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Optimized and coordinated model predictive control
scheme for DFIGs with DC-based converter system )

Shaomin YAN'?, Aimin ZHANG?, Hang ZHANG!, Jianhua WANG/,
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Abstract This paper proposes an optimized and coordi-
nated model predictive control (MPC) scheme for doubly-
fed induction generators (DFIGs) with DC-based converter
system to improve the efficiency and dynamic performance
in DC grids. In this configuration, the stator and rotor of the
DFIG are connected to the DC bus via voltage source
converters, namely, a rotor side converter (RSC) and a
stator side converter (SSC). Optimized trajectories for rotor
flux and stator current are proposed to minimize Joule
losses of the DFIG, which is particularly advantageous at
low and moderate torque. The coordinated MPC scheme is
applied to overcome the weaknesses of the field-oriented
control technique in the rotor flux-oriented frame, which
makes the rotor flux stable and the stator current track its
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reference closely and quickly. Lastly, simulations and
experiments are carried out to validate the feasibility of the
control scheme and to analyze the steady-state and
dynamic performance of the DFIG.

Keywords Coordinated model predictive control (MPC)
scheme, Doubly-fed induction generator (DFIG),
DC-based converter system, Optimized trajectories, Rotor
side converter (RSC), Stator side converter (SSC)

1 Introduction

Wind energy generation has attracted great interest due
to its freely available, clean and renewable resource. The
adoption of doubly-fed induction generators (DFIGs) for
wind turbines has allowed the power rating of wind tur-
bines to increase in AC grid [1]. The traditional DFIG
converter system has many merits, such as small power
capacity, low energy losses and cost, flexible power control
[2—4]. However, it cannot easily satisfy the requirements of
high-voltage direct-current (HVDC) transmission systems
based on voltage-source conversion (VSC). Extra rectifiers
are applied to connect the stator and traditional DIFG
converter system with a DC bus, so that the cost increases
due to this redundant structure [5].

Therefore, a DC-based converter system has been pro-
posed to interface a DFIG with a DC grid. A diode-based
converter interfaces the stator with the DC grid to simplify
its structure and reduce its cost. A power control
scheme for a DFIG is proposed with a diode-based rectifier
connected to the DC Bus [6]. The stator frequency is reg-
ulated by an inner control method [7]. Torque ripple is
reduced by resonant current controllers [8]. Operation and
design issues are analyzed for a DFIG with a diode-based
rectifier [9]. Self-sensing methods for regulating stator
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current and stator frequency are proposed for DFIG
[10, 11]. But harmonics caused by diode-based rectifiers
may reach from 5.97% to 11.66% and an active power filter
should be applied to eliminate these [12, 13]. The IGBT-
based DFIG converter system adopted in this paper, which
consists of a rotor side converter (RSC) and a stator side
converter (SSC), regulates DFIG more flexibly, with
reduced harmonics [14, 15].

A DC-based converter system make it possible to reg-
ulate flux and current in the DFIG to minimize system loss
and adapt it to various applications, because the SSC
connects the stator to the DC grid and the stator is not
confined to the AC grid. A SSC regulates its frequency and
voltage to make the DFIG operate at low wind speed with
fixed slip [14]. However system dissipation cannot be
ignored, particularly at low and moderate torques.

Optimization strategies for DFIGs in AC and DC grids
have been investigated as follows. Optimization of a DFIG
in the AC grid only deals with the sharing of exciting
current, while additional reactive power devices are needed
to compensate reactive power [16]. The field weakening
method is used to extend the rotor speed range of induc-
tion, and suitable flux and current trajectories are found to
reduce system losses [17, 18]. The field weakening method
is applied to a DFIG with a diode-based converter to
improve its efficiency in a DC grid [19]. However, its
efficiency only increases by 12% while the stator frequency
increases by 200% at low torque and rotor speed. The
higher stator frequency leads to more design difficulty and
increases the cost of the diode-based converter. Opti-
mization strategies for a DFIG with an IGBT-based con-
verter system connecting to a DC grid are hardly
mentioned in the literature, especially at the low speed and
torque.

