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ABSTRACT Improving maximum power point tracking ability (MPPTA) and smoothing electric power
fluctuation (EPF) are two important goals for optimizing wind power generation. Sufficient works have
been done on both goals separately, but the multi-objective optimization of wind energy conversion sys-
tem (WECS) is lack of theoretical analysis. In this paper, the small signal analysis method is applied to get a
frequency-domain declaration for bothMPPTA and EPF. The analysis results showwhen applying traditional
optimal torque control (OTC), a larger moment of inertia of WECS is preferred for smoothing EPF, while a
smaller moment of inertia is preferred for improvingMPPTA, i.e., the two optimization goals contradict with
each other. Furthermore, the existing control strategies for improving MPPTA are summarized as virtual-
inertia embedded OTC, which turns out to have adverse impacts on EPF. To simultaneously optimize these
two contradictory goals, a novel frequency-distinct optimal torque control approach is proposed, and a novel
criterion for evaluating MPPTA is presented to facilitate controller parameter design. The analysis results
and the proposed control strategy are fully verified by refined co-simulation platform based on GH Bladed
and real time digital simulator.

INDEX TERMS Wind power generation, frequency domain analysis, maximum power point tracking, power
fluctuation, small signal analysis.

I. INTRODUCTION
Wind power has been one of the most promising renew-
able energies [1]. However, there are also many challenges
for wind energy conversion system (WECS). These chal-
lenges include lowering the levelized cost of energy (LCOE)
continuously [2] and adapting to grid-friendly require-
ments [3], among them, improving power production and
power smoothing are two important optimization goals for
WECS.

Lots of researches have been done on maximum power
point tracking ofWECS. The basic methods for tracking opti-
mal operating point (OOP) are perturb and observe (P&O)
control (P&O is also known as hill-climbing searching con-
trol), tip speed ratio (TSR) control, optimal torque con-
trol (OTC) and power signal feedback (PSF) control [4]–[7].
Nowadays, the advanced controls, such as fuzzy con-
trol [8] and sliding mode control [9] are also introduced in
WECS control. The comparison study in [10] shows OTC

outperforms TSR in terms of power fluctuation and mechan-
ical loads. OTC is widely adopted by MW-scale WECS
because of its simplicity and good performance [11], [12].
As the moment of inertia of MW-scale WECS is large,
the maximum power point tracking ability (MPPTA) is
weak. So another research point is focused on enhanc-
ing MPPTA [12]–[16], among which, [12] takes flexible
shaft into consideration, whereas [14] proposed a constant-
bandwidth tracking strategy.

Another problem worth attention is the electric power fluc-
tuation (EPF) caused by randomness and intermittent nature
of natural wind. The EPFs of large scale wind farm may
affect the frequency stability of power grid [17], [18]. In the
distributed integration application where the grid strength is
rather weak, EPFmay have severe adverse impacts on voltage
stability [19]. One way to smooth the EPF is to cut the peak of
aerodynamic power captured by wind turbine through power
curtailment control [20], however, this may considerably lose
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power production. Another way to smooth the EPF is to phase
shift the electric power through peak cutting and valley filling
with the aid of energy storage system (ESS). Extra ESSs have
been used for smoothing EPF [21], [22], but the high cost
limits its applications. Some other power smoothing schemes
utilize the moment of inertia of wind turbine [23], [24].
A power smoothing scheme with rotor-speed-dependent gain
has been proposed in [23], and a new control structure has
been proposed to make wind turbine appear as adjustable
power filters [24], and the limits on power smoothing has
been quantified in [25].

Yet most works are focused on only one optimization
goal. The simulation and experimental results in [15] shows
enhancing MPPTA may cause excess EPFs. Taking both
optimization goals into consideration, the power smoothing
scheme in [26] still cause little power loss, and the MPPTA
enhancement in [27] still cause larger EPFs than conven-
tional OTC. Through theoretical analysis, this paper reveals
the two optimization goals are irreconcilable when applying
the existing control strategies. Then a frequency-distinct OTC
approach is proposed to work out both goals, and the method
for designing parameters is given.

