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Abstract

Power loss can influence the accuracy of maximum power point tracking (MPPT) con-
trol and the efficiency of a brushless doubly fed generator (BDFG)-based wind turbine
(BDFGWT). Because power loss is related to both the active power reference and reactive
power reference of BDFG, this article proposes active and reactive power optimal control
of BDFGWT by considering power loss. Firstly, the mathematical model of BDFGWT,
including the wind turbine, BDFG, and back-to-back converter, is established. Then, an
active and reactive power optimal control strategy is proposed. In proposed control, the
accurate active power reference of power winding (PW) is calculated by considering the
active power loss of BDFG; in this way, proposed MPPT control can capture more wind
power compared to traditional MPPT control, ignoring the power losses, thus improving
the efficiency of BDFGWT. Furthermore, on the basis of the model of BDFG, the relations
between reactive power and total active loss are analyzed, and the optimal reactive power
control reference to minimize the active power loss is determined. Finally, in order to verify
the validity of the proposed control, 2 MW BDFGWT has been constructed, and the pro-
posed method was studied to make a comparison. The results verify that proposed control
can maximize the utilization of wind energy, minimize the power loss of the BDFGWT
system, and output maximal active power to the power grid.

Keywords: BDFG-based wind turbine (BDFGWT); power loss; optimal control; MPPT

1. Introduction

In recent years, to solve the problems of the fossil fuel energy crisis and environment
and climate change, there have been significant renewable energy developments in many
countries. Wind energy is deemed green, clean, inexhaustible, and renewable, and it is
receiving increased amounts of attention. For the purpose of making full use of wind
energy, a variable-speed-invariable-frequency wind power system has been widely used
since it can improve the utilization efficiency of wind energy and realize maximum power
point tracking (MPPT) [1-3]. The brushless doubly fed generator (BDFG)-based wind
turbine (BDFGWT) is a new type of variable-speed—invariable-frequency wind turbine.
In comparison, BDFGWT not only has the same advantages of decoupling power control
and a small-sized converter as a conventional slip-ring doubly fed induction generator
(DFIG) wind turbine (DFIGWT) but it also has higher reliability, lower maintenance costs,
a smaller-sized gearbox, and a stronger low-voltage ride through (LVRT) capability [4-7].
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Thus, BDFGWT is regarded as the candidate of conventional DFIGWT and has promis-
ing prospects in wind power systems, especially in those where their maintenance is
inconvenient, e.g., offshore wind power.

The BDFGWT is capable of running in stand-alone [8-11] or grid-connected modes [4-7].
Figure 1 illustrates the topology of BDFGWT. According to Figure 1, BDFGWT includes
a wind turbine, gearbox, BDFG, grid-side converter (GSC) and machine-side converter
(MSC), and controllers. In addition, as illustrated, PW, RW, and CW represent power
winding, rotor winding, and control winding of BDFG, respectively.
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Figure 1. Topology of grid-connected BDFGWT.

Due to the aforementioned advantages, there are many research studies that have
focused on BDFGWT. The model and control strategies of BDFG have been well studied
in [12-25]. For the purpose of improving the dynamic control property, the vector controls
of BDFG were proposed in [13-16]. In [6,7], low-voltage ride through (LVRT) controls
under grid fault conditions were studied. Moreover, for the purpose of improving the
capability to withstand unbalanced grid voltage, some articles aimed to research BDFGWT
under unbalanced grid voltage conditions [17-24]. In addition, because wind energy
has the characteristics of volatility and randomicity, for the purpose of improving the
efficiency of wind turbines and realizing the economic operation of wind power systems,
MPPT control is usually used for wind turbines under rated wind speed. The MPPT
control algorithm, based on the power signal feedback for BDFGWT, has been investigated
in [6,23-25]; however, the power loss of BDFG is ignored in these MPPT controls. Therefore,
the active power reference of PW is not accurate; this causes BDFGWT to not be able to
work at its optimal speed and, hence, not being able to output its maximum power. Thus,
the efficiency of BDFGWT decreases. Furthermore, besides the active power reference, the
reactive power reference of BDFG can also influence power loss; therefore, the efficiency of
BDFGWT is also influenced by reactive power reference. Aiming to solve such problems,
in this article, active and reactive power optimal control by considering power losses for
BDFGWT is proposed. In the proposed control, the accurate active power reference of PW
is calculated by considering the power loss of BDFG. In this way, proposed MPPT control
can capture more wind power compared to traditional MPPT control, ignoring the power
losses; therefore, the efficiency of BDFGWT can be improved. Furthermore, on the basis
of BDFG’s model, the relations between reactive power and total active loss are analyzed,
and the PW optimal reactive power control reference, minimizing the active power loss,
is determined. As a result, with proposed control, power loss can be minimized, and the
efficiency of BDFGWT can be greatly improved.