Field-oriented control techniques consisting of inner and
outer loops are usually used to control DFIG power due to
their simplicity [20, 21]. But it is difficult to choose suit-
able control parameters to ensure system stability under
different conditions. Alternative control strategies have
been proposed to overcome these drawbacks [22, 23].
Model predictive control (MPC) is an attractive solution
for current, power, torque and flux control due to its easy
design, fast dynamic response, high accuracy and small
steady-state error under different conditions [24]. Com-
pared with a PI controller, a MPC controller obtains faster
responses and has less overshoot [25, 26]. MPC has been
applied to DFIGs not only in the AC grid, but also in the
DC grid [27-30]. However, MPC for a DFIG with two
IGBT-based converters, to improve the dynamic and
steady-state performance of the DFIG in the DC grid, is
also hardly mentioned in the literature.

Considering the problems mentioned above, this study
focuses on the optimization strategy to improve the
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efficiency of a DFIG with IGBT-based converters con-
nected to a DC grid, which is the main contribution of this
paper. Unlike previous optimization strategies for DFIGs,
an optimization method for rotor flux and stator current is
proposed to minimize system losses. The optimal values
are analytically obtained and validated on a detailed
model.

Furthermore, a coordinated MPC scheme for the RSC
and the SSC is presented to overcome the drawbacks of the
field-oriented control technique and improve the steady-
state and dynamic performance of the DFIG. A stator
current and rotor flux predictive method is used in the MPC
controllers. Finally, experimental and simulation studies
are carried out to validate the effectiveness.

2 System description
2.1 DC-based converter system

The DC-based converter system adopted in this paper is
shown in Fig. 1.

The stator and rotor of DFIG are connected to the DC
bus by the SSC and RSC. The stator voltage is not enslaved
to the AC grid any more, and the SSC can regulate the
stator voltage and frequency flexibly to control the stator
current and compensate the stator reactive power. In
addition, the RSC can regulate the rotor voltage flexibly to
control the rotor flux.

2.2 Wind turbine model description

In this paper, the models of the gearbox and the wind
turbine are merged into one part. And its maximum power
point (MPP) curve assumed in this paper is approxima-
tively given by [31]

{ Top = 0.0667V>

1
Rropt = 111.8V, M

where T,,, (N-m), n,,,, (krpm), and V,, (m/s) are the opti-
mum mechanical torque, optimum rotor speed, and wind
speed respectively.

grid

I RSC 4%} Ei_
DC
%}T

DFIG DC-based converter system

Fig. 1 DFIG with its DC-based converter system in DC grid

@ Springer

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE



622

Shaomin YAN et al.

I5p = - T, atV,=15m/s . -
_ ---T,atV,=9 m/s
ST
Z
[}
=
E st
&= r ~a
0 1 i1 1 1 1 J
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Rotor spe.ed (krpm)

Fig. 2 Variation of wind turbine performance with rotor speed

Wind turbine performance curves are shown in Fig. 2,
as the rotor speed (n,) ranges from 0.6 to 1.7 krpm. The
solid line is for the curve of optimum mechanical torque.
The other lines are the curves of mechanical torque (7,,,) at
the wind speeds of 9 and 15 m/s respectively.

2.3 DFIG model description

The dynamic DFIG model in the dg synchronous frame
can be expressed as [20, 21]

dwxd
dr

Usdg = - wllﬁsq + Rsisq

dy/ .
Usqg = d;q + CUllpsd =+ Rslsq

dy,, .
Urg = dtd - wsqu + Ryl

dy :
Urg = Fr‘] + o3,y + Rying

Yoy = Lyisg + Liirg
Wy, = Lyisg + Linirg
Vg = Lyiya + Lyl
Wyy = Lyiyg + L
dw,, 2nJdn,
Tdr 60 dr

L, . .
T, = I.San— (Yralsg — Wrglsa)