II. MAXIMUM POWER POINT TRACKING ABILITY
AND POWER SMOOTHING ANALYSIS
Taking WECS as a whole, wind speed is the most important
external input. The transfer function from fluctuating wind
speed to fluctuating electric power1Pe(s)/1v(s) can be used
to describe power fluctuation caused by wind speed varia-
tions. The essence of maximum power point (MPP) tracking
is to keep the wind turbine operating on optimal tip speed
ratio λopt, which means a certain ratio between generator
speed and wind speed. Thus the transfer function from fluc-
tuating wind speed to varying rotor speed 1ω(s)/1v(s) can
be used to describe the MPPTA.

In literatures, the amplitude-frequency response (AFR)
of 1Pe(s)/1v(s) is used to evaluate the power fluctuation
character (the lower AFR, the smoother power), and without
concern on the phase-frequency response (PFR) [18]. This is
reasonable as the phase relation between Pe and random v
is meaningless. Similarly, the AFR of 1ω(s)/1v(s) is used
to evaluate the MPPTA [15]. However, the phase lag between
rotor speed and wind speed also cause a tracking error to λopt,
as illustrated in Fig. 1. So the PFR of1ω(s)/1v(s) should be
considered together with the AFR to evaluate the MPPTA.

According to the Van de Hoven spectrum of natu-
ral wind [28], wind fluctuations above 0.5 Hz seldom
exist or contain tiny energy, so this paper set 0.5 Hz as the
upper limit of the frequency band we are interested in. The
dominant mode of torsional vibration is usually 1.5 to 3 Hz,
so it is reasonable to simplify the analysis with the lumped-
mass drive train model. It is beneficial to work out the key
factors, and the analysis results will be validated by simula-
tions with detailed model.

Tomake the analysis method suitable for both direct-driven
WECS and gearedWECS, it is necessary to per unit the power

FIGURE 1. Impacts of rotor speed phase lag on MPPTA.

train variables. Set PB and ωB as the base power and the base
rotational speed of wind turbine, the base speed of generator
is ngbωB (ngb is the gear ratio, ngb = 1 for the direct-drive
WECS). The per-unit inertia of the lumped mass of WECS is

Jsum = JWT/(PB/ω2
B)+ JG/[PB/(ωBngb)2] (1)

where JWT and JG are the actual inertia of wind turbine
and generator. Take ω as the p.u. speed of lumped mass,
the motion equation (ignoring losses) is

Jsumω̇ = Ta − Te (2)

where Ta and Te are per unit aerodynamic torque and gener-
ator torque. For the DFIG-based WECS in this paper, PB is
set to the rated power Pn, the base speed of generator is set
to the synchronous speed of DFIG. Multiple ω on both side
of (2) and linearize it,

Jsumω0d1ω/dt = 1Pa −1Pe. (3)

The per unit aerodynamic power is

Pa = kav3Cp(λ, β) (4)

where ka = 0.5ρπR2/PB, ρ is air density, v is wind speed, R
is rotor diameter, λ is tip speed ratio, β is pitch angle.

λ = ωBωR/v. (5)

Considering β = 0 below rated wind, Cp can be described
as a unary function Cp(λ), then the small disturbance compo-
nent of aerodynamic power at operating point OP0 is

1Pa = Lv|OP01v+ Lω|OP01ω
Lv|OP0 = 3kaCp0v20 − kav0ωBω0R dCp/dλ

∣∣
λ0

Lω|OP0 = kaωBRv20 dCp/dλ
∣∣
λ0

(6)

where Lv|OP0, Lω|OP0 are Pa’s partial derivatives to v, ω
at OP0 respectively. For a typical MW scale wind turbine,
the peak of Cp(λ) curve is very flat, so we can apply
dCp/dλ = 0 to (6) to facilitate the analysis, thus

1Pa ≈ 3kaCp0v201v (7)

The control system of WECS can be divided into central
control and converter control. The central controller pro-
vides power references for the converter controller. The con-
verter control usually adopts classical vector control or direct
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FIGURE 2. Control block of converter control.

torque/ power control. The converter control and the genera-
tor response are illustrated in Fig. 2.

