, by choosing i, as an
independent state variable in the model.

The Lagrange function used here, neglecting winding eddy-
losses, is therefore:

i f (w5, wp) + 15 (i25 + i) + 1 (%0 + i%g)
WL = _)'1 (lpmirq - TD) f (2)
_/12 (Lm (isd + ird) - lpm)

with the auxiliary function f (w,, w,.) defined as:
f(wsl wr) = Pshows + Prhowr + Pseo(’)s2 + PreO wz- (3)

Since (1) is adopted, (2) uses only two Lagrange multipliers,
in contrast to [19].

The flux constraint can play two different roles. In region B,
the flux is treated as an optimization variable, whereas in
regions A and C, where the flux is subject to a
minimum/maximum constraint, it is treated as a parameter.

Because minimum-loss operation is achieved at negative
slips, the rotor frequency in this paper is defined as w, = w,, —
wg. Since w,, is an input, w, is the only “free” frequency to be
determined by the optimization process.

Optimal points are achieved when the gradient of W is zero.
The partial derivatives of (2) with respect to the stator and to
the rotor current components are:

ow .

aiS: =210 — 2 Ly, =0 (4)

ow .

air: =210 = Ly, =0 (5)
I = 201, + 1)L — APPP = 0. (6)

Olrq

Taking the derivative of (2) with respect to the Lagrange
multipliers yields:

Ty = 2P i )
P = L+ ) ©

The derivative of (2) with respect to the airgap flux gives:
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1!’ f(ws'wr) )l(ljplgg + Aop = 9)

The derivative of (2) with respect to stator frequency w is:

ai 2 Of (ws, wr)
S0 e P =0. (10)
B. Optimal Stator Frequency Condition

Considering (10), (3), and w, = w,, — ws and solving for w;
yields:

op _ Prho—Psho Preo
s 2(Pseot+Preo)  (PseotPreo)

w W (11)

Expression (11) determines the first optimal condition setting
the stator frequency wZ?and consequently the rotor frequency
w,Pas a function of w,,. This condition does not depend on the
flux and current levels and is valid also when the maximum flux
level is used [19]. Thus, the optimal stator and rotor frequencies
are functions of the rotor speed w,,. The auxiliary function to
represent core losses is a function of the rotor speed f(w,,). If
Psno = Prpo and Pgq = Py results in a constant slip of -1.

C. Optimal d-axis Current Split Condition

Combining (4) and (5) produces the second optimal
condition called “magnetizing current split” condition [19]:

Toipy = Tylgy. (12)
D. Optimal Flux Condition

Using (5), (6), (8), (9) and (12) it is possible to obtain the
condition for the optimal flux, which is:

¢f:2f(a)m) + Tslsd + Trlrd =0, +r )l (13)

Pd—axis

pq—axis

This requires the d-axis component 10Sses p;_qxis 10 equal
the g-axis component losses p,_qyis. The total losses p, is the
sum of pg_qxis + Pg—axis- A generalization of (13), accounting
for all converter losses, was formulated in [19].

IV. OPTIMAL RESULTS AND INTERPRETATION

A. Analytic Solution for the Optimal State Variables

The optimal values of isg, ird, irg, Wm, A1, and A2 come from
the solution of the non-linear system comprising (5)-(8) and
(12)-(13). Solving (12) for isq enables its elimination in (8) and
(13). Equations (8) and (7) can then be solved for irg and irq as
a function of ¥,

ird = —¥m__ ) irq = TD/I/)M'

Lin(1+7y/75)

(14)

Replacing (14) into (13) yields an equation with 1,, as the
only unknown:

(F (wm) + 22 B0 @

L2, (rs+17)

)lpm (s + 13

Solving (15) gives the optimal ym as a function of the input
torque reference and speed for the operating region B:

op __ Lo (rs+1y)? /
m \/f(ﬂ)m)L (rs+1r)+7sTy TD.

Replacing (16) into (14), (5) and (6), provides optimal values
for the remaining state variables and Lagrange multipliers. In
particular, isq, ird, irg, and A2 (not reported here for the sake of
simplicity) exhibit a “,/T,-like” trend versus torque, while A1 is
constant in region B

(16)

A = Jf(wm) (s +7) + 22 (17)

In Regions A and C, (16) is replaced by the constant
minimum and maximum flux limits, so that isq and irq become
constant and so does A» via (5), while A1 becomes proportional
to torque via (6) and (7).

