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fineering g major part of the power is delivered to a synchronous
3 Santa M, nerator that is directly connected to the power grid with-

tany power electronic devices. Only a very small part of
power is delivered to a servo machine that is controlled
by a small-scale back-to-back converter. The servo machine
operates the sun gear of the planetary gearbox. In order to
ow the variable speed operation with maximum power
nt tracking of the wind turbine at both low and high wind
speed, a test bench is constructed and several experiments
performed. The experimental results in both steady state
nd transient state validate the performance and power split
avior of the wind turbine. The power ratio of the back-
ack converter in the new wind turbine is much smaller
fhan the one in conventional wind turbines, which implies
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I. INTRODUCTION

OWADAYS, due to the environmental consideration, the
renewable energy especially the wind energy plays an im-
ortant role in the energy market. Moreover, for the offshore
ind turbines, the rated power of a single wind turbine is grow-
gtoward 10 MW to improve the utilization of the wind energy.
the wind energy market, the existing wind turbines can be dis-
guished into two main categories: wind turbines with doubly
d induction generators (WT-DFIGs) and wind turbines with
chronous generators (WT-SGs).

For the WT-DFIG, the stator of the induction generator is
ectly connected to the power grid while the rotor is supplied
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by a partial-scale converter. The power through the converter is
usually 30% of the rated power of the wind turbine [1]. Although
the WT-DFIG is very popular in the wind energy market and
in the research field [2]-[4], it has mechanical difficulty for
the large-scale wind turbine. A crucial issue for the doubly fed
induction generator (DFIG) is its small air gap. At a large load
torque, the deformation and oscillation of the rotor are critical
for the DFIG [5]. Therefore, to increase the power rating of the
wind turbine, more attention must be payed on the design of the
DFIG and the transmission shaft. Moreover, the bear ring in the
rotor also hinders the performance of the WT-DFIG [1].

The WT-SG has different types such as wind turbine with
an electrically excited synchronous generator [6] or permanent
magnet synchronous generator (PMSG) [7]. Moreover, the WT-
SG can also be direct drive or with a gearbox. However, no
matter what type the WT-SG is, a full-scale converter has to be
utilized for the variable speed operation as well as the optimum
wind power extraction. For the large-scale wind turbines, the
full-scale converter leads to a large size, large weight, high cost,
and high-cooling burden. The design and production of a large-
scale converter is still under development [1]. Moreover, the
full-scale converter results in a large grid side filter. In [8], it
is pointed out that the full-scale converter causes more system
failure in the wind turbine, when compared to the partial-scale
converter.

Therefore, both existing conventional wind turbine structures
have difficulties and shortages for the large-scale wind turbine.
To increase the rated power of the wind turbine, it is expected
that the wind turbine is with the synchronous generator (SG)
while the scale of thé converter can be reduced. In [9], a new
wind turbine with a DFIG and an additional PMSG as an ex-
citer is developed to improve the power quality and fault ride
through capability. However, this structure still has a DFIG as
the main generator and has the same rotor-side control as con-
ventional WT-DFIG for the variable speed operation. Therefore,
the power through the converter and the exciter generator is still
about 30% of the rated power of the wind turbine. In [10], a
wind turbine with power split, which is realized mechanically
by a free-running planetary gearbox, is proposed. This wind
turbine contains an SG and a servo machine. The SG is directly
connected to the power grid while the servo machine is with a
partial-scale converter. A theoretical analysis of the wind tur-
bine with a planetary gearbox is shown in [11] for the power
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Fig. 1. Structure of the wind turbine with power split. e 1k 2

split behavior. It is pointed out that the power delivered to the
partial-scale converter can be less than 10% of the rated power
of the wind turbine. In [12], the drive train control is introduced
to realize the variable speed operation of a wind turbine with
a-planetary and a special two-mode gearbox . However, in the
aforementioned literature, the feasibility, operation, and power
split behavior of the wind turbine with a planetary gearbox lack
convincing support such as a test bench and experiments.

This paper is divided into two parts, The first part is the
description, analysis, and control of the wind turbine with a
special planetary gearbox. Due to the special structure, the drive
train control of the wind turbine with power split is carefully
designed. In the second part of this paper, a test bench and exper-
imental results for the wind turbine with a planetary gearbox are
shown. The experiments are investigated with a constant, ramp,
and stochastic wind speed. The variable speed operation with
maximum power point tracking (MPPT) and small power ratio
to the converter are validated by the experimental results, which
show the possibility for the reduction of the power electronic
devices.