In Fig. 2, idr and iqr are rotor current in d-q frame,
ud and uq are port voltage of rotor side converter, uqs is the
q-component of grid voltage, ‘∗’ represents reference value.
GOL is the outer loop (power loop) control, GIL is the inner
loop (current loop) control. Grc is the rotor current response
of generator. The PLL, PWMmodule and converter execution
is fast enough to represent as ‘1’. For generator parameters,
Ls is the stator inductance, Lr is the rotor inductance, Lm is the
mutual inductance,Rr is the rotor resistance. If the decoupling
terms (1ud and1uq) are well designed, the controlled object
of inner loop can be expressed as 1/(σLrs+Rr), where σ is the
magnetic leakage factor [29]. The converter control together
with the generator response has been derived in Appendix,
and the external characteristic can be approximated as [30]

Pe =
1

τEs+ 1
P∗e (8)

τE is typically 10 ms with the power electronics techniques.
Then the small signal analysis method will be used to

deduce 1ω(s)/1v(s) and 1Pe(s)/1v(s).

A. TRADITIONAL OPTIMAL TORQUE CONTROL
The traditional OTC follows (9) or (10)

T ∗e = koptω2 (9)

P∗e = koptω3 (10)

where kopt is the optimal torque coefficient. It is dependent
on turbine parameters.

kopt = 0.5ρπR5Cpmaxω
3
B/(PBλ

3
opt) (11)

OTC adopts speed opened-loop control. The MPP tracking
stability of OTC has been verified in [14]. From (9)- (11),

1Pe =
3koptω2

0

τEs+ 1
1ω (12)

Combining (3), (7), (8) and (12), yields

1ω(s)
1v(s)

=
3kaCp0v20(τEs+ 1)

Jsumω0τEs2 + Jsumω0s+ 3koptω2
0

(13)

Since τE > 0 and the poles of1ω(s)/1v(s) have a negative
real part, (13) is another method to verify the stability of OTC.

FIGURE 3. Impacts of τE on MPPTA (v0 = 7m/s).

The impacts of τE on MPPTA will be discussed. Taking the
real parameter of a 1.5 MW wind turbine [31], three groups
of τE are chosen, 20ms, 10ms and 0ms, which represents slow
response, normal response and ideal response respectively.
The results in Fig. 3 show τE has tiny impacts on MPPTA
(the response of converter and generator are fast enoughwhen
compared with the slow dynamics of rotor speed), so we will
let τE = 0 to simplify the following analysis. This also means
PMSG-basedWECS and DFIG-basedWECS have nearly the
same performance on MPPTA and EPF.

Substituting (5) and τE = 0, (13) can be rewritten as

1ω(s)
1v(s)

=
kaCp0ω

2
BR

2/(koptλ20)

1+ sJsumωBR/(3koptλ0v0)
(14)

where Cp0 = Cpmax, λ0 = λopt and kopt are three constants
determined by wind turbine parameters.

Combining (12) and (14), yields

1Pe(s)
1v(s)

=
3kaCp0v20

1+ sJsumωBR/(3koptλ0v0)
(15)

As can be seen, both 1ω(s)/1v(s) and 1Pe(s)/1v(s) per-
form as a first-order low-pass filter, and they share the same
filtering time constant τLP. τLP is proportional to Jsum and
inverse proportional to v0. The gain of transfer function
1ω(s)/1v(s) under different v0 is constant as λ is kept on λopt
in steady state. The ideal MPPT in region II follows

ω

v
=
λopt

ωBR
(16)

