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Abstract: This paper presents an analysis on ways to improve the annual energy production (AEP) of
a wind turbine utilizing a drivetrain that operates based on the hydrostatic transmission. The system
configuration of such a drivetrain is explained in details and a comparison of operation and
characteristics with existing drivetrains is provided. AEP was estimated for these configurations
through appropriate dynamic modeling and operational efficiency optimization. Optimal selection of a
number of design variables and system parameters contributed to the improvements in the AEP.
Findings of this study demonstrate that the proposed hydrostatic drivetrain improves the AEP of
a 750 kW turbine by up to +8% when compared with a geared wind turbine. The AEP improvements of
the hydrostatic drive wind turbine were more than 10% for a 1.5 MW system over geared configuration.
It is also demonstrated that the efficiency of power generation can be improved under various wind
speeds. The suitable selection of synchronous speed of the generator directly improves the efficiency
of operation by up to 35% at low wind speeds. An efficiency improvement was also observed under
higher operating pressures and longer turbine blades.
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1. Introduction

By 2030, the wind energy is planned to cover significant share of the US energy [1]. Improving
the performance of wind turbine operation results in a higher energy production over time.
Conventional gearbox system transmits the power from a high torque-low speed rotor shaft to a low
torque-high speed generator shaft. This subassembly is heavy and expensive [2] causing long failure
downtime [3]. The variable speed on the generator shaft raises the need for a power electronic
converter to adjust the frequency variations. However, hydrostatic transmission system (HTS) can be
an alternative power transmission with inherent advantages. The system introduced in this paper is
comprised of a fixed displacement pump coupled with the rotor within the nacelle and a variable
displacement motor coupled with a generator on the ground level.

In this configuration controlling the displacement of motor adjusts the transmission ratio which
consequently sets the generator speed to a synchronous speed. Therefore, the power electronic
converters can be eliminated from the drivetrain. To maintain the frequency, the displacement of the
hydraulic motor is controlled. The speed of hydraulic pump which varies by the variable speed of wind
can be controlled to track the maximum power point. The efficiency of HTS utilized in wind turbines
(HTSWT) specifically at low wind speed operations has been studied by Thul et al. [4] and
Schmitz el at. [5]. To maximize the transmission system efficiency, Schmitz suggests a switching
mechanism between two hardware configurations, one with smaller pumps and motors (set to have
high efficiency at low wind speeds) and one with larger pumps and motors (set to have high efficiency
at high wind speeds. However, the transition between the sets of low and high speed imposes large
breaking torque on hydrostatic components. Dutta [6] suggested an auxiliary pump to be used to store
pressurized flow in an accumulator. This stored energy can be released when wind speed is slightly
lower than rated speed. Although this approach can increase AEP, the issue of low efficiency at low
wind speeds has not been addressed. The effect of system parameters such as the synchronous speed of
the generator and the blade size as well as its operating conditions on the efficiency of hydrostatic wind
turbines have not been studied before.

In this paper, efficiency improvement techniques in a wind turbine drivetrain with hydrostatic
transmission system are investigated. The design of the turbine is optimized to achieve higher efficiency
resulting in an increased annual energy production (AEP). The AEP of the optimized wind turbine is
simulated and compared with conventional wind turbines with gearbox to demonstrate the benefits.

The paper is organized as follows: In section 11, the hydrostatic transmission system is utilized for the
wind turbine drivetrain and the governing equations are shown. In section Ill, the effect of regional
operating conditions on the efficiency improvements is discussed. In section 1V, the effect of synchronous
speed on the efficiency improvements are discussed. In section V, the effect of operating pressure and rotor
blade on the efficiency is discussed. The power generation and annual energy production are discussed in
sections VI and VII. A comparison is provided with the existing drivetrains in section VII.

2. Hydrostatic transmission system for wind turbine applications

Hydraulic pumps and motors are the key components of a hydrostatic circuit of power
transmission. Figure 1 shows the proposed configuration of the hydrostatic drivetrain wind turbine
where the turbine shaft drives a hydraulic pump providing high pressure flow to the circuit. On the
motor side, the generator torque that imposes load on the hydraulic motor shaft induces pressure
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between the pump outlet and the motor inlet, i.e. the high pressure line shown in Figure 1. The motor
rotates the generator shaft and a low pressure line completes the hydrostatic circuit. Pumps and motors
have similar structure as both convert mechanical energy to hydrostatic energy and vice versa. To
investigate the system operating principles and study the efficiency, the torque balance in a hydraulic
machine can be written as follows [9-11]:

TL = DmP_C\/mmem _Cf mDmP_TCm (1)

Qm = D@ +Kgy P (2)

where P is the pressure, T is the generator load torque, Dy, and w,, are the motor displacement and

speed respectively. C,n and Cs, are viscous drag and coulomb friction coefficient respectively, and T
is the breakaway torque. The term D, P in Eq 1 is the driving torque of the motor and the other three
terms show mechanical losses. In addition, a portion of fluid slips from high pressure chamber to the
low pressure chamber of the pump or motor. Therefore, the actual required flow rate slightly differs
from the theoretical value. This volumetric loss within a motor is explained in Eq 2. In this equation,
Qn is the actual flow of motor and Ksn, is the slippage coefficient of motor. Similarly for the pump,
mechanical loss and volumetric loss [9-11] are written as follows:

Qp = DPa)p - KSpP (4)

where, Tris the torque of the turbine rotor, D, and «p are pump displacement and speed respectively,

Cyp and Csy are viscous drag and coulomb friction coefficient respectively and Tcp, is the breakaway
torque. In Eq 4, Q, is the actual flow of the pump and Ks;, is the slippage coefficient.

Motor Disp.|

]

High Pressure Line ©Om

L i (7=

T Low Pressure Line

Figure 1. Schematic of a wind turbine utilizing HTS. This drivetrain does not have a
power electronic converter as the speed of the generator is closely controlled by the
displacement. The control system and the interface of the electrical and mechanical
systems are shown.
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3. Effect of regional operating conditions on overall efficiency

From motor and pump models 1-4, it can be seen that the energy conversion efficiency is
influenced by the mechanical and volumetric losses. The mechanical losses are viscous drag, coulomb
friction and breakaway torque. Viscous drag is caused by the fluid shear between two parts having
relative motion. The coulomb friction is due to contact between two metal surfaces such as bearing and
shaft and the breakaway torque is caused by sealing friction. Overall efficiency of a pump and a motor
including losses [9-11] are formulated as follows:

1_K57p
Ho
n = A A= (5)
1+AC, p +Cp + "
oP
Tcm
1-BCym—Cim —5 ; o
— m —
nm - KSm . B= P (6)
1+
B

where 7, and ,_are the overall efficiencies of pump and motor respectively and . is the dynamic

viscosity of the fluid. Figure 2 illustrates a generic trend of pump and motor efficiency as a function of
factor A or B. This factor is a function of the ratio of speed over pressure. The efficiency trends for a
hydraulic motor and a hydraulic pump typically follow similar trends.
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Figure 2. General trend of efficiency variation for a pump (A) or a motor (B) [8].

The efficiency is affected by rotational speed and pressure variations. In applications where
operating conditions, pressure and speed do not vary widely, the hydrostatic transmission is designed
to have the best efficiency. However, due to intermittent nature of wind, the operating conditions
change widely and it becomes impossible to continuously operate the system at its maximum
efficiency. Therefore, the system operation can be designed to reach maximum efficiency at higher
input powers and maintain efficiency as much as possible when power input drops. Accordingly, the
wind power and turbine characteristics are obtained as follows. The amount of power that a wind
turbine can extract from wind is determined [12,13] by:
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p:(gﬂpjcp RV (7)

where p is the rotor power, p is the air density, C,, is the power coefficient of turbine, R is the radius of

. : . R
rotor, V is the instantaneous wind speed, and 2 = Vw"

is the instantaneous tip-speed-ratio of the rotor.

Considering Tr = wi , the rotor torque can be expressed as follows:

p
5
Tq :(%ﬂ'p] C, [%st (8)

The rotor driving torque equals the braking torque applied on the pump shaft as T, =T, where

D, P .
T, =—2" , with 7

MNP mech

being the mechanical efficiency of the pump. Hence, the operating pressure of

P mech.

the transmission fluid becomes proportional to the square of rotor shaft speed as follows:

1 RS o)
P= —npC —_— 9
{anech 2 Py }\‘Oth D ( )

Tracking maximum power point requires maintaining the tip-speed-ratio at an optimum value,
Aopt, Where Cp, is maximum (as illustrated in Figure 3). While a linear correlation of the turbine shaft
speed with the wind speed can be obtained by maintaining A = Aqp, the operating pressure P is a
quadratic function of turbine shaft speed, according Eq 9.
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Figure 3. A representative Cp—A curve for a wind turbine [25].