Tm_Te:J

(4)

where Uy, Usg, isa isq Wsa» and Yy, are the dg components
of stator voltage, current and flux respectively; u,q4, U, g, irq
irg» Wra, and 1, are the dg components of rotor voltage,
current and flux respectively; w;, w, and w,, are syn-
chronous, slip, and mechanical angular frequency respec-
tively; L;, L,, and L,, are the stator, rotor and mutual
inductance respectively; R, and Ry are the rotor and stator
resistance respectively; T, is electromagnetic torque; J is
generator rotational inertia; and n,, is the number of pairs of
poles.
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3 Control strategy description
3.1 MPP control strategy

Rotor speed n,, here approximated by (1), is usually
regarded as the tracked target to make the DFIG operate at
its MPP. The MPP controller is given by (5), and its output
is T, subject to a range limitation from 7, to T,

T, = Topt - kp (nropt - nr) (5)

The dynamic responses of n, and T, increase in proportion
to the rotor speed error with coefficient (k,). The risk of
mechanical faults increases with the variation speed of
mechanical stress. Here k, is chosen as 0.0628.

3.2 Optimized control targets for DFIG

The rotor flux and the stator current are the control
targets, which are optimized in this paper. Within the
limitation of rated stator voltage, the proposed optimization
method minimizes system losses. The maximum rotor flux
is determined by rated stator voltage, because stator over-
voltage causes danger and increases the design difficulty of
the SSC.

From (3), when a rotor-oriented flux frame is adopted
with its vector direction aligned with the g-axis, the rotor
flux (,) and its dg components are given by

vy, ©)

The rotor currents are accordingly derived from (3):

id o _Lmisd
d =
L,
, (7)
. lpr - Lmlsq
T L

wn

ubstituting (7) into (3), the stator fluxes are obtained:

L2\
lpxd = (Ls - L_m) Lsd

L 2\
lpst] = L_mlpr + (LS - L_m) lsq

(3)

Substituting (6) into (4), the stator active current is given
by
T.L
g = e (9)
—1.5n,L,

Ignoring both electromagnetic transient processes and the
voltage drop due to the stator resistance, the stator voltage
(uy) and its dg components are obtained from (2):
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{ Usa = —wllﬂsq (10)

Usqg = U)llpsd

Us = \/ u?d + u%q = W \/ w?q + wfd (11)

It is well known that the rotor and stator resistances are
approximately identical, and the rotor leakage reactance
(Ly,) is far less than the mutual inductance (L,,,) [32], namely,

{ R, ~ R, 12)

L. ~L,

From (8), (11), and (12), the rotor flux is approximately
expressed as

U . Y
(//r%—glpr%— (13)

w1 w1
where V; and lﬁ: are the rated stator voltage and rotor flux
respectively.
With iron losses neglected, the total Joule losses (P;) are
given by
(izd + izq)R, + (igd + ifq)RS
2

P, =i’R, +i’R, = (14)
where i, and i, are the effective values of the rotor and
stator current.

Substituting (7) and (9) into (14), if the DFIG operates at
its MPP, the system losses are expressed as

12 T, L. 2
P, =05(R,+R 2 __Toprmr
: < * L'z) <—l.51’lmel//,>

L2 W, LR
2 rmiNy
+0.5 |:lsq (RS +R, L—'é’) -2 L isq +

(15)

R
LZ

From (12) and (15), it follows that

&_ﬂ 2+ i _l//r 2+i
L5npy, 2L, “2L.)  1.5nL,

(16)

P =R,

We define a variable flux (y,) that varies with T,,
according to

2LrT0pt
=4 |— 17
b=\ (17)
The system losses (Py.) resulting from the rotor flux and

stator current optimization method are given by

RsTopt *
<
1.5n,L, i SV,

NESIA
“\1.Snpy, 2L,

Pp = (18)

RST()pt
1.5n,L,

<,

with

wm,
ot s\%
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v V<Y
= 19
g {w;‘ V> U 1)
fL’ v, < Y
Isg = W’ (20)
T
- 33;0? l//z S '//j
lyg — T P (21)

If DFIG operates in a non-optimization mode, the rotor
flux and stator reactive current are equal to the rated value
and zero respectively. In this case, the system losses (P,)
are given by