Il. WIND TURBINE WITH POWER SPLIT

Similar to the power train of the hybrid electrical vehicles,
the structure of the proposed wind turbine with power split is
shown in Fig. 1. The main components of the wind turbine with
power split consist of a turbine system, a main gearbox, a free-
running planetary gearbox, an electrically excited SG, a servo
permanent-magnet synchronous machine (PMSM), and a back-
to-back converter. The main gearbox is with a one- or two-stage
structure so that the rated speed of the main shaft at the high-
speed side is about 400-600 r/min. The power split is realized
by the planetary gearbox, with which the extracted wind power
is delivered to the SG and the servo PMSM. The SG is directly
connected to the power grid. Meanwhile, the servo PMSM,
which is the main control unit of the drive train, is supplied by a
small-scale back-to-back converter. The additional transmission
gearbox, which is optional, is used to adjust the speed-torque
operating curve of the servo PMSM.

A. Aerodynamics and Power Curve of the Turbine

The turbine system of the wind turbine with power split is the
same as that of the traditional wind turbine. The extracted wind
power of the turbine system is proportional to the kinetic energy
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Fig. 2. Power curves of an exemplary wind turbine. (a) Power cun

with wind speed. (b) Power curve with turbine speed.

in a cylinder of air traveling with wind speed v,, within the rott
swept area of the turbine system [13]. It can be presented by tk
following equation:
Pieen = %pﬂil‘WRf Cp (/\1 ﬁ)"-’fa (
where py;; is the air density, R; is the radius of the rotor swej
area, C, (A, B) is the performance coefficient, which denotes tk
percentage of the wind power extracted by the turbine systen
C, (1, B) is the function of the tip speed ratio (TSR) A =
and the pitch angle of the blades 3, and wy is the rotational spee
of the turbine. The performance coefficient C;, depends on tt
structure and aerodynamic characteristics of the turbine. Tk
maximum value of C, stays at an optimum pitch angle (usuall
at 0°) and an optimum TSR. With the increasing pitch angle, th
performance coefficient C, drops, which reduces the extracte
power from the wind.

At low or median wind speed, the turbine system is with th
maximum performance coefficient for optimum wind power e
traction. At high wind speed, the pitch angle is increased to lim
the power and speed of the turbine [14]. Exemplary mechanici
power curves of the wind turbine are shown in Fig. 2(a) and b
the dashed curve in Fig. 2(b) depending on the wind speed an
the turbine speed, respectively. When the wind speed is less tha
a given value, which is called the cut-in wind speed, the loss¢
of the wind turbine are larger than the available wind power. Th
generator is disconnected from the power grid and the turbin
is stalled so that the mechanical power of the turbine become
zero. Along the curve between A and B, which is called the of
timum TSR region, the pitch angle and the speed of the turbin
are controlled to the optimum values so that optimum TSR an
the maximum C;, as well as the optimum wind power extractio
can be achieved. On the curve between B and C, which is calle
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constant speed region, the speed of the turbine stays at its
ed value and the pitch angle is controlled. The extracted wind
er increases with the increment of wind speed until the rated
er of the turbine is reached. Due to the limited pitch rate of
\the wind turbine, it is possible that the turbine speed accelerates
shove the rated value, which is illustrated by the dashed line
petween operating points C and D in Fig. 2(b). However, if the
. rate is large, the overshoot above the rated speed is negli-
\ ble and the maximum turbine speed can be considered as its
ted speed [14]. When the wind speed is higher than a critical
e, which is called the cutoff wind speed value, the generator
is disconnected from the power grid and the turbine is stalled to

i

protect the wind turbine.

ver

Planetary Gearbox

e standard planetary gearbox has three terminals: a ring
,a sun gear, and a carrier. The structure and dynamic model
e standard planetary gearbox can be found in [15] and [16].
e proposed wind turbine and the test bench, a special plan-
gearbox is utilized to improve the efficiency. The structure
e special planetary gearbox is shown in Fig. 3. When com-
d to the standard planetary gearbox, the special planetary
earbox has no ring gear. Each planet gear has two different
, which realize the gear ratio between two sun gears. The
0 sun gears are separated and actuated by the planet gears that
are attached to the carrier.