Thus the ideal AFR of 1ω(s)/1v(s) is 20log(λopt/(ωBR)),
the ideal PFR of 1ω(s)/1v(s) is 0 deg. For the case turbine
in this paper, λopt = 10, ωB = 1.5, R = 43.8, the ideal AFR
of 1ω(s)/1v(s) yields –16.3 dB.
τLP determines how 1ω can response to 1v, so τLP can

be used to describe MPPTA, i.e., MPPTA increase with
decreasing τLP. This means MPPTA increase with v0, or in
other words, MPPTA under lowwind speed is relatively weak
(as shown in Fig. 4a). From (15), the gain of 1Pe(s)/1v(s)
is proportional to v20, which indicates EPF increase with
increasing v0 (as shown in Fig. 4b).

16748 VOLUME 6, 2018



F. Jia et al.: Frequency-Distinct Control of Wind Energy Conversion System Featuring Smooth and Productive Power Output

FIGURE 4. Impacts of v0 on: (a) MPPTA, (b) power fluctuation.

Equation (14) indicates the only adjustable variable influ-
encing MPPTA and EPF is Jsum. For1Pe(s)/1v(s), the phys-
ical significance of τLP is exactly the power filtering time
constant, thus a larger τLP (and then a lager Jsum) is bene-
ficial for power smoothing of WECS. This goes against the
requirement of enhancing MPPTA. The impacts of Jsum are
shown in Fig. 5, in which ‘Jsum’ adopts the actual param-
eters of WECS, ‘75%Jsum’ and ‘125%Jsum’ modify Jsum
accordingly. It shows a smaller Jsum is helpful for enhancing
MPPTA, while a larger Jsum is helpful for lowering EPF.
So optimizing Jsum is a tradeoff matter.

B. VIRTUAL-INERTIA EMBEDDED OTC
Jsum is a determined value for a completed WECS, but we
can adjust it virtually through additional generator torque
control. So the question is how the virtual inertia contributes
to the above mentioned two optimization goals. One of the
additional control utilize the derivative of ω,

Te = koptω2
− Jvω̇. (17)

Thus,

1Pe = (3koptω2
0 − Jvω0s)1ω (18)

Combining (3), (7) and (18), yields

1ω(s)
1v(s)

=
kaCp0ω

2
BR

2/(koptλ20)

1+ s(Jsum − Jv)ωBR/(3koptλ0v0)
(19)

1Pe(s)
1v(s)

=
3kaCp0v20[1− sJvωBR/(3koptλ0v0)]

1+ s(Jsum − Jv)ωBR/(3koptλ0v0)
(20)

FIGURE 5. Impacts of Jsum on: (a) MPPTA, (b) power fluctuation.

Since Jv < Jsum, the pole of (19) has a negative real part,
this means the MPP tracking process remains stable when
applying (17).

Another additional control adopts the deviation torque
between aerodynamic torque and optimal torque [12], [14],

Te = koptω2
− kf(

_

T a − koptω2). (21)

Thus,

1Pe = (1− kf)3koptω2
01ω − kf1Pa (22)

Combining (3), (7) and (22), yields

1ω(s)
1v(s)

=
kaCp0ω

2
BR

2/(koptλ20)

1+ s Jsum1+kf
ωBR/(3koptλ0v0)

(23)

Substituting (7) to (22), and combining (23), yields

1Pe(s)
1v(s)

=3kaCp0v20
1− s kfJsum1+kf

ωBR/(3koptλ0v0)

1+ s Jsum1+kf
ωBR/(3koptλ0v0)

(24)

One may find (23) is equivalent to (19) and (24) is equiva-
lent to (20) when taking into account (25). This means the two
kinds of additional controls are equal, and we will use (19)
and (20) to continue the analysis.

kf = Jv/(Jsum − Jv) (25)

Equation (19) shows Jv is effective in adjusting the low-
pass filtering time constant of1ω(s)/1v(s), i.e., a positive Jv
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FIGURE 6. Impacts of Jv on: (a) MPPTA, (b) power fluctuation.