Considering dimensionless factor A, at higher wind speeds, the denominator (operating pressure)
increases faster than the increase of the numerator. Therefore, factor A becomes smaller at higher wind
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speeds. This creates an optimum operation region as illustrated in Figure 2. In this optimum region, the
operating efficiency uniformly increases as the wind speed increases from the cut-in to the rated wind
speed where at it reaches the maximum efficiency within the range.

In factor B, which determines motor efficiency, the numerator is constant since motor speed is
desired to be maintained regardless of the wind speed. Pressure varies quadratic with wind speed,
hence, the value of factor B decreases faster at higher wind speed. This suggests that motors follow a
similar operational planning to the pump.

In this section, it was explained that the efficiency of hydrostatic transmission depends on the
operating conditions. To achieve higher efficiencies at low wind speeds, the characteristics of the
turbine (prime-mover) and the generator (load) must be considered in conjunction with HTS operation
characteristics. Therefore, in the next sections, the efficiency is measured against the generator speed
and the operating pressure variations.

4. Effect of generator’s synchronous speed on the overall efficiency

To increase the overall energy conversion efficiency, both mechanical efficiency »_ , and the

volumetric efficiency 7, should be improved. Hydrostatic parameters that affect the efficiency are:

Pressure, pump/motor speeds, and displacements. Pump displacement is a constant value but its speed
is controlled to maintain the optimum tip-speed-ratio. Thus, this parameter cannot be controlled for
efficiency improvement. Effects of motor displacement and pressure are analyzed here to suggest
approaches for efficiency improvements.

The motor efficiency as a function of motor displacement is strictly increasing as observed
in Eq 6. This means that larger motor displacement improves motor efficiency. The optimality of this
relationship between efficiency variations and motor displacement is derived using the following
partial derivative:

TP
d D_P)
T __(OnP) >0 (10a)
oD, ( KS"‘J
1+
B

Also, the hydrostatic drivetrain efficiency is obtained as:

Nust = Mp * Nm (10b)

The hydraulic flow rate is determined by pump speed. To maintain higher efficiency, the same
amount of flow, when received by the motor at a large displacement, exhibits a reduced shaft speed.
This imposes a larger number of pole pairs in the generator to maintain the 60 Hz frequency.
Considering high speed generators as reported in [7], when a 1500 rpm 50 Hz generator [5] or
an 1800 rpm 60 Hz generator was used, low efficiencies were reported at low wind speeds.

AIMS Energy Volume 6, Issue 6, 908-925.



914

The efficiency of the hydrostatic drivetrain of the wind turbine is simulated at various wind
speeds using Eq 1-Eq 10. Figure 4 illustrates the effect of reducing the synchronous speed of
generators (wm) on the wind turbine drivetrain efficiency. This figure shows that the efficiency of
system from the turbine shaft to the generator shaft can be increased when a lower synchronous speed
generator is selected. This is more evident at low wind speed operations, such that the efficiency can be
improved from a 46% for 1800 rpm generator to 74% in case of a 600 rpm generator. In these
simulations, the turbine and pump specifications remained constant and the generator speed was
regulated in all wind speeds. Specifications of the rotor and pump that was used for the simulations are
summarized in Table 1.
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Figure 4. Effect of generator speed on HTS efficiency.

Table 1. Turbine and pump specifications.

Rated power (kW) 600
Diameter (m) 48
Turbine Maximum power coefficient 0.475
Optimum TSR 7
Cut-in speed (m/s) 4
Rated wind speed (m/s) 12
Displacement (lit/rev) 43.600
Pump Max pressure (bar.) 300
Speed range (rpm) 10-30

5. Effect of operating pressure and blade radius on the overall efficiency

Another approach to increase the efficiency of HTS is to increase the operating pressure
specifically at low wind speeds. Increasing the driving torque reduces the percentage of torque loss
over the driving torque, which causes mechanical efficiency improves. However, the overall efficiency
improvement is not always obtained as higher pressures reduce the volumetric efficiency. Considering
a constant speed for generator, higher pressures reduce the factor A in Eq 5. When the pressure reaches
a certain value, reduction in volumetric efficiency exceeds the improvement in mechanical efficiency.
As a result, the overall efficiency deviates from its maximum point. To ensure that the increasing
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pressure improves the efficiency, a HTS is designated to operate in optimum regions shown in Figure 2.
The point of maximum efficiency is obtained analytically for the motor as follows (similar argument is
applied to the pump):