. In the gearbox, the oil friction losses depend on the con-
(hlact area of the gears [17]. In the special planetary gearbox
mentioned above, there is no ring gear with large radius. The
| tontact area in the aforementioned special planetary gearbox is
Smaller than that in the standard one. Therefore, the oil friction
Sses can be reduced by the special planetary gearbox [12].

- Moreover, sun gear 1, sun gear 2, and the carrier in the special
Planetary gearbox are equivalent to the carrier, sun gear, and
Ug gear in the standard planetary gearbox, respectively. The
namic equation of the special planetary gearbox has the same
0rm as that of the standard one

e T,
g [wsl] _ |k k| |wa 4 | 811 612 B3 TSI
Sl - 52
L Wiz —ka1 —ka2 | | ws2 G21 @22 G23 | |
1 c

(2)
‘ here T is the torque and the subscripts 51, 52, and ¢ denote sun
&ar 1, sun gear 2, and the carrier. The parameters k; and a;; are
e Illmped friction and inertia coefficients, respectively. The

relationship of the speed is described by the following equation:
(1 —dp)ws1 = wsa — fpuwe. 3)

The gear ratio of the plus planetary gearbox iy is obtained by
the following equation:

_ (rp1 — 1p2)(Tp2 + 752)
Tp1Ts2

4

where 7,1, Tp2, and 7,2 are the radii of planet gear 1, planet
gear 2, and sun gear 2, respectively. In the steady state, if the
friction is neglected, the model of the special planetary gearbox
can be simplified into the following form:

1

Te= —7—5Tn &)
— 1

1
T.= 3 1y (6)

Therefore, the special planetary gearbox has the same steady-
state model as the standard planetary gearbox shown in [11].
The investigated wind turbine in this paper has the following
structure. The main shaft is connected to sun gear 1, the SG
is connected to sun gear 2, and the carrier is connected to the
additional gearbox that delivers torque to the servo PMSM. The
theoretical and practical aspects to scale up the components of
a wind turbine such as a gearbox can be found in [18].

C. Minimum Power to Servo PMSM

During the variable speed operation of the wind turbine, the
servo machine (PMSM) is operated in both generator and motor
mode. For the power delivered to the servo PMSM and the
converter, the same analysis for the power split behavior as
shown in [11] is supplied. There is no explicit function between
the real-time demanded power of the servo PMSM and the
turbine power. Since the special planetary gearbox has the same
steady-state model as the standard planetary gearbox, all the
conclusions for the minimum power split in [11] can be directly
applied for the wind turbine structure in Fig. 1. In the analysis,
the wind turbine is assumed in ideal operation and the losses in
the gearboxes are neglected. The minimum power split depends
on the gear ratios of the main and planetary gearboxes. Denoting
Pyervo,v and P, y as the peak mechanical power of the servo
PMSM in the full wind speed range and the rated mechanical
power of the turbine, the minimum ratio bpi, = min{ % |Prerve i}
can be obtained by by = 1 — aop, Where aqy is the solutlon of
the following equation:

4P,
271:)th opt*

Here, Pg is the mechanical power of the turbine at the end of the
optimum TSR region, which is illustrated by the operating point
B in Fig. 2. However, to reach the minimum power for the servo
PMSM, the gear ratios of the main and planetary gearboxes have
to fulfill the following relationship:
g =1— — ®
Tm Wt N Qopt '

)

]. —_ aop; =

where i, is the gear ratio of the main gearbox, w; y is the rated
speed of the turbine, and w; is the synchronous speed of the
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Fig. 4. Minimum power ratio delivered to the servo PMSM.