will decrease τLP and thus help increase MPPT performance.
But 1Pe(s)/1v(s) is no longer a low-pass transfer function,
but a lead-lag one. Fig. 6(a) shows that adjusting Jsum virtu-
ally has the same effect as adjusting real Jsum on MPPTA.
Fig. 6(b) shows the impacts of Jv on EPF: lowering Jsum
virtually (Jv >0) will increase EPF in the whole frequency
band, while adding Jsum virtually (Jv <0) will slightly lower
EPF in a low-medium frequency band (0.004 Hz-0.05 Hz)
but brings negative effects in the high frequency. This is quite
different to the case of adjusting real Jsum, and we can draw
the conclusion that adjust inertia virtually is harmful to power
fluctuation on the whole.

One should also note when adjusting Jsum or adjusting Jsum
virtually, the PFR of1ω(s)/1v(s) changes in the same direc-
tion with AFR. Thus, though it is not so strict for the existing
works to evaluate MPPTA with the AFR only, the results are
right.

III. ENHANCED OPTIMAL TORQUE CONTROL
A. FREQUENCY_DISTINCT CONTROL
The theoretical analysis in section II shows a smaller
Jsum benefits power tracking, while a larger Jsum benefits

power smoothing. And adjust Jsum virtually is always harm-
ful to power fluctuation. So the adjustment of Jsum can
never meet the requirements of power production and power
smoothing at the same time.

Since the low frequency component of natural wind con-
tains more energy, enhancing MPPTA in low frequency band
is beneficial for power production; on the other hand, enhanc-
ing MPPTA for the turbulence component of natural wind
may not benefit power production, but do harm to the power
fluctuation. So the thought of frequency-distinct control can
be introduced to improve the performance of traditional OTC,
i.e., frequency-distinct OTC.

To introduce some more changeable factors, we present a
modifiedMPPT control by adding a transfer functionG(s) on
the traditional strategy, as shown in Fig. 7.

FIGURE 7. The frequency-distinct OTC embedded central controller for
overall wind speed operation.

The enhanced torque control equals to the torque control
in Fig. 1c if G(s) = 1. In region II,

1Pe = 3koptω2
0G(s)1ω (26)

combining (5), (11) and (34), we get

1ω(s)
1v(s)

=
3kaCp0v20

Jsumω0s+ 3koptω2
0G(s)

(27)

1Pe(s)
1v(s)

=
9kakoptCp0v20ω

2
0G(s)

Jsumω0s+ 3koptω2
0G(s)

(28)

Designing G(s) follows the basic rule |G(j0)| = 1. This
is quite important because |G(j0)| = 1 means (27) has the
same tracking ability to (14) at low frequency band (jω = j0),
otherwise WECS cannot properly work on MPPT in steady
state. The following simple G(s) satisfy this rule

G(s) =
1

1+ τ s
(29)

where τ should be designed to decrease |1Pe/1v| in the
interested frequency band. The bode diagram is useful to
design such a τ , Fig. 8b shows a reasonable τ is helpful for
smoothing EPF on the whole (there is a tradeoff between high
frequency band and low frequency band). Substituting (29)
into (27), onemay find the poles of the characteristic equation
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FIGURE 8. The frequency character of enhanced OTC under v0 = 7m/s.
(a) 1Pe(s)/1v (s). (b) 1ω(s)/1v (s).

always have a negative real part if only τ >0, this means
the MPP tracking process remains stable under frequency-
distinct control.

B. A NEW METHOD TO EVALUATE MPPTA
The impacts of τ on MPPTA are shown in Fig. 8(a). From
the AFR aspect, a reasonable τ is helpful for MPPTA, while
an overlarge τ (τ = 12) should be avoided. One should
note the PFR of 1ω(s)/1v(s) no longer change with τ in the
same direction with the AFR, which makes it hard to evaluate
MPPTA precisely.