T w* 2 lp* 2 RT ;
P,=R W _Tr ) 4R L Tt 22
5(1.5n,,1pj 2L,> + ‘(2L,) +1.5an, 22)
If only the stator reactive current is optimized, system
losses (P.) are given by

*\ 2
Pc _ Rg< To,'?t _ l//r)
“\1Snpy, 2L,

RSTopt
1.5n,L,

(23)

The output power of the wind turbine and the gearbox is
equal to T,,,w,,; when the DFIG operates atits MPP. In order
to clearly illustrate the difference in system losses and
efficiency between optimized and non-optimized operation,
the decreased system losses ratio (An, and Ax.) and
increased system efficiency (A¢y. and AS,) are defined by

P,—P
A,/’ o _tuT f
fe P,
A — P, — P,
vTon 24
A =L Pre Y
N Toptwopt
A&, = M
Toptwopt

The parameters of wind power generation system are
listed in Table 1. Based on (18)—(24), the curves of rotor
flux, stator current, system losses, decreased system losses,
and increased system efficiency are shown in Figs. 3 and 4.
As the synchronous speed (1, is 1500 rpm, A#y. and Ay,
increase from 25% to 82%, and from 25% to 50% when the
rotor speed ranges from 1.2 ny,, to 0.4 n,,, and A&, and
Aé. increase from 1% to 19%, and from 1% to 12%. In
[19], the improvement in efficiency varies from 0% to 12%
when rotor speed n, decreases from 1.2n,, to 0.4n,,, at low
torque and rotor speed level.
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Table 1 Parameters for the DFIG generation system

Symbol Quantity Value

Ry stator resistance 0.88 Q

Ly Stator leakage reactance 5.6 mH

R, Rotor resistance 0.88 Q

L, Rotor leakage reactance 5.6 mH
L, Mutual inductance 87.5 mH
n, Pair of poles 2

J Moment of inertia 0.015 kg m?
Mgy Synchronous speed 1500 r/min
n, Rated rotor speed 1680 rpm
A Rated stator frequency 50 Hz

Vs Rated phase stator voltage 311V

Uge DC voltage 650 V

Therefore, the proposed optimization method achieves
better performance especially at low and moderate rotor
speeds. Systems losses are reduced and system efficiency is
improved.

The feasibility of operating a DFIG at low wind speed is
validated with fixed slip in [14]. Hence, we focus on the
coordinated MPC scheme using rotor flux and stator cur-
rent predictive method to track the optimized control tar-
gets and improve the performance of the DFIG within the
normal rotor speed range from 1.05 to 1.68 krpm in the
following simulation and experiment.

[
I

3 b
= LOF < A
§ = 2t Lsqopt
~ = .
o o 1 Lsqunopt
= = L
= 0.5 W 3
— Tropt 0
I ’}Irlmnp/
0 - - . - | . . . . .
06 08 10 12 14 16 06 08 1.0 12 14 1.6
Rotor speed (krpm) Rotor speed (krpm)
(a) Rotor flux (b) Stator reactive current
0 60
<2 Z 40
5 o I i.vdz)/?/ ._o] 20

Lsdunopt

0 I n L I 1
06 08 10 12 14 1.6
Rotor speed (krpm)

(d) System losses

-6 . . . . .
06 08 10 12 14 1.6
Rotor speed (krpm)

(C) Stator active current

Fig. 3 Variations of losses, flux and current with rotor speed
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Rotor speed (krpm)

(a) Decreased losses ratio

Fig. 4 Decreased system losses and increased system efficiency

3.3 Predictive model of DFIG

From (2) and (3), the state equation of DFIG can be
derived in the form

dx

~— A B 25
5 x +Bu (25)
where

X = [l//rd l//,.q isd isq]Ta u= [urd Urg Usd qu:IT7

- R, -
L wI; PR, 0
Wy L 0 PR,
A=\ BR, po, R +FR, ’
oL, o o @1
—pw, PR, —R, + R,
Wy
L o oL, o ]
1 0 00 LL,— L2
B 0 1 0 0 - L,
| =B/ 0 1 0}’ L,
0 —B/x 0 0 =T