The organization of this article is detailed below. First, the mathematical model of
BDFGWT, including the wind turbine, BDFG, and back-to-back converter, is established in
Section 2. Afterwards, an active and reactive power optimal control strategy is proposed
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in Section 3. 2 MW grid-connected BDFGWT is constructed and the proposed method is
studied by providing a comparison in Section 4. In Section 5, the conclusions and future
work are summarized.

2. Mathematical Model of BDFGWT
2.1. Model of Wind Turbine and MPPT
The output mechanical power of the wind turbine captured from input wind energy
is expressed as [1-3,26,27]
Py = %anch(/\, B)v° 1)

In Equation (1), P;, denotes output mechanical power, v denotes wind speed, p and R
denote the air density and turbine radius, C, denotes the power coefficient, and  and A
represent pitch angle and the tip—speed ratio, respectively.

The tip—speed ratio A can be expressed as

_ wyR
%

A (2)
In Equation (2), wy, denotes wind turbine’s rotating speed. The power coefficient C,
can be expressed as [1,2]

_5
Cp(/\,‘B) = Cl(CZ/)\i —C3‘B—C4)€ A4 cgA 3
1 _ 1 cg ( )

t

i Ad-c7B 1+8°

where ¢1 = 0.5176, ¢c1 =116, c3 = 0.4, c4 =5, c5 = 21, cg = 0.0068, ¢y = 0.08, cg = 0.035; A; is the
intermediate variable.

According to Equation (3), Figure 2 shows the characteristic curve of Cp, versus A and
B. As shown, when B is constant (e.g., B = 15°, p = 10°, B = 5°), C, is only related to A,
and there exists a maximal power coefficient Cpax (€.8., Cpmax1, Cpmax2, Cpmax3), where
A is equal to the optimal tip-speed ratio Aoyt (€.g., Aopt1, Agpt2, Aopt3)- Thus, according to
Equation (2), under a certain pitch angle, for the purpose of keeping Ayt and capturing the
maximal wind energy, the rotating speed w;, should change with the wind speed v.
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Figure 2. Characteristic curve of Cp versus A and B.

According to Equations (1) and (3), when f is constant, the relationship between P,
and wy, can be deduced, and Figure 3 shows their characteristic curve under different
wind speeds. As shown, under certain wind speeds (e.g., U1, Vw2, Uw3), the outputted
mechanical power of the wind turbine changes with rotating speed, and the maximal power
Pyopt (€.g., P1, P2, P3) is outputted under optimal rotating speed (e.g., w1, w, w3), namely
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Agpt and Cppayx. Thus, when the wind turbine works at Ao+ and Equation (2) is substituted
into Equation (1), the outputted maximal mechanical power Pyt is deduced as [1,3]

0.507tR?C
Pmopt = Tpm“w?n = koptw?n 4)
opt
where kopt = 0.5p7rR5Cpmax/)tg’pt.
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Figure 3. Power curve of w;, versus vy.

Based on Equation (4), the maximal power curve is plotted in Figure 3. According to
Figure 3, when wind speed varies, in order to capture maximal wind energy, the outputted
power of the generator needs to be controlled to track the maximal power curve; this way,
the mechanical rotating speed can operate at optimal rotating speed in a stable state. This
is known as MPPT control.

2.2. Mathematical Model of BDFG (MSC)

The mathematical model of BDFG under the unified PW flux rotating reference frame
is represented as [12,15,16,19,21-23,28]

. d(Pp .