To facilitate the design of τ , a new method for MPPTA
evaluation is proposed. As Cp is a single-peak function of λ,
the basic goal of MPP tracking is to maintain λopt. Thus
1λ(s)/1v(s) can be taken as a universal criterion to evaluate
MPPTA, in which 1λ is defined as

1λ = λ− λopt (30)

where λopt is the steady tip speed ratio in region II.
1λ(s)/1v(s) directly determines the ability to maintain λopt.
The higher Cp is obtained with a smaller |1λ|, thus the AFR

FIGURE 9. The MPPTA evaluation results under v0 = 7m/s based on
1λ(s)/1v (s). (a) OTC with virtually adjusted Jsum. (b) Frequency-distinct
OTC.

is enough to judge MPPTA. From (5),

1λ = ωBR(
1
v0
1ω −

ω0

v20
1v) = λopt(

1ω

ω0
−
1v
v0

) (31)

For OTC with virtually adjusted Jsum, substit-
uting (19) to (31) yields

1λ

1v
= λopt

−(Jsum − kv)ω2
0s+ 3kaCp0v30 − 3koptω3

0

(Jsum − kv)v0ω2
0s+ 3koptv0ω3

0

(32)

considering Cp0 = Cpmax, we get 3kaCp0v30 = 3koptω3
0. Thus

1λ

1v
= λopt

−(Jsum − kv)ω2
0s

(Jsum − kv)v0ω2
0s+ 3koptv0ω3

0

(33)

For frequency-distinct OTC, substituting (19) to (31) yields

1λ

1v
= λopt

−Jsumω2
0τ s

2
+ (3kaCp0v30τ − Jsumω

2
0)s

Jsumv0ω2
0τ s

2 + Jsumv0ω2
0s+ 3koptv0ω3

0

(34)

As rotor speed can hardly respond (i.e., 1ω = 0)
to high-frequency fluctuating 1v, from (31) we get the
ideal AFR of 1λ(s)/1v(s) at high frequency band is
20∗log(λopt/v0). When v0 = 7m/s, it yields 3.1 dB. For
virtual-inertia embedded OTC, the MPPTA evaluation results
are shown in Fig. 9(a). It shows a monotonic impact of Jv,
which is in accordance with the same-direction-influence of
AFR and PFR of 1ω(s)/1v(s). For frequency-distinct OTC
(see Fig. 9(b)), the reverse-direction-influence of AFR and
PFR of 1ω(s)/1v(s) cause the AFR of 1λ(s)/1v(s) a little
complex, but it is still easy to design the appropriate τ (τ = 6
for the WECS in this paper).
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FIGURE 10. Refined simulation platform based on RTDS and Bladed.
(a) Schematic diagram. (b) Experimental devices.

IV. SIMULATION VERIFICATIONS
The analysis results are verified with the real time
co-simulation platform based on real time digital simula-
tor (RTDS) and GH Bladed, as shown in Fig. 10. GH Bladed
is a professional simulation package for wind turbine design.
RTDS is a powerful simulator for electromagnetic transient.
On the basis of interfacing technique, the wind model, aero-
dynamics model and structural dynamics model were built
in Bladed, while the electrical parts of the WECS was built
in RTDS, so the co-simulation platform fits the demand of
refined simulation quite well [31].

A. VERIFICATION OF Jsum ADJUSTMENT
Different schemes of Jsum adjustment are simulated under the
wind speed in Fig. 11(a). The mean wind speed at the begin-
ning and the end are the same, so that the rotational kinetic
energy at the beginning and the end are the same, and the
aerodynamic power captured bywind turbine are converted to
electric power completely. Thus the power production, which
is the integral of Pe, could be used to evaluate the effects
of MPPTA. The power smoothing factor (PSF) is defined to
evaluate the power smoothing effects.

PSF =
∫

(
∣∣Ṗe∣∣/Pn)dt (35)

In Fig. 11, the label ‘Jsum’ represents traditional OTC with
no adjustment on rotor inertia. ‘1.25Jsum’, ‘Jv = −0.25Jsum’

FIGURE 11. Simulation results of gaining Jsum. (a) Wind speed, generator
speed and electric power. (b) PSF and power production improvement.

