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Abstract—This paper describes the structure, control
and performance of a novel concept wind turbine with
planetary gearbox. The power extracted from the wind is
split into two parts by a free running planetary gearbox.
The major part of the power is delivered to a synchronous
generator, which is directly connected to the power grid
without any power electronic devices. Only a very small
part of the power is delivered to a servo machine, which
is controlled by a small scale back-to-back converter. The
servo machine operates the sun gear of the planetary
gearbox. In order to show the variable speed operation
with maximum power point tracking of the wind turbine at
both low and high wind speed, a test bench is constructed
and several experiments are performed. The experimental
results in both steady state and transient state validate the
performance and power split behavior of the wind turbine.
The power ratio of the back-to-back converter in the new
wind turbine is much smaller than the one in conventional
wind turbines, which implies the possibility to reduce the
power electronic devices.

Index Terms—Experimental validation, mechanical
power split, planetary gearbox, reduction of power
electronic devices, wind turbine.

|. INTRODUCTION

OWADAY' S, due to the environmental consideration, the

renewable energy especially the wind energy plays an
important role in the energy market. Moreover, for the offshore
wind turbines, the rated power of a single wind turbine is
growing towards 10 MW to improve the utilization of the wind
energy. In the wind energy market, the existing wind turbines
can be distinguished into two main categories. wind turbines
with doubly fed induction generators (WT-DFIG) and wind
turbines with synchronous generator (WT-SG).

For the WT-DFIG, the stator of the induction generator is
directly connected to the power grid, while the rotor is supplied
by a partial scale converter. The power through the converter
is usualy 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

Manuscript received July 25, 2016; revised October 5, 2016; accepted
October 10, 2016. This work was supported by the Ziel-2-Programm
NRW 2007-2013 "Regionale Wettbewerbsfahigkeit und Beschaftigung”
(EFRE).

The authors are with the Institute of Electrical Machines, RWTH
Aachen University, 52062 Aachen, Germany (e-mail: gian.liu@iem.rwth-
aachen.de).

difficulty for the large scale wind turbine. The crucial issue
for the 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
electrical excited synchronous generator (EESG) [ 6] or per-
manent magnet synchronous generator (PMSG) [ 7]. Moreover,
the WT-SG can also be direct drive or with 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 large size, high
weight, high cost and high cooling burden. The design and
production of large scale converter is still in development [ 1].
Moreover, the full scale converter results in 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 struc-
tures 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, while the scale of the converter can be reduced.
In [9], a new wind turbine with a DFIG and an additiona
PMSG as exciter 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 conventional 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], awind turbine with power split, whichis
realized mechanically by a free running planetary gearbox, is
proposed. This wind turbine contains a synchronous generator
and a servo machine. The synchronous generator is directly
connected to the power grid, while the servo machine is with
a partial scale converter. A theoretical analysis of the wind
turbine with planetary gearbox is shown in [ 11] for the power
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 to realize
the variable speed operation of a wind turbine with planetary
and a special two-mode gearbox is introduced. However, in the
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Fig. 1. Structure of the wind turbine with power split.

aforementioned literature, the feasibility, operation and power
split behavior of the wind turbine with planetary gearbox lack
convincing support such as 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
specia planetary gearbox. Due to the specia 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 experimenta results for the wind turbine with
planetary gearbox are shown. The experiments are investigated
with 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 shows the possibility for the
reduction of the power electronic devices.