Up =Tplp T —= T ]WpPp ®)
. d .

Ue = Teic + % + jwe e (6)
. d .

Uy = 1pip + % + jWpr @r (7)

¢p = Lpip + Lpriy 8)

Pc = Leic — Leyiy )

@r = Lyiy + Lprip — Leric (10)

where uy,, uc, Uy, iy, ic, iy, ¢p, Pc, and @, denote voltage, current, and flux spatial
vectors of PW, CW, and RW under the PW flux reference frame; w,, = wp — ppwy,
we = wp — (pp + pc)wr, pp, and p. represent the pole pairs of PW and CW; wy, wpr, we,
and w; denote the rotating speed of PW flux, RPW flux, CW flux, and rotor; ry, r¢, 7+, Ly, L,
and L, represent resistances and self-inductances of PW, CW, and RW; L, and L., represent
mutual inductances between PW and RW and CW and RW; and u;, = 0, where subscripts p,
¢, and r represent PW, CW, and RW.
The RW current is calculated using Equation (8)

. Pp Ly .
= — 71’7
Lpr Lpr

Iy (11)



Electronics 2025, 14, 3544 50f 15

Substituting Equation (11) into Equations (9) and (10) yields

L . .
Pr = Lir(Pp - LMlp — Leric (12)
pr

. Ly Lcer .
=Li.— —q@, + 1
Pc cle Lpr Pp Lpr p

(13)
Using Equations (11) and (12), Equation (7) becomes

Pp — Lpip, Ly dgp dip dic . L ; )
rr(T) + LT;W BT Lcrd—;—l—]wpr(L—;(pp — Lyip — Leyic) =0 (14)
where Lyg = (LyLy/Lpr) — Lpy.

Using Equations (13) and (14), the CW voltage in Equation (6) can be deduced as

‘ di
Ue = Teie + ULCd—; + K. (15)
In (15), o is the leakage factor and o =1 — cher /(LprLpmLc) and K, are the total
cross-couplings and disturbances, represented as

.wprL%er .wcher - (UprLcer B rVL%LCV .wWeLer rerLcr .wprLcerLr

Ke = (jweLe — joPr=er=py; ip+ (—
e = (weLe =j=p T Vet U Ly L%WLM)” L, 2Ly ) I3Lu W

(16)

Moreover, according to Equation (14), with 7, ignored, the CW current in the steady

state is represented as
L, L.

e = ———@p — —i 17
S O P L P {17)
The apparent power of PW can be represented as [18-20]
. 3 .
Sp=Py+jQp= 5Uplp (18)

In Equation (18), fp is the conjugate value of i, and S, P, and Q) are the apparent,
active, and reactive powers of PW, calculated through adopting PW flux orientation and
using the dq components of voltage and current vectors and Equation (17), as follows:

3 i . . 3 Lcr .
Pp = 5 (upaipa + tipgipg) = Supgipg = T2y (19)
3 X . 3 . 3 Lcr . LV
Qp = E(“p:ﬂpd - ”pleQ> = EuPﬂlPd - _Em(%d B mlﬁpd) (20)

Therefore, as indicated by Equations (19) and (20), the PW active and reactive powers
are capable of being controlled by q and d components of the CW current, respectively.

2.3. Mathematical Model of GSC
The mathematical model of GSC in the dq rotating reference frame is given by [22,23]

. dig . .
Ug = relg + Lgd—f + jwpig + tgp (21)

AV

Cdt

Vge = Pgp — I (22)
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MSC controller

In Equations (21) and (22), g and L, are the resistance and inductance of GSC’s filter;

C and V. are the capacitance and voltage of DC bus; and g, g, Pgp, and P, denote the

grid voltage, GSC pole voltage, GSC pole, and CW active powers, as illustrated in Figure 1.
The output GSC’s active and reactive powers are given by [19,20]

3 . )

P, = E(ugdlgd + Uggieg) (23)

_3

2

Qp (24)

(gqiga — Ugdigq)