Stator current and rotor flux are the system state
variables, and stator and rotor voltages are the system
inputs for the RSC and the SSC respectively. The
coefficient matrix A varies with rotor angular frequency.
Rotor voltage is regulated by the RSC to confine rotor flux
to its rated value with a coupled term including the stator
current. Stator voltage is regulated by SSC to confine stator
current to its reference with a coupled term including the
rotor flux. The stator current and the rotor flux are therefore
coupled strongly together. Separate controllers for the RSC
and the SSC would generate system errors. Meanwhile it is
difficult to decouple and ensure system stability over its
full operational range using simple PI controllers.
Therefore, coordinated MPC controllers for the RSC and
the SSC are proposed to make the DFIG operate at its MPP
and to improve its steady-state and transient performance,
using a rotor flux and stator current predictive method
without decoupling. The rotor flux is estimated from rotor
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and stator currents according to (3) [32]. Stator, rotor, and
mutual inductances (Ly, L,, L,,), are evaluated off-line.

The forward-difference Euler formula is adopted as the
numerical approximation to predict the derivative for the
next sample time:

dx  Ax(k) x(k+1)—x(k)
dr - A T

(26)

where x is a state variable; T is the sampling period and & is
the time stamp. The discrete predictive model for the DFIG
is therefore given by

x(k+1) = (A(K)T + Ix(k) + BTu(k) (27)

3.4 Delay compensation

Current sampling and rotor flux calculation cannot occur
simultaneously, and the sampled currents differ from the
actual values at the time of calculation. These errors can be
significant if the delay time is substantial. It is necessary to
predict the stator current and the rotor flux for the sample
time, to match the derivative prediction. They are esti-
mated for sample time k by the previous values and
expressed as

x(k) = (A(k — )T + Dx(k — 1) + BTu(k — 1) (28)

I
I
RSC I
S pen[ L
n, i b<_ } _—l—_ I
rabc |
(7 ! [ DC grid
. 1 SSC 3 ! g
DFIG foabe | I
e L el | ;
Vi sd
l O |0 l:;b‘ abc .
n) 'S¢
MPP(1) ! | g
.fl /‘ _}91 Lrabe . Lrd
Ty | Moo abe [
01*0,4 _dq Irg N
7 ||
Rotor flux Stator current
referrence(30) referrence(31) RSC SSC
WraWrg l l isilsg Sl'ubcT S.mbcT

Minimization of cost function(29)

Tr01g | et Dig, )

Predictive DFIG model(27)

‘//rd,n(k+ 1 )#/rq,n(k+ 1 )

vty ‘
Ron Ir(K)irg (k)
otor - X Delay
flux observer(3) | blK)-ig(k) compensation(28) N
Fig. 5 Control scheme for the RSC and the SSC
STATE GRID

3.5 Cost function

A cost function is the evaluation criterion to determine
the optimum switching state for the next sample time and
output the optimum vector with the least error. The stator
current and rotor flux predictive method is used to keep the
rotor flux stable and to track the stator current reference.
Rotor flux and stator current targets are easily achieved by
penalizing switching states that produce predictions distant
from reference value. Thus the cost functions for the SSC
and the RSC are defined as
Iy — 1,
8rsc = k3|lp:d - l//[r)d| +k4‘lpfq - [:q

8ssc = ky |l:d - lfd| + ks (29)

where ki, k,, k3, and k, are the weight coefficients that
influence relative performance against each of the control
targets. In this paper, k;, k», k3, and k4 are chosen as 1.
Target values are denoted by the superscript “x”, and the
predicted values from (27) are denoted by the superscript
“p”. The rotor flux reference values are obtained from (6)
as

V5a =0
{ V=, (0)