II. 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, afree running planetary gearbox, an electrical excited
synchronous generator, a servo 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 rpm to 600 rpm. The power split is
realized by the planetary gearbox, with which the extracted
wind power is delivered to the synchronous generator and the
servo PMSM. The synchronous generator is directly connected
to the power grid. Meanwhile, the servo PMSM, which is the
main control unit of the drivetrain, is supplied by a small scale
back-to-back converter. The additional transmission gearbox,
which is optional, is 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 in acylinder of air traveling with wind speed v, within
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Fig. 2: Power curves of an exemplary wind turbine: (a) power curve with
wind speed; (b) power curve with turbine speed.

the rotor swept area of the turbine system [13]. It can be
presented by the following eguation:

1 p
Pmech - ipair’ertQCp()‘v ﬁ)vfm (1)

where p,;,- isthe air density. R, isthe radius of the rotor swept
area. C),(\, B) is the performance coefficient, which denotes
the percentage of the wind power extracted by the turbine
system. C,(\, 5) isafunction of thetip speed ratio (TSR) A =
“’;—m and the pitch angle of the blades 5. w; is the rotational
spéed of the turbine. The performance coefficient C',, depends
on the structure and aerodynamic characteristics of the turbine.
The maximum value of C, stays at an optimum pitch angle
(usually at 0°) and an optimum TSR. With increasing pitch
angle, the performance coefficient C), drops, which reduces
the extracted power from the wind.

At low or median wind speed, the turbine system is with
maximum performance coefficient for optimum wind power
extraction. At high wind speed, the pitch angle is increased
to limit the power and speed of the turbine [ 14]. Exemplary
mechanical power curves of the wind turbine are shown in
Fig.2a and by the dashed curve in Fig.2b depending on the
wind speed and the turbine speed respectively. When the wind
speed is smaller than a given value, which is named as cut-
in wind speed, the losses of the wind turbine are larger than
the available wind power. The generator is disconnected to the
power grid and the turbine is stalled so that the mechanical
power of the turbine is zero. Along the curve between A to
B, which is called optimum TSR region, the pitch angle and
the speed of the turbine are controlled to the optimum values
so that optimum TSR and the maximum C', as well as the
optimum wind power extraction can be achieved. On the curve
between B to C, which is named as constant speed region,
the speed of the turbine stays at its rated value and the pitch
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angle is controlled. The extracted wind power is increasing
with the increment of wind speed until the rated power of the
turbine is reached. Due to the limited pitch rate of the wind
turbine, it is possible that the turbine speed accelerates above
therated value, which isillustrated by the dashed line between
operating points C and D in Fig.2b. However, if the pitch rate
is large, the overshoot above the rated speed is negligible and
the maximum turbine speed can be considered as its rated
speed [14]. When the wind speed is higher than a critical
value, which is named as the cut-off wind speed value, the
generator is disconnected to the power grid and the turbine is
stalled to protect the wind turbine.

B. Planetary gearbox

The standard planetary gearbox has three terminals: a ring
gear, a sun gear and a carrier. The structure and dynamic
model of the standard planetary gearbox can be found in [ 15]
and [16]. In the proposed wind turbine and the test bench, a
specia planetary gearbox is utilized to improve the efficiency.
The structure of the special planetary gearbox is shown in
Fig. 3. When compared to the standard planetary gearbox, the
special planetary gearbox has no ring gear. Each planet gear
has two different radii, which realizes the gear ratio between
two sun gears. The two sun gears are separated and actuated
by the planet gears, which are attached to the carrier.

In the gearbox, the oil friction losses depend on the contact
area of the gears [17]. In the specia planetary gearbox
mentioned above, there is no ring gear with large radius. The
contact areain the aforementioned special planetary gearbox is
smaller than that in the standard one. Therefore, the ail friction
losses can be reduced by the special planetary gearbox [ 12].

Moreover, the sun gear 1, sun gear 2 and the carrier in the
specia planetary gearbox are equivalent to the carrier, sun gear
and ring gear in the standard planetary gearbox respectively.
The dynamic equation of the special planetary gearbox has the
same form as that of the standard one:

T.