Optimal d-axis currents
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Fig. 5 Optimal currents (w,, = 1 p.u.).
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Fig. 6 Optimal Lagrange multipliers (w,, = 1p.u.): numeric

optimization in the whole operating range and analytic solution in
Region B.

B. Discussion

For preliminary validation and discussion, Fig. 5 to Fig. 7
compare the analytic solution for the optimal state variables at
om=1 p.u. with the numeric optimization results based on a full
formulation of total losses including the effect of inq ON torque
(see Fig. 2).
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Fig. 5 shows the numeric optimal currents versus torque over
operating regions A (low torque), B, and C (high torque) along
with the analytic values in region B. With the considered system
parameters, region B stretches from Tp = 0.1 p.u. upto Tp = 0.5
p.u.

Optimal airgap flux versus torque
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Fig. 7 Optimal flux and losses (w,, = 1 p.u.): numeric optimization in
the whole operating range and analytic solution in Region B.

The isq - irg Split set by (12) it is clearly visible. For minimum
and maximum flux levels, the d-axis current components are
constant, and the g-axis currents are proportional to torque, (7).
The complete loss formulation indicates that the I,,,, current is
much smaller than I,,, hence justifying its suppression in
formulation (2) and the subsequent analytic solution (16)-(17).
In region B, the aforementioned “,/Tp-trend” is clearly visible
in all optimal variables except for A1. The constant trend of A4,
as predicted by (17), is also confirmed.

In regions A and C, the derivative of 177 with respect to
torque is inversely proportional to 1/yn?, according to (6) and
(7), so the slope of A5 in region A is higher than in region C.

Replacing the expressions of the optimal variables x°P (T})
(i.e. (15)-(16) etc.) for Region B into the Lagrange function W,
(2) gives the optimal total losses Py, (Tp) as a function of
torque. After some manipulations, it can be proven that the
derivative of PJF (Tp) with respect to T, is equal to the
Lagrange multiplier 177

P op
dptotal — Wy — AOP

dTp dTp 1 (18)

This is valid for regions A, B and C. The Lagrange multiplier

277 is known as the shadow price. In region B only, 77 does
not depend on torque, and it can be verified that:

Py

total — /11131) Tp. (19)

This can also be observed in Fig. 7 where the optimal flux
and losses are presented. In region B, 277 (17) is independent
of torque, and the total losses are proportional to the drive
torque via Aipt. The flux level is adjusted to minimize total
losses. In this case, the only inputs to the system are the torque
T, and rotor speed w,,. Clearly, when the flux constraints

become active (i.e. in regions A and C), both in the minimum

and maximum flux regions, losses are greater than the optimal
value in (19), as shown in Fig. 7.

In regions A and C, the flux is limited, and its limit value is
an input rather an optimization variable. At the optimal point,
the losses are dependent on the limit flux value adopted. After
some similar calculation that led to (18), results in:

ar®P
—fotal — Zl/Jmf((le, wm) - Atl)plfg aF Agp .

T (20)

This determines how the total losses vary in regions A and C
with respect to the adopted limit flux. The results are presented
in Fig. 8.

Derivative of total loss in respect to limit flux
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Fig. 8 Derivative of the total loss with respect to the flux limit. The
analytic result was obtained using (20).

The analytic result refers to (20). In region A, an increase of
the limit flux results in an increment of losses. Conversely, in
region C, increasing the limit flux results in a loss reduction.

C. Influence of the Rotor Speed

The rotor speed impacts the total losses in two ways:

e viacore losses, which increase with frequency.

e by determining the torque value at which the flux
constraints are triggered, and the system enters regions A
or C, then causing sub-optimal losses.

In region B, due to the monotonic trend of f(w,,), (16)
shows that the optimal flux at a given torque decreases when
speed increases. Consequently, at high speeds, the system will
start using the maximum flux for higher torque values then
enlarging region B where the optimal losses are at minimum.
Conversely, in regions A and C the flux is limited, and the state
variables do not depend on speed. Nonetheless, total losses will
increase with speed due to an increase in both stator and rotor
frequencies.