3. Proposed Active and Reactive Power Optimal Control of BDFGWT

The control for BDEGWT consists of the MSC(BDFG) controller and GSC controller.
For the MSC(BDFG) controller, the control targets are usually the active and reactive powers
exchanged with the power grid, and the control model for the MSC controller has been
derived from Equations (15), (16), (19), and (20). For the GSC controller, the control targets
include keeping the DC-link voltage as constant and achieving sinusoidal current input and
unity power factor control, and the control model for the GSC controller has been derived
from Equations (21)-(24). Thus, based on the control targets and the derived models
of MSC(BDFG) and GSC, the proposed optimal control strategy of the grid-connected
BDFGWT system is shown in Figure 4. As can be seen, the GSC controller consists of the
DC-link voltage outer loop plus the inner loop of the GSC current to achieve GSC’s control
target; at the same time, in the MSC controller, the active and reactive powers of PW can
be regulated by the MSC current. As analyzed in Section 2.1, in order to capture maximal
wind energy, the PW active power reference is computed according to MPPT control, but
the active power loss of BDFG is usually ignored during computation; therefore, the PW
active power control reference is actually not accurate. This causes BDFGWT to not be
able to follow its optimal speed and hence not capture the maximum amount of power.
Furthermore, the power loss of BDFG is also related to the PW reactive power reference.
Thus, in order to capture maximal wind power and minimize power loss, in proposed
control, the accurate active power control reference of PW is calculated by considering
BDFG’s active power loss and the optimal control reference of PW reactive power; this way,
the power loss of BDFGWT is determined. The optimal control references of PW active and
reactive powers can be calculated as follows:

I
+ GSC I
O [ : DC Link S, ‘
of CW ‘! SV ' i
R current CJi J PW 4@_ i
P .| reference —[: S| m

pot| g 19) I
Eq.(20) # | ‘
Vae ‘ I
I

I
‘ 0, I
i I
Ly ] i
- :
‘eabe l I
o e |
I

I
P ‘ ‘
popi 1 | > mp !
c I

« u,
Qpopr | of optimal u o = s —>—>0g U |
power Pq I b b. ” PLL <

reference and i | | u ]
K decouplings pd 3 - i & !
S Eq.(16) : B |V papr—  Lpabe — \

Fq.32) 1 to 32 I
- 71 H ‘ i
K,<— Ea4#) a | I
77777777777777777777777777 I AC power grid V]

Figure 4. Proposed active and reactive power optimal control strategy for BDFGWT.
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3.1. Proposed MPPT Control and PW Active Power Control Reference Calculation

Figure 5 shows the active power flow of BDFG. In Figure 5, Py, Py, and Py, represent
the total input mechanical power of BDFG, the mechanical power related to PW, and the
mechanical power related to CW; Pyep, Per, p;,, and P, represent PW electromagnetic power,
slip power related to PW, copper loss of PW, and output active power of PW; Py, Pec, Py,
pL, and P, represent CW electromagnetic power, slip power related to CW, copper loss of
RW, copper loss of CW, and output active power of CW; and s, and s, represent the slip
rates of PW and CW, respectively. According to Figure 5, the relationship of BDFG's active
power is represented as

Py = Puep — (25)

Puep : Pup : Por = 1: (1 — s;) : s; (26)
Puy = Poec — pl. (27)

Puee : Prc: Pee =1: (1 —5.) : s/ (28)
P = P. — pl (29)

Py = Pup + Puc (30)

. PW CW p

P
active active
power power
I_ _—_r T ——-—————_—_——__——_—_—_—-_—-— T — -

-

|

|

| |

| - N I

/ |Pue |

: l F‘-\_ Per Pm“‘_\/ « \ I

C Nl Jal’!

Input ! j' j Se |

Mechanical Py, —— Po, P, :
power i

Figure 5. Active power flow of BDFG.