Wst| _ ki1 —ki2| |wa !
Ws2 —ko1 —koa| |ws2 ao1
%)

where T is the torque and the subscript s1, s2 and ¢ denote sun
gear 1, sun gear 2 and carrier. The parameters k;; and a;; are
the lumped friction and inertia coefficients. The relationship
of the speed is described by the following equation: where T
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Fig. 4: Minimum power ratio delivered to the servo PMSM.

is the torque and the subscript s1, s2 and ¢ denote sun gear
1, sun gear 2 and carrier. The parameters k;; and a;; are the
lumped friction and inertia coefficients. The relationship of the
speed is described by the following equation:

(1 — io)wsl = Ws2 — ToWe- (3)

The gear ratio of the plus planetary gearbox i is obtained by
the following equation:
(rp1 — rp2)(Tp2 + 7s2)

19 = ; (4)

Tp1Ts2

where r,1, rp2 and ry are the radii of the 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

TSQ - - A sls (5)
1— 10

T.= 1, 6)
1— 10

Therefore, the specia 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 the sun gear 1; the
synchronous generator is connected to sun gear 2; the carrier
is connected to the additional gearbox which delivers torque
to the servo PMSM. The theoretical and practical aspects to
scale up the components of a wind turbine such as 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, al 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
idea operation and the losses in the gearboxes are neglected.
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Fig. 5: Control diagram and signal flow for the proposed wind turbine.

The minimum power split depends on the gear ratios of the (3 is the pitch angle and 7 is the excitation current of the
main and planetary gearboxes. Denoting Pse,y0,n @8d Py 8  synchronous generator. S, is the switching signal for the
the peak mechanical power of the servo PMSM in full wind  rotor side converter. For the grid side control of the back-to-
speed range and the rated mechanical power of the turbine, back converter, existing strategies such as reported in [ 19] for
the minimum ratio b,,;, = mi n{%} can be obtained the traditional wind turbines can be applied. For the reactive
BY bimin = 1 —aopt, Where aqy, isthe solution of the following  control of the wind turbine, it can be easily achieved by the

equation: standard exciter control and automatic voltage regulator (AVR)
in the electrical excited synchronous generator. Therefore, the
4 PB 3 . ; . . .
1 —aopt = 27 P opt: (7)  reactive power of the wind turbine with power split can be
t,N

regulated in the same way as the conventional hydro power
Here Pp is the mechanical power of the turbine at the end of  plant, which is more convenient than that in the existing WT-
the optimum TSR region, which isillustrated by the operating  DFIG and WT-SG. For the pitch control, synchronization and
point B in Fig. 2. However, to reach the minimum power for  active power control, they have to be designed based on the
the servo PMSM, the gear ratios of the main and planetary  structure of the planetary gearbox [12].

gearboxes have to fulfill the following relationship:

w1 (8) A. Synchronization of synchronous generator

ip=1———"",
ImWt, N Qopt
where i,, is the gear ratio of the main gearbox. w; n is the
rated speed of the turbine and w; is the synchronous speed
of the synchronous generator in mechanical radian. The ideal
minimum power ratio of the servo PMSM is shown in Fig. 4.
Therefore, for the structurein 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.

In the wind turbine with planetary gearbox, the synchronous
generator is directly connected to the power grid. The syn-
chronization for the synchronous generator has to be fulfilled
during the transient operation of the wind turbine. Fortunately,
the synchronous generator itself is a stable system during
the transient operation such as sudden load change. It can
recover synchronism when the mechanical power does not
exceed its maximum pull down power [ 20]. The extracted wind
power is limited by the pitch control and active power control.
Moreover, the frequency oscillation is damped by the damper
winding of the synchronous generator. Therefore, when the

Since the structure of the wind turbine with power Spllt wnchronous generaior is proper|y Cho%rh no part|cu|ar atten-
is more complicated when compared to the existing standard  tjon has to be paid on the synchronization.
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 The active power control is realized by the servo PMSM
control, the synchronization of the synchronous generator and  in the wind turbine with power split. Due to the excellent
the control of the back-to-back converter. The control diagram  controllability of the servo PMSM, the torque response time
and the signal flow of the proposed wind turbine is shown in  can reach several milliseconds using both direct torque control
Fig. 5. Inthefigure, T', w, u and i denote the torque, rotational  (DTC) and field oriented control (FOC). This can provide fast
speed, voltage and current respectively. The subscript t, shand  torque dynamics to protect the wind turbine during wind gust.
syn denote the turbine, main shaft and synchronous generator ~ Since the structure of the planetary gearbox is complicated,
respectively. The superscript * represents the reference value. it is inconvenient to obtain the optimum torque reference for