Dmmhqm+nm+2quyn+&m@Rm+qm—Km)
Im _ Dy, P P Dpy 41 P (1)

oP K 2
[1+ Sm]

B

Sign of aLg" is determined by summation of the three terms in the numerator. The term
DW‘%—W is always positive but its value is decreased at very high pressure since its denominator
DmP

2Cym Ksm
p

increases quadratic with pressure. The term is also positive. However, the sign of the third

Ksm (2Tem +Ctm —Ksm)
D #om P

the partial derivate are positive and hence the overall efficiency of motor is a strictly increasing
function of pressure. However, Breakaway torque, Ty, and coulomb friction, C,y, are usually smaller
than the slippage coefficient, Ksm. Thus, the third term of the partial derivate can become negative. The
following argument illustrates that from low to a medium pressure, the overall efficiency is strictly
increasing with pressure.

At low to medium pressures:

term, , can be either positive or negative. If the third term is positive, all of terms of

Dmttom Cym +Tem
Dy P
2Cym K
un Ksm g oma g (12)
P opP
Ksm(zTchrCfm*Ksm)
Dm 1oy P

At high pressure:

Dmttom Cym +Tem -
Dy, P?
2Cym K
Zovm Bsm M _q (13)
P oP
Ksm(z-rcm +Ctm *Ksm)
Dm oy P

<0

Hence, at high pressure, the drivetrain efficiency decreases as the pressure increases. From low to
medium pressure, the effect of mechanical efficiency overcomes the effect of volumetric efficiency.
However, at high pressure, the effect of volumetric efficiency dominates. The HTS should be designed
to operate in the region where efficiency increases by pressure.

To increase the pressure at low wind speeds, a large driving torque (prime-mover) is required.
Based on wind turbine power-torque characteristics, a larger swept area generates higher torque, as
indicated by Eq 7. Assuming that the wind turbine is designed for a fixed power rating, a larger swept
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area helps the turbine reach the rated power at a lower wind speed. Figure 5 illustrates the correlation
between the blade radius, R, the rated wind speed and turbine rated power.
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Figure 5. Power rating at different blade radius and rated wind speed.

As Figure 5 demonstrates, different combination of blade radius and rated wind speed might yield
a specific power rating. For instance, 1000 kW power can be generated with blade radius of 30 min a
geographic area with rated wind speed of 11.4 m/s. It was observed in Eq 8 that the rotor torque was

proportional to R*. Hence, the torque generation enhancement at low wind speeds can be achieved by

using larger blades. Figures 6 and 7 demonstrate the power and torque curves of a wind turbine rated at
600 kKW when utilizing different blade radius and wind rated speeds.
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Figure 6. Power curve of a 600 kW turbine considering various blade radius.
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Figure 7. Torque curve of a 600 kW turbine considering various blade radius.
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As illustrated in Figures 6 and 7, at a specific turbine power rating, a configuration with larger
blade generates higher torque at lower wind speed. This enables the pump and motor to operate at a
higher pressure and consequently improve the efficiency. The drivetrain efficiency is again simulated
against wind speed in Figure 8 where the overall efficiency of the hydrostatic drivetrain is compared
under various blade length. At low wind speeds the efficiency was improved by 5% when the blade
size was increased. This produced more torque at low rpm.

It can be concluded that a configuration of wind turbine with longer blades yields higher
efficiency especially at lower wind speeds.

90 ‘ ,
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Overall efficiency [%]
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1 i | =g R:24 Varted:11
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4 5 6 7 8 9 10 11 12
Wind speed [m/s]

Figure 8. Overall efficiency of a 600 kW with different combination of rated wind speed
and blade radius.

6. Enhancing capacity factor using larger swept area (longer blades)

In previous sections, different techniques were introduced to improve the efficiency of pumps
and motors. Considering these technological advantages, a side-by-side comparison of the proposed
hydrostatic drivetrain with existing drivetrains over the power generation and annual energy
production is necessary. The output powers from the proposed hydrostatic drivetrain wind turbine is
now compared against the power curves obtained from the wind turbine by Carrillo et al. in [13]. The
wind turbines of both systems have the same rotor rated at 1500 (kW) and the blade radius
of 38.5 (m). The power generation as a function of wind speed is shown in Figure 9. The difference
between the power generations between HTSWT and geared WT is show in Figure 10. This
demonstrates that at wind speeds close to cut-in and rated, the proposed hydrostatic transmission
system has a better power profile.
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Figure 9. Output power comparison between a geared WT and a HTSWT (in kKW).
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Figure 10. Relative power comparison of a HTSWT and a geared WT (power rating
1500 kW with Rblade 385)

The following observations are made:

In wind speed range near cut-in and rated, the rotor of the conventional system cannot track
maximum power due to restriction on minimum and maximum speeds imposed by doubly fed
induction generators (DFIG), also reported in [14].