By combining Equations (25)—(27), and (30) and not ignoring the copper loss of PW
and RW, the PW active power is derived as

Py sipf /
P, = + - (31)
P —sésc/ 1 —s;/,sc/ Pp

In order to realize MPPT control, substituting Equation (4) into Equation (31), the accu-
rate control reference of PW active power considering the copper loss can be calculated as

. koptw% sc/p,/ _P/ (32)
povt 1—s{,sc/ 1—5{,56/ F

In Equation (32), if the copper losses pj, and p; are ignored, then the control reference
of PW active power is calculated as
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3
pP* ~ Kopt i

papprox 1 _ Sés({

(33)

It is worth noting that Equation (33) is usually used to approximately calculate the
PW active power reference in traditional MPPT control; however, since the copper losses
p;, and p, are ignored, the PW active power reference is not accurate, and this causes
traditional MPPT control to not be able to capture maximal wind energy. In contrast, in
proposed MPPT control, the accurate PW active power reference is calculated by using
Equation (32), where the copper losses are all considered; therefore, MPPT control can be
realized as expected.

3.2. Optimal Reactive Power Control Reference Calculation

Apart from the MPPT control algorithm, the efficiency of the wind energy conversion
is also influenced by the power loss of BDFG. The power loss is related to both active and
reactive power control references. Thus, for the purpose of reducing the power loss and
improving the efficiency of BDFGWT, the reactive power control reference also needs to be
optimized. The total power losses of BDFG mainly include PW copper loss p),, RW copper
loss p;, and CW loss p.., which can be expressed as

PlossT = P;é + Pr/ + pc/ (34)

In Equation (34), Pjysst represents the total power losses of BDFG, and the copper
losses of PW, RW, and CW are expressed as

3,. 2 3 ) )
3. 3 . )

pl = Slinl're = S5 + ) (36)
3. 3. .

Pc/ = §|ZC|2”C = 5(1(2:{1 + qu)rc (37)

By using the PW flux-oriented method, i.e., ¢4 = ¢p, ¢pq = 0, and substituting
Equation (11) into Equations (36) and (17) into Equation (37), the copper losses of RW
and CW can be calculated as

) 22
3|, Ppd — Lpripa Lyi
/9| Pr prip r'pg 18
p?’ 2 [( Lpr ) + L%r Ty ( )
3 Ligps — LprLpipg > L3403
/ _ P P P M pq
== + T 39
PT’ 2 [( LprLcr ) L%r c ( )
Substituting Equations (35), (38), and (39) into Equation (34) yields
_3 L2r, L2\ o 2Lp@parr | 2LrLy@pare \ . gt | Lignre Lire | L3re\ 2
PlossT 2 |:<rp * L%r + ll%’ >1pd B pL%:f + L%erf lpd t Lp%r + L%rigr + Tp + Lp%;r + f/év lpq (40)

) ;
= aiy; + bipg + ¢

Equation (40) can be deemed as quadratic polynomial with variable i,;; therefore, the
minimum value of the total power losses Pjy5s7 0ccurs when i, satisfies

; b quode%rrr + Ly LmLproppate
jg=—==
P 20 1pl2, 12, 4 L2L2r, + L2, 13,7

(41)
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Thus, by combining Equations (20) and (41), the optimal reactive power control
reference to minimize the power loss of BDFG can be derived as

1.5 (Lp(p‘,,(le%rrrup,7 + LrLMLpr(ppdrcupq)
rpl2, L2, + L3121, + L2, 13,7

onpt = (42)

In the proposed control shown in Figure 4, Equation (42) is used to calculate the
optimal reactive power control reference; hence, the power loss is minimal and the efficiency
of wind energy conversion can be greatly improved.

4. Simulation Verification

For the purpose of verifying the validity of the proposed power optimal control, the
2 MW BDFGWT system was constructed and studied using Matlab 7.8.0(R2009a)-Simulink.
The parameters of BDFGWT are listed in Tables A1 and A2 in Appendix A, respectively. In
all cases, at the GSC side, the control reference of DC-link voltage V. is 1200 V, and the
GSC reactive power reference Q; is 0 MVar (i.e., i’ gq = 0).