The stator current reference values are given from (4)—
(6) and (20) as

- Topt - kp (nopt - nr)

lyg =

1.5n, Py, (31)
o lpr
e T oL,

3.6 Coordinated and optimized control scheme

From the above analysis, the whole control scheme is
shown in Fig. 5. The MPP model estimates the optimal
speed and torque (1., T,p) using (1) according to the
wind speed (V,,). The rotor flux and stator current refer-
ence values (g, l//jq, i i:q) come from (30) and (31)
with the inputs of T, 1., and n,. The rotor speed, and
stator and rotor currents (7,, isupe Lrape) are measured and
transformed into their dg components (iyy, isg 4> irg) in
the synchronous frame. The rotor and stator currents
(isa(k), isq(k), iyq(k), i,4(k)) for sample time k come from
the delay compensation model illustrated by (28). The
rotor fluxes (,4(k), ¥,,(k)) for sample time k are esti-
mated from the rotor and stator currents using (3). The
predictive DFIG model in (27) is used to output the
predicted rotor fluxes and stator currents (/,; (k + 1), Y,4
(k + 1), ik + 1), ig(k + 1)) for sample time k 4+ 1.
Cost functions given by (29) determine the optimum
switching state during the next sampling period, which
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allows the optimum voltage vectors (S,upe, Ssape) Of the
RSC and the SSC to be calculated using the inputs of
predicted rotor fluxes and stator currents.

4 Simulations

The DFIG system parameters in the following simula-
tion and experiment are listed in Table 1.

Changes in rotor speed are modeled in a simulation
platform to verify the feasibility of the proposed control
scheme. During the first stage, n,,, is set to 1680 rpm
which is assumed to be the rated rotor speed of the DFIG.
Then at 0.3 s the rotor starts declining quickly during the
transient stage, reaching 1050 rpm at 0.45 s, where it
remains in the low-speed stage for the rest of the simula-
tion. Simulation results are shown in Figs. 6, 7 and 8.

4.1 Steady-state performance analysis

The rotor flux and stator current are stable and track
their reference values closely before 0.3 s when DFIG
operates at its rated rotor speed. n, is confined to its ref-
erence value, indicating that the DFIG operates at its MPP.
The rotor flux amplitude remains stable at 1.03 Wb with a
frequency of 6 Hz. The stator current (/) is a sine wave
with amplitude of 6.3 A and frequency of 50 Hz. The stator
reactive current is 3.77 A and, together with rotor reactive
current, ensures the rotor flux stable. The filtered stator
voltage amplitude is confined to 311 V. A phase difference
exists between the stator current and the voltage.

At the rotor speed of 1050 rpm, the stator current
amplitude is 3.87 A with its active and reactive current
confined to their reference values of —2.79 and 2.68 A after
0.5 s, which accords with (31) and Fig. 3. The RSC con-
fines the rotor flux to 0.732 Wb, which varies with T,,, and
accords with (19) and Fig. 3. The stator voltage amplitude
declines to 227 V due to decreased rotor flux.

Thus, the MPC controllers make the DFIG operate
steadily and track the optimized targets effectively.

4.2 Transient performance analysis

The transient performance is analyzed when rotor speed
declines rapidly from 0.3 s in Fig. 6. Owing to the gener-
ator inertia and control delay, n, reaches its reference value
at 0.45 s. With the stator active current reference increasing
and rotor flux reference decreasing from 0.3 to 0.38 s, T,
maintains its maximum value of 15 N-m to make n, fall
quickly, and then reduces to its reference value, which
accords with the expected behaviour of the MPP controller

STATE GRID
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Fig. 6 Rotor speed, flux, current, and torque variations during the

transient stage of the simulation
: w\
10 \V,
-15 : : -
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(b) Rotor flux

[E—
S

(=1
wn

'
f=
&

Flux (Wb)

-1 . R
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Time (s)
(a) Stator voltage and current

Fig. 7 Rotor flux and stator current during the rated-speed stage of
the simulation

(5). The rotor flux and stator current closely follow their
references values.

Thus, the transient performance of the DFIG is excellent
when wind speed falls sharply, and all control targets are
met smoothly and quickly.