In the proposed wind turbine and drivetrain the shafts of rotor and generator are decoupled. This
allows rotor to track maximum wind power at any wind speed and for the generator to be
regulated at a fixed speed.

At median wind speeds, 6-10 (m/s), higher efficiency of gearbox results in higher overall
efficiency.

As shown in previous section, using larger swept area improves the HTS efficiency specifically at
low wind speed. Here it is discussed that larger swept area also enhance the capacity factor. To
elaborate the reasoning for such a claim, wind speed probability distribution is explained. Then
effects of rated wind speed and annual mean wind speed on capacity factor or AEP are identified.
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Long term wind speed profile is assumed to follow Weibull distribution and, depending on mean
wind speed, its scale factor varies while the shape factor is usually around 2 [18]. Regarding
probability density function (PDF) of Weibull distribution, at constant shape factor, scale factor
determines probability magnitude of the most frequent wind and probability of wind speeds near this
wind speed. Figure 11 shows PDF for different scale factors while the shape factor equals two for all of
them. As seen in the this figure, greater scale factors tend to reduce the probability magnitude of the
most frequent wind speed and shift it to greater wind speeds. Also, greater scale factor is indicator of
more evenly distribution around the probability peak.
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Figure 11. Weibull distribution PDF for different scale factors (shape factor = 2 for all PDFs).

Annual mean wind speed is close to the scale factor thus in wind farms sites where the annual
mean speed is greater, higher wind speeds are experienced. In areas where experience greater annual
wind speed, setting the rated wind speed at high wind speed can yield higher energy production
annually. However, higher rated wind speed can reduce the capacity factor. This phenomenon can be
realized by looking at cumulative density function (CDF) of Weibull distribution with different scale
factors. The probability associated to each wind speed resulted from various annual mean wind speed
is shown in Figure 12.
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Figure 12. Wind speed probability (CDF) at different mean wind speed for different scale
factors (shape factor 2 applied for all).
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As seen in Figure 12, for smaller scales factors, the accumulative probability reaches the unit
value at lower wind speed. Hence, if the rated wind speed is set at lower wind speed, probability of
occurrence for wind speed higher than the rated speed is greater. This is in favor of capacity factor.
Analytically, this phenomenon can be explained by looking at definition of capacity factor and
Weibull distribution. Capacity factor can simply be defined as:

Vi )

_ CUt_ZOUt (fVi Pwr

V; =cut—in

Capcity factor =

(14)

wr |Vrated

where, f\,i is the probability of occurrence for wind speed V,, P,, is the output power at V, and

V. ..q 1S the rated wind speed. Setting V., at smaller values, reduces the denominator. Also, as

explained in Section V and demonstrated in Figure 6, for specific power rating, lower Vg increases
output powers at wind speeds closer to the cut-in speed. Consequently, capacity factor is higher for
smaller rated wind speed.

Figure 13 shows that capacity factor is improved when the rated wind speed is set at lower values.
This observation applies to wind turbines with any types of transmission. For wind turbines with HTS,
as discussed in Section V, this is also in favor of HTS efficiency improvement.
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Figure 13. General trend of capacity factor variation with respect to rated wind speed at
different annual mean wind speeds.

In Section V, it was analytically proved that optimizing operation planning can improve the
efficiency of HTS. In this section, effect of rotor power characteristics on the capacity factor was
elaborated. In the next section, the overall annual energy production (AEP) of a wind turbine with
HTS will be compared with geared wind turbines. These system can be compared accurately

when identical conditions apply on them. As a result, the AEP will give a distinctive metric to
compare these systems.
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7. Annual energy production and comparison with existing technologies
7.1. Annual energy production

Figure 10 demonstrated a dependency of power generation differences to wind speeds. However,
annual energy production (AEP) considers a spectrum of wind speeds and becomes a reliable measure
of the system performance [2,11,15,24]. AEP estimates the accumulated energy production from a
wind turbine considering the power curve of the given wind turbines and the probability of all wind
speeds in one year [16,17].