SG in mechanical radian. The ideal minimum power ratio of the
servo PMSM is shown in Fig. 4. Therefore, for the structure in
Fig. 1, the ideal minimum power split can be less than 10% of
the rated power of the turbine, which indicates the possibility
for the reduction of power electronic devices.

lll. CONTROL OF THE WIND TURBINE

Since the structure of the wind turbine with power split is
more complicated when compared to the existing standard wind
turbines, particular attention has to be paid to the control of the
drive train of the wind turbine with power split. The control
scheme of the wind turbine with power split can be divided
into five parts: pitch control, active and reactive power control,’
the synchronization of the SG, and the control of the back-to-
back converter. The control diagram and the signal flow of the
proposed wind turbine are shown in Fig. 5. In the figure, T,
w, u, and i denote the torque, rotational speed, voltage, and
current, respectively. The subscripts ¢, sh, and syn denote the
turbine, main shaft, and SG, respectively. The superscript *
represents the reference value. 3 is the pitch angle and Ir is
the excitation current of the SG. Save is the switching signal for
the rotor-side converter. For the grid-side control of the back-
to-back converter, existing strategies such as reported in [19]
for the traditional wind turbines can be applied. For the reactive
control of the wind turbine, it can be easily achieved by the
standard exciter control and automatic voltage regulator (AVR)
in the electrical excited SG. Therefore, the reactive power of the
wind turbine with power split can be regulated in the same way
as the conventional hydropower plant, which is more convenient
than that in the existing WI-DFIG and WT-SG. For the pitch
control, synchronization and active power control, they have
to be designed on the basis of the structure of the planetary
gearbox [12].

A. Synchronization of Synchronous Generator

In the wind turbine with a planetary gearbox, the SG is directly
connected to the power grid. The synchronization for the SG
has to be fulfilled during the transient operation of the wind
turbine. Fortunately, the SG itself is a stable system during the
transient operation such as sudden load change. It can recover

synchronism when the mechanical power does not excec
maximum pull-down power [20]. The extracted wind pow
limited by the pitch control and active power control. More:
the frequency oscillation is damped by the damper windir
the SG. Therefore, when the SG is properly chosen, no parti
attention has to be paid on the synchronization.

B. Actfb_fe Power Control

The active power control is realized by the servo PMS!
the wind turbine with power split. Due to the excellent .
trollability of the servo PMSM, the torque response time
reach several milliseconds using both direct torque control
field oriented control. This can provide fast torque dynamic
protect the wind turbine during wind gust. Since the struc
of the planetary gearbox is complicated, it is inconvenien
obtain the optimum torque reference for the servo PMSM ¢
sidering the losses, The variable speed operation as well as
MTTP is realized by the speed control over the speed of
main shaft to achieve the optimum TSR. The reference spee:
the turbine w; (v, ) is set to

w AT (v s Uy A (U
{u M) ekl ¢

t 2 ¢

*
wi (vy) = .
WE N, otherwise.

Here, A*(v,, ) is the optimum TSR according to the wind spe
The reference speed for the main shaft is obtained by
Wo (V) = tmw} (v ). (

Using (2), the dynamic of the speed on the main shaft wg, «
be formulated as follows:

Wep = —k1ywe — klzwsyn
+anTh+ aI2T;yn + 22013 Tservo ¢

where T is the torque and the subscripts sh, syn, and ser
denote the main shaft, SG, and servo PMSM, respectively.
is the gear ratio of the additional transmission gearbox. For
convenience of the controller design, (11) is reformulated int

Wep = — kflwsh +i a;anervo + :T::lis (1

where k{, and aj; are the references for the coefficients ki1 a
a13. Ty;s is a general disturbance represented by

Tais = —(k11 — ki Jwep — k12Weyn + a1 Tin
+ GIQTS)'n s (9'13 - aI:j)ﬂervo- (1

Since it is costly to measure or estimate the disturbance torq:
Tiis, a sliding mode controller over the speed of the main she
Is introduced to improve the performance. Denoting T2 ;
the bound of the disturbance, we have |Tais| < Tm2x. A slidir
plane is chosen as

8 =wy — wsy + c/ (Wi — wen)dt (1¢

where c is a positive constant. Considering the Lyapunov fun
% 4 e g . .
tion V = %, its derivative is shown as follows:

V= S[kflwsh = %2073 Tservo — This + clwg, — wsh)]. (1:
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6. Pitch control of the wind turbine with power split.

sing the standard design of sliding mode controller

[sign(s)TE™ + kT wah + c(wlh, — wa)]  (16)

B o = - =
3 Z¥13

| the derivative of the Lyapunov function is reformulated into

V = s(—Tus — sign(s)T2) < 0. (17)

eequal holds if and only if s = 0. Therefore, the sliding mode
ntroller (16) ensures that the optimum TSR of the turbine as
ell as the MTTP can be achieved. In order to eliminate the
| Chattering effect for the sliding mode controller, the discrete
| function sign(s) is replaced by its continuous approximation

fle) = {é’ign(s),

| Where & is a small positive constant.

if[s|] <o
otherwise

(18)

C. Pitch Control

| Since the active power control is realized by the speed control
| Ofthe main shaft, the pitch angle may be stabilized to the nonop-
_ﬁmal value, when a pitch controller on turbine speed is applied.
Utis possible that the extracted wind power is much smaller than
e optimum value at high wind speed [12]. Therefore, a pitch
Controller over the torque of the main shaft is implemented.