5 Experiments
5.1 Test bench overview

A laboratory-scale experimental test bench was designed
to verify the proposed control scheme. It consists of a DFIG,
RSC, SSC, induction motor (IM), IM driver, and battery
storage. Its schematic diagram and photograph are shown in
Fig. 9 and Fig. Al (as shown in the Appendix A) respec-
tively. The IM is used to emulate a wind turbine, and its speed
is controlled by the IM driver. Battery storage is connected
with the stator and rotor, by the RSC and SSC respectively, to
keep the DC bus voltage stable. Two du/dt filter inductors are
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1.0

~ 0.5

=

= 0

2

=205 \
0.50 0.51 0.52 0.53 0.54 0.55 6.50 0.55 0.60

Time (s) Time (s)

(a) Stator voltage and current (b) Rotor flux

Fig. 8 Rotor flux and stator current during the low-speed stage with a
rotor speed of 1050 rpm
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Fig. 9 Schematic diagram of the test bench

1 PWM

added to the rotor and stator sides to protect the DFIG from
sharp voltage changes. An incremental encoder and a torque
sensor are used to measure the rotor position, speed, and
torque. The proposed control scheme is implemented in a
DSP28335 processing board with a switching frequency of
10 kHz. The stator voltage amplitude is obtained by the
signal processing circuit to observe its variation directly.

5.2 Experimental results in normal speed range

A quasi-constant rotor speed ramping up from 1050 to
1680 rpm over 3 s was achieved using the induction motor.
Rotor flux and stator current reference curves are presented
in Fig. 3. An experimental comparison is made between
the two control schemes with optimized and non-optimized
targets, shown in Figs. 10-11.

In both figures n, increases from 1050 to 1680 rpm and
follows its reference curve closely. 7,, ranges from 5.9 to
15 N-m and has the same trend as n,. This is consistent with
the DFIG operating at its MPP in the two cases. The peak
amplitude of the induced stator voltage, allowing for the
effect of the low-pass filter, ramps from 227 to 311 V,
which conforms to (12).

The stator current follows its reference value closely at
rotor speeds of 1680 and 1050 rpm in Figs. 10 and 11. The
peak stator current amplitude varies from 3.87 to 6.3 A in
Fig. 10, and from 2.02 to 5.05 A in Fig. 11. The rotor peak
current amplitude varies from 3.83 to 6.4 A and from 7.8 to
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Fig. 11 Experiment results for non-optimization control scheme
g p P and fewer steady-state errors, and are more smooth.
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Thus, it could be concluded that the control scheme with
optimized control targets can make DFIG operate steadily
at its MPP over the whole operational speed range, and
improve the system efficiency.

5.3 Experiment results during abrupt rotor speed
variation

To validate the transient performance of the DFIG
during an abrupt rotor speed variation, the rotor speed was
changed sharply from 1680 to 1050 rpm in less than 0.1 s.
The results are shown in Fig. 12.

n, reaches its reference value smoothly after 0.1 s, and
T,, varies from 15 to 5.9 N-m quickly with a small over-
shoot. The stator current tracks its reference value
smoothly and quickly without overcurrent. The rotor cur-
rent changes very quickly. The experiment results therefore
accord with the simulated behavour shown in Fig. 6.
Compared with the current and torque curves in [6], the
curves in Figs. 11-12 have less overshoot and quicker
dynamic response.

Thus, the coordinated MPC controllers improve the
transient performance of DFIG when the rotor speed drops
down sharply.

6 Conclusion

Based on the results and analysis, the following con-
clusions may be drawn:

1) The optimized control targets are analytically obtained
and validated on the detailed model of system losses.
And its parameters come from a practical DFIG
system.

2) The optimized control targets effectively increase the
system efficiency from 1% to 19% when rotor speed
decreases from 1.2 n,,,, to 0.4 n,,, and minimize the
system losses of a DFIG. The lower of the rotor speed
is, the higher the increased system efficiency is.

3) The coordinated MPC controllers effectively track the
optimized control targets to make DFIG operate at its
MPP model, and improve the system efficiency about
2.7% at the rotor speed of 0.7 ny, in the experiment.

4) The coordinated MPC controllers make all control
targets track their references within 0.15 s and without
impulse when rotor speed drops down sharply in
experiment. The transient performance of DFIG is
improved.

In further study, this experiment will be extended to
verify the effectiveness of the proposed control
scheme over the full rotor speed range.
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Appendix A

See Fig. Al.

Fig. A1 Photograph of the test bench
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