Figure 6 shows the results where the traditional MPPT control ignoring copper losses
and proposed MPPT control considering copper losses are compared. In such case, wind
speed is initially set as 5 m/s, and the step is changed from 5 m/s to 10 m/s at 1 s; for the
MSC controller, the PW active power reference P is calculated using Equations (32) and
(33) in Section 3.1, respectively, while the PW reactive power reference Q;‘, is set as 0 MVar.
As can be seen from Figure 6a,d due to less wind speed before 1 s, the output mechanical
powers of wind turbine Py, by traditional MPPT control and proposed MPPT control are
also smaller, and they are almost both equal to 0.17p.u. Moreover, it is also can be seen from
Figure 6b,c,g that power coefficients, rotor speeds, and total output active power into the
power grid using traditional MPPT control and proposed MPPT control are almost equal
before 1 s; this is due to the fact that the copper losses are small before 1 s and hence its
impact on traditional and proposed MPPT controls can be ignored. However, when wind
speed steps up from 5m/s to 10 m/s at 1 s and the whole BDFGWT system reaches the new
steady state after 1.6 s, as shown in Figure 6b, the power coefficient is equal to 0.48 under
proposed MPPT control and larger than that under traditional MPPT control, which is
approximately 0.46. Thus, the wind turbine can capture more wind energy by using
proposed MPPT control than when using traditional MPPT control; this is also verified by
the results in Figure 6¢,d,g, where rotor speeds, P;;, and Py, under proposed MPPT control
are larger than those under traditional MPPT control. As analyzed previously in theory, the
calculation of PW active power control reference in the proposed MPPT control considers
the copper losses to be much more accurate than those of traditional MPPT control, and
Figure 6e shows their differences. Moreover, according to Figure 6¢,f, when the rotor speeds
vary from sub-synchronous state to super-synchronous state, GSC active power changes
from negative to positive, which means that GSC absorbs slip power before 1 s and then
changes into delivering slip power. In addition, as can be observed from Figure 6h, DC-link
voltage and PW reactive power track with their control references very well and ensure
that the control targets are set as expected.
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Figure 6. Waveforms of traditional MPPT control and proposed MPPT control. (a) Wind speed (m/s).
(b) Power coefficient. (c) Rotor speed (p.u.). (d) Output mechanical power of wind turbine (p.u.).
(e) PW active power (p.u.). (f) GSC active power (p.u.). (g) Total output active power into power
grid (p.u.). (h) DC-link voltage and PW reactive powers (p.u.).

Figure 7 shows the results of BDFGWT under varying PW reactive powers. Figure 7A
shows the waveforms under sub-synchronous state with a rotor speed of 0.7p.u., and Figure 7B
shows the waveforms under super-synchronous state with a rotor speed of 1.3p.u. For MSC
controller, P; is set to 0.5p.u. all the time, whereas Q) is initially set as —0.75p.u. (capitative
reactive power) and then ramps up from —0.75p.u. at 0.5 s to 0.3p.u. (inductive reactive
power) at 1.55 s. It can be seen in Figure 7(Ae,Af) that when the PW reactive power control
reference changes from —0.75p.u. to 0.3p.u., the total copper losses initially decrease, reach
their minimum value at 1 s, and then increase. The same also occurs in Figure 7(Be,Bf) under
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super-synchronous state. Furthermore, it can also be observed that the minimum value
of copper losses occurs only when Qj, is equal to its optimal value, i.e., Qpopt = —0.25p.u.
Simultaneously, Q,,,; can also be calculated by Equation (42), and it is almost equal to
the simulation result, namely Qpopt = —0.25p.u.; therefore, the results agree well with the
theoretical analysis in Section 3.2. In addition, as shown in Figure 7(Ad,Bd), the total output
current of BDFGWT under super-synchronous state is larger than that under sub-synchronous
state; this is because both PW and GSC output active currents under super-synchronous state
while GSC absorbs active currents under sub-synchronous state.