. The structure of the pitch controller is shown in Fig. 6. It
| Ontains the look-up table (LUT) of the reference pitch angle
;.1. Wwhich is the solution of the following equation at different

- 0.5pm R w3

Here, P} (v, ) is the reference power of the turbine according
to the reference power curve. C; is the reference performance
coefficient. The torque LUT T} (v,,) is also calculated by the
power curve of the turbine

T () = T ) 20)
A Pl controller with an antiwindup is implemented on the torque
error to obtain 3;. The rate limiter of the pitch angle depands
on the dynamics of the pitch motor. It is usually around 8° s~'—
10° s7! [21].

The pitch controller combining a pitch LUT and a torque
control is to guarantee the safety and performance of the wind
turbine for both smooth wind speed and wind gust. For smooth
wind speed, the pitch LUT is dominant so that the pitch an-
gle is controlled to its optimum value for the optimum wind
power capture. During the wind gust, particularly at high wind
speed, the sudden increment of the captured wind power results
in high torque and unexpected acceleration of the turbine speed. _
In this case, the torque control is dominant in the pitch con-
troller. When the PI controller is well parameterized with fast
dynamics, the torque of the turbine can be controlled within the
predefined range by the pitch angle. Therefore, the servo PMSM
can provide sufficient torque to counteract the acceleration of
the turbine and to protect the wind turbine.

D. Controllability Considering Grid Codes

For the wind turbine with power split, the main SG is electri-
cally excited and directly connected to the power grid. There-
fore, it inherits the controllability and advantages of a traditional
hydropower plant when considering the grid codes. For the fre-
quency deviation, a droop control is added to the pitch angle
to regulate the output active power. Moreover, the demanded
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Fig. 7.  Structure of the mechanical setup in the test bench.
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Rated power W00kW
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Rated speed 2000 rpm
Rated speed 1500 rpm Rated. torque 314 Nm
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Rated power 220 kW
Planetary gearbox iy =-241
Additional gearbox i, = 7.83

Fig. 8. Data of the experimental setup.

voltage and reactive power for the grid codes is easily achieved
by the exciter control and AVR system of the SG.

On the other hand, traditional SG has strong fault ride through
capability during the system fault such as voltage dip [22]. The
exciter conirol and AVR system of the SG is able to reduce
the excitation current to limit the short-circuit current in the
generator. Meanwhile, the servo PMSM is disconnected from
the converter and can be connected to a crow-bar. In this case,
the short-circuit current in the servo PMSM can be damped by
the crow-bar and the speed of the servo PMSM is reduced to-
ward 0. Therefore, the wind turbine with power split is able to
stay connected with the power grid during voltage dip. More-
over, when compared to the WT-DFIG, the exciter control and
AVR system can achieve full controllability of the short-circuit
current in the generator. This indicates, the wind turbine with
mechanical power split has better fault ride through capability
when compared to the WT-DFIG.

IV. EXPERIMENTAL SETUP

In order to validate the feasibility, power split behavior and
performance of the aforementioned wind turbine with power
split, a test bench is constructed (see Fig. 1). The structure of

the mechanical system in the test bench is shown in Fig. 7. .

The induction motor is to emulate the turbine, main gearbox,
and the pitch controller. The integrated gearbox is a compact
combination of the special planetary gearbox and the additional
transmission gearbox. The connection of the special planetary
gearbox is shown at the end of Section II-B. The torque and
speed of the main shaft, the SG, and the servo PMSM are mea-
sured. The ratings of the experimental setup are shown in Fig. 8.
The SG is directly connected to the 690-V power grid. The

- «;:«--—-wi

turbine power flow
CAN bus
torque, spead =

ot
ﬂ . switching signal gg gg jgg i

converter and grid
computer dSPACE

Fig. 8.  Structure of the entire system in the test bench.