V. NEW CONTROL SYSTEM

A. General description of the Control System

Based on the results in Section 1V, it is possible to design a
control system that implements the three optimization rules.
The first and second optimization rules are easily
implementable. This paper proposes a new implementation of
the third rule based on (6) that can be written in the form:

op _ 2(rs+1y) 1°P

m = 0P rq = k1p1(wm)1:5- (21)

Since in region B AS” is constant, (21) results in a linear y,? —
Iry relationship in this region.
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The airgap flux reference calculation (21) is implemented
with two limiters to establish the minimum and maximum flux
levels (Fig. 9). The low pass filter is used to avoid a high level
of oscillations in the reference airgap flux. It also helps in the
stabilization of the reference flux.

il't] I
—

Fig. 9 Reference airgap flux calculator.

Fig. 10 illustrates a block diagram of the general control
system. This control system can be implemented using two
independent low-cost DSPs: one controlling the stator VSI and
the other controlling the rotor VSI. An implementation on a
single DSP is also possible.

The current type airgap flux estimator, needed for the
implementation of flux orientation, is used in this case [26]. It
computes the airgap flux in the flux reference frame using the
stator and rotor current measurements and the rotor position
measured by an encoder. The airgap orientation is enforced by
controlling the g-axis flux component to zero (Fig. 10). This is
done using two (d and q) direct flux controllers. The dq rotor
currents are controlled by two PI controllers where the d-axis
current reference comes from the optimal split condition and
the g-axis component reference is determined via (7) using the
torque reference and estimated airgap flux (Fig. 10).
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Fig. 10 Block diagram of the control system.

B.Simulation Results

As a preliminary validation, the response of the system is
shown in Fig. 11 for two operating regions, B and C, as well as
the transition between them due to a torque step. This figure

was obtained through simulation in Matlab/Simulink.
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Fig. 11 Simulation results showing the system response to a step on
the torque reference (w,, = 1 p.u.).

The stator and rotor currents have almost the same frequency
because the system is operating at a slip close to -1. In the first
instants, region B, pg_qxis €quals py_q.;s as predicted by (13).
The airgap flux level is slightly higher than 0.5 p. u. After the
torque step the flux hits the upper limit, then leading to a
transition from region B to region C, with consequent violation
of (13), leading to p,_qxis beiNg higher than p;_qys-

VI. SENSITIVITY ANALYSIS

The proposed control method is based on (21), which relates
the optimal flux with I;’;’. Any errors in this function will affect
the reference flux, causing the operating point obtained to drift
from the actual optimal operating condition.

Lagrange multiplier A7 is the key variable to understand the
sensitivity to parameters. To compute the reference flux for a
torque Tp, (22) can be used:

2(rs+1y)
Ym = ’%TD .
1

Given (17), (22) is affected by errors in 1, 1., L, and in the
function f(ws, wm)~f (wy,), leading to errors in ,,,.

Mismatches in 1, affect the total losses p; through both d-
axis losses and g-axis losses, as described by (12) - (14).

The influence of parameter mismatches is evaluated using
the definition (23), with p, computed considering mismatches
and p,¥ computed without mismatches.

(22)

pe-p.*
Error = ——=#
Pt

x 100% (23)

The values obtained for w,, = 1 p.u. and w,, = 2 p.u. are
presented in Table | for T, = 0.15 p.u.. In region B there is
almost no variation of this error with torque Tp.
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TABLE |
INFLUENCE OF PARAMETER MISMATCHES ON THE TOTAL
POWER LOSSES (T, = 0.15 p.u.)

Error (%)
Mismatch W =1p.u. | w,=2p.u
fi =08f, 0125 031
fo. =12f,. 0.1 023
L. =08L, 0.83 0.26
L, =12L, 0.38 0.096
7 = 0.81, 0.046 0.095
¥ =121, 0.047 0.082
1, = 0.8r, 0.012 0.0475
= 1.2r, 0.016 0.045
b~ 2 [ i) | 6% 129

The errors obtained are extremely small. The same algorithm
was used when A, in (21) is calculated ignoring term r,7,. /L3,
in (17). The errors that are presented in the last row are included
to allow a comparison with the experimental validation
presented in Section VII-C.