IIl. CONTROL OF THE WIND TURBINE

B. Active power control
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the servo PMSM considering the losses. The variable speed
operation as well asthe MTTP is realized by the speed control
over the speed of the main shaft to achieve the optimum TSR.
The reference speed of the turbine w; (v,,) is set to:

VA (Vo)
CLJ;( (’Uw) = w th
t,

if Le2olw) <oy
otherwise

9)

Here \* (v,,) isthe optimum TSR according to the wind speed.
The reference speed for the main shaft is obtained by:
(10)

Using equation 2, the dynamic of the speed on the main shaft
wsp, Can be formulated as follows:

Wi (Vw) = imey (V).

Wsh = — k11wsh — leWsyn

+anTsn + a12Tsyn + 120137 servo, (11)

where T' is the torque and the subscript sh, syn and servo
denote the main shaft, synchronous generator and servo
PMSM respectively. i, is the gear ratio of the additional
transmission gearbox. For the convenience of the controller
design, equation (11) is reformulated into:

(12)

where k7, and a}, are the references for the coefficients k1,
and a13. T4 1S ageneral disturbance represented by:

. * . *
Wsh = — kllwsh + Z771(1131—‘567"1/0 + Tdisv

Tais = — (k11 — ki1)wsh — k12wsyn + a11Tsp

+ a12Tsyn + iz (a13 - aTg)Tservo- (13)

Sinceit is costly to measure or estimate the disturbance torque
Tais, @asiding mode controller over the speed of the main shaft
is introduced to improve the performance. Denoting 7°j7¢* as
the bound of the disturbance, we have |Tq;s| < Tj7¢". A
diding plane is chosen as.

5 =Wy, — Wsh + C/ (win — wsn)dt, (14)

where ¢ is a Bositive constant. Considering the Lyapunov
function V' = %, its derivative is shown as follows:

V = S[krlwsh - izaT?,Tservo — Tqis + C(w;kh - Wsh)]- (15)

Using the standard design of sliding mode controller:

[SIgN(s) Tais™ + kpywsn + c(ws, — wsn)l,
(16)
the derivative of the Lyapunov function is reformulated into:
V = s(=Tuis — sign(s) ") < 0. (17)

The equal holds if and only if s = 0. Therefore, the diding
mode controller (16) ensures that the optimum TSR of the
turbine as well as the MTTP. In order to eliminate the
chattering effect for the sliding mode controller, the discrete
function sign(s) is replaced by its continuous approximation:

fle) = {ggn(s)

where ¢ is a small positive constant.

Tservo = - .

12073

if |s|] <o

. (18)
otherwise
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Fig. 6: Pitch control of the wind turbine with power split.

C. Pitch control

Since the active power control is realized by the speed
control of the main shaft, the pitch angle may be stabilized
to the non-optimal value, when a pitch controller on turbine
speed is applied. It is possible that the extracted wind power is
much smaller than the 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
contains the look-up table (LUT) of the reference pitch angle
51, which is the solution of the following equation at different
wind speed:

_ P (vw)

- O-5paiT7TRt2Uz?1) '
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 7', (v.,) is aso calculated by the
power curve of the turbine:

Cp(X*(vw), B) = Cp(vw) (19)

P (vw)
W (V)
A Pl controller with anti-windup is implemented on the torque
error to obtain 55. The rate limiter of the pitch angle depends
on the dynamics of the pitch motor. It is usually around 8 ° s+
to 10°s~! [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 angle 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 resultsin high torque and unexpected accel eration of the
turbine speed. In this case, the torque control is dominant in the
pitch controller. When the PI controller is well parameterized
with fast dynamics, the torque of the turbine can be controlled
within the pre-defined 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.