Performance coefficient C

10

Tip—speed-ratio A Pitch angle B in °

Fig. 10.  Performance coefficient of a 6-MW turbine.

servo PMSM is connected to a back-to-back converter with de-
link voltage 600 V.

The setup for the entire system of the test bench is illus-
trated in Fig. 9. The experiments are realized by the dSPACE
rapid prototyping system with hardware-in-the-loop. The elec-
trical quantities on grid side for the SG and the converter is
measured by the Yokogawa power analyzer. For the emula-
tion of the turbine system, the aerodynamics of the turbine,
the gear ratio of the main gearbox i,,, and the pitch controller,
which are described in the previous sections, are modeled and
implemented in the dSPACE system. The emulated torque of
the turbine after the main gearbox is realized by the induction
motor.

In the test bench, the emulated turbine is down scaled from
a 6-MW turbine, whose performance coefficient is shown in
Fig. 10. Due to the limited torque of the induction motor, a
turbine system with a rated mechanical power of 110 kW is
emulated for the experiments. The parameters of the emulated
turbine can be found in the Appendix. The power curves shown
in Fig. 2 with power ratio 7~ = 0.488 are supplied to the
emulated turbine. According to Section II-C, the ideal minimum
power split to the servo machine is 5.8% of the rated mechanical
of the turbine, while the optimum gear ratio of the main gearbox
m,opt = 32.8. However. due to the very weak field weakening
capability of the used servo PMSM and in order to achieve a
wide wind speed operation, the gear ratio of the main gearbox
i, deviates from its ideal optimum value.




ig. 12.  Ideal and measured operating curves of main shaft.

V. EXPERIMENTAL RESULTS

- The experiments are performed with ramp, steady state, and
 Stochastic wind to illustrate the performance of the wind tur-
~ bine with power split. In the experimental results, the posi-
| live and negative power represent motor mode and generator
* Mmode, respectively. The power is normalized by the rated power
L of 110 kw.

" The experimental results for the ramp wind speed from
* 5-12 m/s are shown in Fig. 11. The power in the figure is
] the mechanical power of each component. With the proposed
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Fig. 13. Ideal and measured operating curves of servo PMSM.

control scheme, the speed of the main shaft closely tracks its
optimum reference value so that the optimum TSR is achieved.
Moreover, the pitch angle at low and median wind speed is ap-
proximately zero, while it increases at high wind speed. The
performance coefficient C,, tracks its optimum reference value
so that the MPPT can be achieved for the wind turbine with
power split. The measured mechanical power Py, delivered to
the main shaft is slightly smaller than that of the turbine P; due
to the friction losses. The frequency of the SG stays closely
around the grid frequency of 50 Hz so that the synchroniza-
tion is achieved. The servo machine is used in both motor and
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Fig. 14.  Experimental results of the wind turbine with stochastic wind speed.

generator operations according to the wind speed. During the
variation of the wind speed, the peak mechanical power deliv-
ered to the servo PMSM is 0.12 p.u..

In order to illustrate the operating curve of the wind turbine
with power split, experiments are made at constant wind speed :
from 4.5-13 m/s. The operating power and torque curves of ————— : IEO - 132
the main shaft are shown in Fig. 12. The ideal curve is the wind speed in m/s
power from the wind turbine without friction losses. Therefore, 100 ! , ; ’ ,
the measured power and torque on the main shaft are slightly : ; ' : :
smaller than their ideal values.

The operating curves of the speed and power for the servo
PMSM are shown in Fig. 13. The ideal curves in the figure _ : : : ; : :
4 are calculated by the model of the planetary gearbox (3)—(6) 0 . i i i : j
-without friction losses. As shown in Fig. 13, the speed of the 8 7 L % ot o B 12
A servo PMSM matches its ideal value at different wind speed.