VIl. EXPERIMENTAL RESULTS

To verify the theory presented in the previous sections, a
laboratory test-rig was utilized, which includes a WRIM and
two VSI inverters connected to a 200 V dc laboratory network.
The different numbers of turns in the stator and rotor windings
of the machine were equalized by connecting a transformer to
the stator. The two VSIs are controlled independently by using
low-cost Microchip fixed point dsPIC30F4011

microcontrollers. There is no communication between the
microcontrollers, but they share the output of the system
sensors, including an encoder with 4096 ppr.

Machine

$3v%

4

§ Wound rotor
Induction Machine

T
Voltage source
STRLY

¥ DCfield
#~ Rheostat ',

Additional
rotor coils

~ ACandDC
terminals

Stator
transformer

(b)
Fig. 12 Experimental setup: (a) electrical machines and encoder; (b) power
electronics, measurement and control systems.

The real-time results are obtained from four PWM output
channels per dsPIC, which are connected to low-pass RC filters.
The WRIM is driven by a separate excitation dc motor, and the
armature voltage adjusted by a simple three-phase variac and
diode bridge. This setup causes slight variations in the rotor
speed, depending on the load.

The differential anti-windup implementation was adopted for
all PI controllers. The airgap flux controllers and rotor current
controllers were designed using the ITAE criterion. A
photograph of the experimental setup is shown in Fig. 12.

A. Open loop response

The open loop response to a decreasing ramp on the reference
flux is shown in Fig. 13. The results in this figure were obtained
using a first-order filter (t=7 ms). The test was carried out at 1.0
p.u. rotor speed and 0.15 p.u. torque. Since this is a low power
prototype, the losses in p.u., including semiconductor losses,
are considerable. In both cases, the minimum total loss is
obtained when p;_qys INtErsects p,_qy;s. These two variables
are different in these two cases because semiconductor losses
are considered in one case and omitted in the other one. Despite
the significant semiconductor losses in this prototype, the
optimal operating points are still close to each-other, with the
airgap flux being slightly lower when semiconductor losses are
not considered in the optimization procedure.

Open loop - Decreasing ramp on the flux
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Fig. 13 Response to a decreasing ramp of the airgap flux in open loop.

Fig. 13 indicates that for and small-scale lab converter based
on classic power electronics technology, semiconductor losses
have some small influence on the optimal point. However, for
new power electronics technology where semiconductor losses
are much smaller, these losses can be ignored. It is important to
note that the auxiliary functions pg_qyis and pg_axis are
mathematically different in these two cases.

As the optimal operation can be mathematically verified by
comparing these two functions, they are shown in all
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experimental results presented in this section.

B. Response to a Step on the Reference Torque. Step to
region B and step to region C.

Fig. 14 and Fig. 15 show the system responses to a step
change in the reference torque, from zero to 0.2 p.u. and 0.6 p.u.
respectively.

In the first case, since the final flux is between the lower and
upper limits, the system operates in region B, resulting in
identical d- and g-axis 10sses pg_qxis aNd Py —axis, according to
(23). In the second case (Fig. 15), when the torque step is
applied, the flux reaches the upper limit constraints, moving the
operating point to region C and making pg_axis and Pq—axis
different.

Step on torque reference (0 to 0.2 p.u.)
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Time (ms)

Fig. 14 Response to a 0.2 p.u. reference torque step at 1500 rpm.
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Fig. 15 Response to a 0.6 p.u. reference torque step at 1500 rpm.

The step response of the method presented in [19] under
similar conditions as in Fig. 14 is illustrated in Fig. 16. In this
case, the auxiliary functions p,_ ;s and p,_qyis have different
values compared with those in Fig. 14, as their definition in [19]
involve extra terms.

Comparing Fig. 14 and Fig. 16 shows that that the method

proposed here (see Fig. 14) has a slightly faster response.
Although fast response is not a major benefit in this field of
application (maximizing system efficiency), it highlights the

advantage of avoiding the use of a PI controller and related
tuning issues. The response time of the method in [19] depends
on the Pl parameters and on the operating point.

Step on torque reference (0 to 0.2 p.'“')
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Fig. 16 Same result as Fig. 14 using the method in [19].