T (vw) = (20)

D. Controllability considering Grid Codes

For the wind turbine with power split, the main synchronous
generator is electricaly excited and directly connected to the
power grid. Therefore, it inherits the controllability and ad-
vantages of a traditional hydro power plant when considering
the grid codes. For the frequency deviation, a droop control is
able to be added to the pitch angle to regulate the output active
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Fig. 7: Structure of the mechanical setup in the test bench.
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Fig. 8 Data of the experimental setup.

power. Moreover, the demanded voltage and reactive power
for the grid codes is easily achieved by the exciter control and
AVR system of the synchronous generator.

On the other hand, traditional synchronous generator has
strong fault ride through capability during the system fault
such as voltage dip [22]. The exciter control and AVR system
of the synchronous generator is able to reduce the excitation
current to limit the short-circuit current in the generator. Mean-
while, the servo PMSM s 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 towards 0.
Therefore, the wind turbine with power split is able to stay
connected with the power grid during voltage dip. Moreover,
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 (Fig. 1). The structure
of the mechanica 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
specia planetary gearbox is shown at the end of section I1-B.
The torque and speed of the main shaft, the synchronous
generator and the servo PMSM are measured. The ratings of
the experimental setup are shown in Fig. 8. The synchronous

—— N
power flow

CAN bus
torque, speed

switching signal

7 . current
= _‘_\“‘;;'
dSPACE

converter and grid

computer

Fig. 9: Structure of the entire system in the test bench.
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Fig. 10: Performance coefficient of a 6 MW turbine.

generator is directly connected to the 690 V power grid. The
servo PMSM is connected to a back-to-back converter with
DC-link voltage 600 V.

The setup for the entire system of the test benchisillustrated
in Fig. 9. The experiments are realized by the dSPACE
rapid prototyping system with Hardware-in-the-Loop (HIL).
The electrical quantities on grid side for the synchronous
generator and the converter is measured by the Yokogawa
power analyzer. For the emulation 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 110kW is
emulated for the experiments. The parameters of the emulated
turbine can be found in Appendix A. The power curves shown
in Fig. 2 with power ratio £2- = 0.488 are supplied to
the emulated turbine. According to section I1-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 i,, ., = 32.8. However, due to the very
weak field weakening capability of the used servo PMSM and
in order to achieve awide wind speed operation, the gear ratio
of the main gearbox i,,, deviates from itsideal optimum value.
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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 positive
and negative power represent motor mode and generator mode
respectively. The power is normalized by the rated power of
110kW.

The experimental results for the ramp wind speed from
5m/s to 12m/s are shown in Fig. 11. The power in the figure
is the mechanical power of each component. With the proposed

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 are
achieved. Moreover, the pitch angle at low and median wind
speed is approximately 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
P, delivered to the main shaft is dlightly smaller than that
of the turbine P, due to the friction losses. The frequency
of the synchronous generator stays closely around the grid
frequency of 50 Hz so that the synchronization is achieved.
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The servo machine is used in both motor and generator
operations according to the wind speed. During the variation
of the wind speed, the peak mechanical power delivered to the
servo PMSM is 0.12 pu.

In order to illustrate the operating curve of the wind turbine
with power split, experiments are made at constant wind speed
from 4.5m/s to 13m/s. The operating power and torque
curves of the main shaft are shown in Fig. 12. The ideal curve
is the power from the wind turbine without friction losses.
Therefore, the measured power and torque on the main shaft
are dlightly 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
are calculated by the model of the planetary gearbox (3) to (6)
without friction losses. As shown in Fig. 13, the speed of
the servo PMSM matches its ideal vaue at different wind
speed. The measured power curve deviates slightly from the
ideal one due to the losses. When the wind speed is low,
the servo PMSM s 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 servo PMSM is operated in generator
mode and it is actuated by the planetary gearbox. In this case,
the measured mechanical power is smaller than the ideal value.
Since the components in the test bench are oversized with
almost doubled rated power of the turbine, the operation of
each component is in low efficiency region, particularly at
low wind speed. Therefore, the deviation between the ided
and real operating curves of the servo PMSM can be reduced,
when the rating of each component is correctly chosen.