FIGURE 12. Simulation results of frequency-distinct OTC.

represents add 0.25Jsum and virtually add 0.25Jsum respec-
tively. It shows the additional Jsum slower the response of
rotor speed towards its new steady state. As the same Jsum
is added, ‘1.25Jsum’ and ‘Jv = −0.25Jsum’ have nearly the
same rotor speed response, but the electric power are quite
different in the acceleration stage and the deceleration stage.
During the steady state in 85s to 120s, ‘add real inertia’ lower
the EPF, while ‘add inertia virtually’ increase the EPF. Both
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FIGURE 13. Comparison of frequency-distinct OTC and OTC embedded
with virtual-lowering Jsum.

of the additional Jsum schemes lose some power production
due to the deterioratedMPPTA. These results are in consistent
with the analysis.

B. VERIFICATION OF FREQUENCY-DISTINCT OTC
G(s) with different filter time constant τ are compared
in Fig. 12. It shows when applying frequency-distinct con-
trol, the generator speed response faster in the acceleration
stage and the deceleration stage, which means the MPPTA is
enhanced. During the steady state in 90s to 120s, the elec-
tric power fluctuation caused by varying wind speed is
smoothed.When compared to ‘Jsum’, the power production of
‘τ = 3s’ and ‘τ = 6s’ increased by 0.11kWh and
0.195kWh respectively.

C. ADVANTAGES OF FREQUENCY-DISTINCT OTC
The existing method for enhancing MPPTA reduces the iner-
tia of WECS virtually through generator control. A group
of simulation is done under the same wind speed, in which
‘Jv = 0.25Jsum’ represents the inertia is reduced
virtually by 0.25Jsum to enhance the MPPTA, ‘τ = 6s’
represents frequency-distinct OTC. The simulation results
in Fig. 13 shows the MPPTA is enhanced effectively in both

schemes. When applying ‘Jv = 0.25Jsum’, the wind steps
cause a sharp varying on electric power, and the power fluctu-
ation is seriously deteriorated in steady state. Fig. 13(b) shows
the power production improvement is comparative, while the
PSFs are quite different. This shows the advantages of the
proposed frequency-distinct control.

V. CONCLUSION
Improving power production and power smoothing are two
important optimization goals for WECS control. The max-
imum power point tracking ability and power fluctuation
characteristics are analyzed in frequency domain with small
signal analysis method. The analysis indicates Jsum adjust-
ment, either adjust real Jsum or adjust Jsum virtually, can
never meet the requirements of power production and power
smoothing at the same time.

A frequency-distinct OTC approach is proposed to deal
with this problem, which not only enhances the MPPTA in
low frequency band to improve power production, but also
reduces the power fluctuations caused by high frequency
wind speed. The transfer function 1λ(s)/1v(s) is defined as
a universal criterion to evaluate MPPTA, which facilitate the
parameter design of the proposed control strategy. The effects
of power production improvement and power smoothing are
fully verified by refined co-simulation.

APPENDIX
From Fig. 2,

GIL =
kpIs+ kiI

s
(A-1)

GOL =
kpOs+ kiO

s
(A-2)

GG =
1

σLrs+ Rr
(A-3)

The q-axis rotor current response to its reference,

iqr(s)
i∗qr(s)

=
GILGG

1+ GILGG
=

kpIs+ kiI
σLrs2 + (Rr + kpI)s+ kiI

(A-4)

The active power response to its reference of generator stator,

Ps(s)
P∗s (s)

=
den(s)

σLrs3 + (Rr + kpI)s2 + kiIs+ den(s)

den(s) = 1.5
Lmuqs
Ls

[kpOkpIs2 + (kpOkiI + kpIkiO)s+ kiOkiI]

(A-5)

Since GIL has a much higher control bandwidth than GOL,

Ps(s)
P∗s (s)

≈
1

τ s+ 1
(A-6)
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