C. Response a Ramp in the Reference Torque

The response to a ramp in the reference torque is shown in
Fig. 17 to Fig. 19 for different rotor speeds. The reference
airgap flux starts from the minimum flux constraint value of 0.5
p.u.. At a certain torque level, the flux starts to increase, the
system enters region B, and the A;¥ parameter remains
approximately constant as expected from (21) because it
depends slightly on the rotor speed which changes slightly
during the transient. The two types of 10Sses p, _gxis aNd Py —_gxis
are also shown. They are equal when the system operates in
region B. The evolution of the rotor current iff,’ can be easily
understood based on its dependency on the flux and torque.

Ramp on torque reference (1000 r/min)
_093|— 17 I :
5 D m "
= 0.5
0 " ] ]
0 500 1000 1500
0.2 T T
t~oa} ——
0 I .
0 500 1000 1500
~ 0.04 !
5 — Pyavis T Pacavis
2002t L !

0 500 1000 1500

2 04f

= 02

=0 ; , .
0 500 1000 1500
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Fig. 17 Response to a ramp in the reference torque at 1000 rpm.

In Fig. 19 the flux reaches the upper constraint only at the
end of the transient. This is the reason why both types of losses
remain equal during the whole torque ramp.
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Ramp on torque reference (1500 r/min)
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Fig. 18 Response to a ramp in the reference torque at 1500 rpm.

Ramp on torque reference (1750 r/min)
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Fig. 19 Response to a ramp in the reference torque at 1750 rpm.

D. Response to a Reference Torque Ramp under
Parameter Mismatches

The test in Fig. 18 was repeated when (22) is computed ignoring
1,1 /L%, in (17). The results are presented in Fig. 20.

The resulting error in 277 is according to the sensitivity
study. However, when compared with Fig. 18, no big
differences appear: similar levels of p, are obtained. The error
in the losses is about 7%, i.e. approximately equal to the value
computed in the last row in Table I.

I. CONCLUSION

This paper has presented a simplified control algorithm for
minimizing the sum of core and Joule losses in a dual-VSI
DFIG-dc system. The algorithm neglects semiconductor losses
proportional to current magnitude, assuming the high
performance of modern power electronics devices. Lagrange
multipliers are used to optimize the system, leading to explicit
expressions for optimal reference commands for inner
magnetizing flux and rotor current controllers. The control
system implements the optimal solution in an airgap field-
oriented control framework.

Optimization control - ramp on torque reference
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Fig. 20 Response to a ramp in the reference torque at 1500 rpm with
mismatch in the parameters — i.e., ignoring the term ryr;,. /L2, in (17)
feeding into (20). A low-pass filter was used to mitigate oscillations.

As main novelties with respect to the existing literature, the
proposed approach includes a new implementation for the
airgap flux optimization that avoids handling implicit optimal
conditions and related ancillary Pl controllers for numeric
inversion. A sensitivity analysis has revealed that the higher the
speed, the lower the power loss drift from the optimal value
caused by WRIM parameter mismatches. The experimental
implementation was carried out using two independent low-cost
DSPs. Simulation and experimental results have demonstrated
the validity of the theoretical study presented.

APPENDIX |

Wound rotor induction machine ratings: 3.2 kW, 4-pole,
380/110 V, 8.1/19 A, delta-connected stator. Per-unit
parameters use the following base values: Sg=5350 VA, fzg=50
Hz, Ug= 380 V, Tg=34 Nm.

TABLE Il
SYSTEM AND CONTROL PARAMETERS
Parameters
Resistances rs=0.06 p. u., r, =0.05 p. u.
Inductances Ln=1.5p.u., Lks=0.10 p.u., Lx=0.10
p.u.
Core loss Pseo= 0.015 p.u, psno=0.007 p.u,
components Preo= 0.013 p.u, pmo = 0.005 p.u
Inverter losses Pinvso = 0.04 p.u., Pinvio= 0.04 p.u.
Turns ratio ny/n, = 3.45

Stator transformer | S,, = 4kVA, 220V /110V

Airgap flux limits Ynin = 0.5p.u., Yrax = 093 p.u.

Pl controller | Rotor current =6 p.u. airgap flux=0.6
bandwidths p.u.

VSI switching 3 kHz

frequency

Sampling frequency | 10 kHz

Output channel RC | 600 Hz to filter 30 kHz switching.

filter bandwidth
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