With the non-optimum gear ratio of the main gearbox, the
mechanical power of the servo PMSM is within 12% of the
rated power of the turbine. This indicates a small power ratio
of the servo PMSM and its converter, when the PMSM is
well designed based on the operating curves. Meanwhile, the
electrical power of the converter shown in Fig. 15 is within
10.7% of the rated power of the turbine, which validates the
small power ratio. Moreover, when the gear ratios of the
gearboxes is towards the optimum condition (8), the power
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ratio can approach its ideal optimum 5.8%.

From Fig. 15, the sum of the electrical power from the
converter and the synchronous generator, when the wind speed
is smaller than 5.5m/s. This indicates that the wind turbine
is absorbing power from the power grid. The reason for this
phenomenon is due to the over-dimension of each component
in the test bench, which results in the operation in very low
efficiency region. When the components of the wind turbine
are well dimensioned with the appropriate rated power, the
losses are able to be greatly reduced and the wind turbine
will generate power to the power grid at low wind speed.
The efficiency shown in Fig. 15 is the tota efficiency of the
planetary gearbox and the electrical system. It is calculated
by n = “”" , where Ps,,,, is the total electrical power to the
power gnd and Py, isthe mechanical power of the main shaft.
The efficiency increases with the augment of the wind speed
and reaches 85% at the rated operating point. As mentioned
in the previous section, the synchronous generator, planetary
gearbox and servo machine in the test bench are not optimized
and are twice over-dimensioned for the experiments. Each
component in the test bench is working in very low load
region, which has very low efficiency. Therefore, the efficiency
of the wind turbine with mechanical power split can still be
greatly improved from 85%, when the rated power of each
component are correctly designed.

In order to show the feasibility of the wind speed with
power split in aredlistic situation, the experimental results for
stochastic wind speed with wind gust are shown in Fig. 14. The
speeds of the main shaft and servo PMSM track their refer-
ence values closely. Moreover, the performance coefficient C',
follows its optimum reference value, which is determined by
the power curve of the turbine. In the high wind speed region,
the main shaft is kept at its rated speed by the pitch controller.
The frequency of the synchronous generator oscillates around
50Hz at wind gust and sudden wind speed drop. The major
part of the mechanical power is delivered to the synchronous
generator during the transient operation. The power delivered
to the servo PMSM is within 0.12 pu with stochastic wind.

VI. CONCLUSIONS

In this paper, the structure, power split behavior and control
strategy of a novel concept wind turbine with mechanical
power split are introduced and validated by the experiments.
The synchronous generator in the wind turbine is directly
connected to the power grid and the reactive power can 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 are achieved. Both theoretically
and experimenta results show 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 transient per-
formance of the wind turbine are validated by experimental
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 difficultiesin WT-DFIG and
WT-SG with large power class. Therefore, the wind turbine

with power split can be considered as a potential candidate
for large scale wind turbines.
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APPENDIX A

TABLE I: MECHANICAL PARAMETERS OF THE TEST BENCH

Rated turbine power P N 110 kW
Rated turbine speed W, N 14.19 rpm
Cut-in wind speed Vw,in 4m/s
Rated wind speed Vw, N 12m/s
Cut-off wind speed Vw,of f 20m/s
Radius turbine rotor R 9.78 m
Gear ratio main gearbox im, 35.64
Gear ratio plus planetary ) —2.41
Gear ratio transmission gearbox iy 7.83
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