We performed a further study on proposed control, where Q, is set as Q,,,,, = —0.25p.u.,
and Op.u has been investigated; Figure 8 shows the comparison results. Wind speed was
initially set as 5 m/s and changed from 5 m/s to 10 m/s at 1 s; for the MSC controller, the
PW active power control reference is given by the proposed accurate MPPT algorithm that
is expressed as Equation (32) in Section 3.1, while Qy, is set as Q,,,; = —0.25p.u and Op.u.,
respectively. It can be seen in Figure 8a,b that the output mechanical powers and power
coefficients of the wind turbine under Q;‘, = Q;opt = —0.25p.u. and Q;‘, =0Op.u. are close at
steady state; this is owed to the proposed accurate MPPT algorithm. However, it can be
clearly observed from Figure 8e,h that the total copper losses under Q,,,, = —0.25p.u. are
less than those under Q) = Op.u. at steady state, and this causes the total output active
power of BDFGWT under Q,,, ,; = —0.25p.u. to be larger than that under Q}, = Op.u., which
can also be observed from Figure 8g. As a result, the power loss of the BDFGWT system
is minimized and maximal active power is outputted to the power grid using proposed
optimal control. In addition, because the copper losses under Qy,,,, = —0.25p.u. and Op.u.
are different, PW active power and GSC active power are also affected, which are shown in
Figure 8d,f. Thus, the results agree with the theoretical analysis and verify the superiority
of proposed active and reactive power optimal control again.
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Figure 7. Waveforms of BDFGWT under varying PW reactive power. (a) PW currents (p.u.). (b) CW
currents (p.u.). (¢) GSC currents (p.u.). (d) Total output currents of BDEFGWT (p.u.). (e) PW active
power, reactive power, and optimal reactive power (p.u.). (f) Total copper loss (p.u.). (g) GSC
active and reactive powers (p.u.). (h) Rotor speed (p.u.). (A) Sub-synchronous state (w, = 0.7p.u.).
(B) Super-synchronous state (w, = 1.3p.u.).
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(b) Power coefficient

(c) Rotor speed (p.u.)
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Figure 8. Waveforms of proposed control under Q;, = Q;,,,; = —0.25p.u. and Q}, = Op.u. (a) Output
mechanical power of wind turbine (p.u.). (b) Power coefficient. (c) Rotor speed (p.u.). (d) PW active
power (p.u.). (e) PW reactive power (p.u.). (f) GSC active power (p.u.). (g) Total output active power
into power grid (p.u.). (h) Total copper loss (p.u.).

5. Conclusions

For the purpose of improving the efficiency of wind energy conversion and realizing
its economic operation, this article proposes active and reactive power optimal control of
the BDFGWT system by considering power loss. On the basis of the mathematical model
of the BDEGWT system, including the wind turbine, BDFG, and back-to-back converter, an
active and reactive power optimal control strategy is proposed. The accurate active power
reference of PW is calculated by considering the active power loss of BDFG; in this way;,
the proposed MPPT control can capture more wind power compared to traditional MPPT
control, ignoring the power losses, thus improving the efficiency of BDFGWT. Furthermore,
on the basis of BDFG’s model, the relations between reactive power and total active loss
are analyzed, and then the optimal reactive power control reference to minimize the active
power loss is determined. In order to verify the validity of the proposed control, 2 MW
BDFGWT was constructed, and the proposed control was studied in comparison. The
results verify that the proposed control is capable of realizing maximal wind energy capture,
minimizing the power loss of the BDFGWT system, and outputting maximal active power
to the power grid. As a result, the efficiency and economy of the BDFGWT system can be
improved using proposed control.

In future work, the efficiency and economic operation of the wind farm installed using
the BDFGWT system will be studied.
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Appendix A

Table A1l. Parameters of BDFG and converter.

Parameters Values
Rated power (MW) 2 MW
Rated voltage (V) 690 V
Rated frequency (Hz) 50 Hz
Tp, e, 1r (QY) 0.0036, 0.0072, 0.3965
Ly, L, Ly (mH) 3.1000, 6.8890, 19.050
Ly, Ley (mH) 6.6560, 4.8940
Pole pairs (pp, pc) 2,2
re (Q) 3.1000
Lg (mH) 0.18
C (uF) 2000

Table A2. Parameters of wind turbine and gear box.

Parameters Values
Rated power (MW) 2 MW
Turbine diameter 93.4m
Cut-in wind speed 3m/s
Rated wind speed 10.5m/s
Gear ratio 59
System inertia 60 Kg-m?
Friction coefficient 0.007
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