The measured power curve deviates slightly from the ideal one  Fig. 15. Measured electrical power and efficiency.

due to the losses. When the wind speed is low, the servo PMSM

is operated in motor mode and it delivers mechanical power to

the planetary gearbox. Therefore, the measured power is larger

than its ideal value. While the wind speed is increasing, the With the nonoptimum gear ratio of the main gearbox, -
servo PMSM is operated in generator mode and it is actuated mechanical power of the servo PMSM is within 12% of the ra
by the planetary gearbox. In this case, the measured mechanical power of the turbine. This indicates a small power ratio of s

(=

|
<
w

— generator e R
—#— converter 5 :
—e— sum

electrical power in pu

|
Fy

efficiency in %
Lh
o
T

power is smaller than the ideal value. Since the components in ~ servo PMSM and its converter, when the PMSM is well desigr
the test bench are oversized with almost doubled rated power of ~on the basis of the operating curves. Meanwhile, the electri
i ' the turbine, the operation of each component is in low-efficiency ~ power of the converter shown in Fig. 15 is within 10.7% of |
- region, particularly at low wind speed. Therefore, the deviation rated power of the turbine, which validates the small power rat
: between the ideal and real operating curves of the servo PMSM ~ Moreover, when the gear ratios of the gearboxes are toward |
can be reduced, when the rating of each component is correctly  optimum condition (8), the power ratio can approach its id
chosen. optimum 5.8%.
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From Fig. 15, it is shown that the sum of the electrical power
'~-om the converter and the SG is larger than 0, when the wind
speed is smaller than 5.5 m/s. This indicates that the wind turbine
- bsorbing power from the power grid. The reason for this
phenomenon is due to the overdimension of each component

the test bench, which results in the operation in a very low
efficiency region. When the components of the wind turbine are
¢ll dimensioned with the appropriate rated power, the losses
able to be greatly reduced and the wind turbine will generate
wer to the power grid at low wind speed. The efficiency shown
Fig. 15 is the total efficiency of the planetary gearbox and
¢ electrical system. It is calculated by n = %ﬂf, where Pon
the total electrical power to the power grid and Py, is the
mechanical power of the main shaft. The efficiency increases
with the augment of the wind speed and reaches 85% at the rated
erating point. As mentioned in the previous section, the SG,
anetary gearbox, and servo machine in the test bench are not
: ptimized and are twice overdimensioned for the experiments.
ch component in the test bench is working in a very low
ad region, which has a very low efficiency. Therefore, the
fiiciency of the wind turbine with mechanical power split can
ill be greatly improved from 85%, when the rated power of
ach component is correctly designed.

In order to show the feasibility of the wind speed with power
splitina realistic situation, the experimental results for stochas-
ic wind speed with wind gust are shown in Fig. 14. The speeds
of the main shaft and servo PMSM track their reference values
closely. Moreover, the performance coefficient C; follows its
optimum reference value, which is determined by the power
urve of the turbine. In the high wind speed region, the main
aft is kept at its rated speed by the pitch controller. The fre-
quency of the SG oscillates around 50 Hz at wind gust and sud-
en wind speed drop. The major part of the mechanical power
is delivered to the SG during the transient operation. The power
clivered to the servo PMSM is within 0.12 p.u. with stochastic
wind.

VI. CONCLUSION

In this paper, the structure, power split behavior, and control
strategy of a novel concept wind turbine with mechanical power
L split were introduced and validated by the experiments. The SG
' in the wind turbine was directly connected to the power grid and
_-,_the reactive power could be easily controlled by its excitation
' system. With the control of the servo PMSM and the pitch
control, the optimum TSR and MPPT for the wind turbine were
L chieved. Both theoretically and experimental results showed
| the small power ratio of the back-to-back converter of the wind
 turbine with power split. This shows the possibility to reduce the
| power electronic devices in wind turbines. The feasibility and
ansient performance of the wind turbine were validated by the
Xperimental results for ramp and stochastic wind speed. Since
the wind turbine with power split is with a small-scale converter
| and without a DFIG, it overcomes the difficulties in WT-DFIG
and WT-SG with large power class. Therefore, the wind turbine
with power split can be considered as a potential candidate for
arge-scale wind turbines.
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APPENDIX

TABLEI
MECHANICAL PARAMETERS OF THE TEST BENCH

Rated turbine power Py 110 kW
Rated turbine speed wey  14.19r/min
Cut-in wind speed Vaw, in 4m/s
Rated wind speed Vg, N 12m/s
Cutoff wind speed Uy, off 20m/s
Radius turbine rotor R 9.78m
Gear ratio main gearbox im 35.64
Gear ratio plus planetary g -2.41
Gear ratio transmission gearbox iz 7.83
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