Considering similar turbine specifications, the AEPs were compared at different annual mean
wind speeds. At each annual mean wind speed, the same scale factor and shape factor applied to both
plants (the hydraulic drivetrain and a gearbox system). The wind speed turbulence is not considered
in AEP calculation. The turbine’s swept area on AEP was investigated. The comparisons were
performed at generators in two power ratings of 750-900 kW and 1500-1700 kW. The rotor
specifications and the power curves of conventional turbine that used for the comparison are listed in
Table 2 [13,19] and Table 3.

Table 2. Specifications of three turbines used for AEP comparison 750-900 Kw wind turbines.

Rated Power (kW) Rotor rad. (m) Max C, Cut-in Speed (m/s) Rated Speed (m/s)
750 26 0.468 4 11.7
850 29 0.487 4 11
900 32 0.482 4 11

Table 3. Specifications of three turbines used for AEP comparison 1500-1700 kw wind turbines.

Rated Power (kW) Rotor rad. (m) Max C, Cut-in Speed (m/s) Rated Speed (m/s)
1500 35 0.461 3.5 12.7
1600 38.5 0.459 3.5 12
1700 41.2 0.482 3.5 114

The % AEP difference (HSTWT AEP-Geared WT AEP) was simulated at various annual mean
wind speeds. The results are shown in Figure 14 which demonstrates that the proposed wind turbine
and transmission system with a 32 m rotor radius generates 3—7% higher energy in average than a
conventional system. Similarly, a system with 29 m blade yields up to 6% higher energy than a
conventional wind turbine. In case of a 26 m radius turbine, operating over a lower range of annual
mean wind speeds (up to 7.7 m/s), the proposed system generated less energy than a conventional
system while at higher wind speeds the proposed system produced higher energy. In addition,
comparing the trend of AEP variations with respect to the radius, it is observed that larger rotor radius
contributed to comparatively higher energy production of the proposed system.
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Figure 14. AEP improvement of a HTS compared with a conventional WT, power rating:
750-900 kW.

Similar simulation comparisons were performed on a wind turbine of higher power rating
(1500-1700 kW). AEP of three size rotors (listed in Table 3) were compared and the results are shown
in Figure 15. This graph also demonstrates that the AEP yield is higher for the proposed hydrostatic
drivetrain wind turbines than the conventional ones. Additionally, improvement on AEP vyield is
greater for larger radii wind turbines as observed in this plot.
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Figure 15. AEP improvement of a HTSWT compared with a conventional WT, power
rating: 1500-1700 kW.

7.2. Comparison with existing technologies

A comparison of the % AEP difference (HSTWT AEP-Geared or direct drive WT AEP) was
simulated at various annual mean wind speeds for two existing geared WT systems. The results shown
in Figure 16 which also demonstrated that the proposed system collects more energy annually than the
existing wind turbine drivetrains. Figure 16 shows the proposed hydrostatic wind turbine compared
with the GE (with gearbox) and Vensys (direct-drive). As the figure demonstrates, a significantly
higher annual energy production (~8%) is expected from the proposed wind turbine, when it is

installed in geographical locations with mean wind speeds higher than 6 % Compared to the systems
with a gearbox, it demonstrated a superior AEP capability, comparable with the direct-drive.
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Figure 16. AEP comparison of the proposed technology with the wind turbine driven by
gearbox and a direct drive system.

8. Conclusions

This work demonstrated that optimal selection of a number of design variables and system
parameters is critical to enhancing the efficiency of a hydrostatic drive wind turbine. To achieve such
efficiency improvement that would result in higher AEP, the synchronous speed of generators must be
selected properly, the length of blades must be adjusted optimally, and the system operation must be
optimized. The efficiency enhancement particularly at low wind speeds resulted in higher annual
energy production for the proposed drivetrain. It was shown that the proposed system could generate
more power than a gearbox driven drivetrain and a direct drive wind turbine, by up to 8-10%.
Specifically, the simulation results demonstrated that the proposed hydrostatic drivetrain improves the
AEP of a 750 kW turbine by up to +8% when compared with a geared wind turbine. The AEP
improvements of the hydrostatic drive wind turbine were more than 10% for a 1.5 MW system over
geared configuration. Additionally, appropriate selection of synchronous speed of the generator
directly improves the efficiency of HSTWT operation by up to 35% at low wind speeds. An efficiency
improvement was also observed under higher operating pressures and longer turbine blades.
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