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ABSTRACT

Conventional wind turbines are equipped with multi-stage
fixed-ratio gearboxes to transmit power from the low speed ro-
tor to the high speed generator. Gearbox failure is a major issue
causing high maintenance costs. With a superior power to weight
ratio, a hydrostatic transmission (HST) is an ideal candidate for
a wind turbine drivetrain. HST, a continuous variable transmis-
sion, has the advantage of delivering high power with a fast and
accurate response. To evaluate the performance of the HST wind
turbine, a power regenerative hydrostatic wind turbine test plat-
form has been developed. A hydraulic power source is used to
emulate the dynamics of the turbine rotor. The test platform is an
effective tools to validate the control strategies of the HST wind
turbine. This paper presents the high fidelity mathematical model
of the test platform. The parameters of the dynamic equations are
identified by the experiments. The steady state and transient op-
erations results are compared with the experimental data. The
detailed control architecture of the start-up and shut-down cycle
is described for the test platform.

1 INTRODUCTION

Due to climate change and the need to decrease carbon diox-
ide emissions, there is a constant demand for green and renew-
able energy. Currently, renewable energy accounts for nearly
20% of the global energy usage. Within renewable energy, wind
energy has seen the maximum growth since 2015 leading to rapid
installation of wind turbines, worldwide, over the last decade.
The US generates more than 4.5% of its total electricity from
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wind and has a goal of harnessing 20% of the nations energy
from wind by 2030 [1].

Most utility scale wind turbines (greater than 1MW) are in-
stalled far away from the point of use, increasing transmission
cost while incurring about 5% power loss in transmission lines.
In contrast, for distributed wind, small (less than 100 kW) and
midsize (100 kW to 1 MW) turbines can satisfy local demand
and make the electrical grid more reliable and stable. Distributed
wind can be used for industries, hospitals and communities. At
present, distributed wind turbines are witnessing slow growth
due to high costs of installation, operation and maintenance [2].

Hydraulic transmissions are used in applications where large
torques are required, with fast response time and high accu-
racy [3]. Hydraulics are necessary for high power and high load
applications such as construction equipment. The transmission
consists of a hydraulic pump driving a hydraulic motor. For a
continuous variable transmission (CVT), either the pump, or mo-
tor, or both need to have variable displacement. The dynamics
of the HST are well studied in the past [4]. Hydraulic pumps
and motors have power densities ten times higher than electric
motors and generators, making the transmission more compact.
The compressibility of hydraulic fluid reduces the impact load-
ing on the mechanical components and increases the life of the
transmission as compared to a gearbox [5]. As a CVT, an HST
can adjust to varying wind speeds [6]. It rotates the generator at
a constant speed and eliminates the need of an expensive power
convertor (about 7% of total turbine cost). Commercial hydraulic
components for HSTs in the required power range for midsize
wind turbine are readily available at a reasonable cost.
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To demonstrate and validate the performance of the HST, a
unique power regenerative test platform has been built at the Uni-
versity of Minnesota [7]. The input to the HST drivetrain is the
rotor torque. The rotor torque is computed from real wind pro-
files by using FAST code of National Renewable Energy Lab-
oratory and emulated on the testbed using a hydrostatic drive
(HSD) [8]. The output of the transmission is fed back to power
the hydrostatic drive. It is a regenerative system which consumes
less power to operate. The testbed is integrated with multiple
sensors to accommodate and test a variety of hydraulic fluids,
components and controls. To emulate the real rotor dynamics,
fast and precise torque control is required for the hydrostatic
drive. This research compliments the 1 MW HST wind turbine
test platform research at RWTH Aachen University [9].

2 Power Regenerative Test Platform

The schematic of the power regenerative test platform is
shown in Fig. 1. The system consists of three parts: a hy-
draulic transmission (HST) under investigation (block in dark
grey), a hydrostatic drive (HSD) to emulate the rotor torque
(block in light grey), and a control system (including a controller
in Simulink environment in the host computer and real-time tar-
get computer). The rotor dynamics are simulated from the time
varying wind profile and blade aerodynamics. Instead of dis-
sipating the turbine output power, the power is fed back to the
HSD. Because of power regeneration, the research platform is
capable of generating 105 kW output with only 55 kW of elec-
trical input. A variable frequency drive (VFD) is used to control
the electrical input.

Hydrostatic Drive
(HST) (HSD)

Hydrostatic Transmission

FIGURE 1. Schematic of Power Regenerative Testbed

The HST consists of a fixed displacement pump and a vari-
able displacement motor. The rotor drives the fixed displacement

pump creating the hydraulic flow. The pressurized hydraulic
fluid is fed to the variable displacement motor driving the genera-
tor. The motor displacement is controlled by an electro hydraulic
proportional valve. A boost pump is used to compensate for the
fluid losses in the circuit as shown in Fig. 2.

FIGURE 2. Power Regenerative Testbed

The HSD consists of a variable displacement pump and a
fixed displacement motor. The electric motor along with the HST
motor drives the variable displacement pump creating the hy-
draulic flow. The flow is controlled by an electro hydraulic pro-
portional valve. The pressurized hydraulic fluid is fed to the fixed
displacement motor driving the generator. The boost pump is in-
tegrated with the pump to compensate for the hydraulic losses.

The test platform has three control elements, electric motor
current to control the high speed shaft speed, swash plate angle of
the HSD pump to emulate rotor torque and swash plate angle of
the HST motor to control the pressure of the HST for maximum
energy capture.

3 Modeling of the Test Platform
3.1 High Speed Shaft Dynamics

The high speed shaft is driven by the hydraulic motor of the
HST and the electric motor. A variable frequency driven electric
motor is mounted on the turbine output shaft to make up for the
losses of the HST and HSD. The electric motor also maintains the
shaft speed at synchronous speed (1800 RPM) to emulate a four
pole generator operating at 60 Hz grid frequency. The dynamics
of the shaft is:

Js @y + by = T, + aDmpfxDded (H
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J; 1s the combined moment of inertia of shaft, HST motor
and HSD pump and by is the damping coefficient of the shaft.
The shaft is powered by the electric motor torque (7.) and the
torque from the hydraulic motor of the HST (second term in right
hand side). The shaft is loaded by the hydraulic pump of the HSD
(third term on RHS). D, is the full displacement of the HSD
pump, Py is the pressure difference across the HSD pump, and
x(0,1) is the normalized swash plate angle of the HSD pump.

3.2 HSD Pressure Dynamics

The pressure in the control volume changes due to the dif-
ference between fluid entering and exiting the control volume. In
the HSD, the pump creates the flow. Pressure builds up depend-
ing on the line load. Neglecting pressure losses and volumetric
losses in the hydraulic hoses, the governing equation for the pres-
sure is:

Pd = % xDpde _Dmdwr - Qld:| (2)

The first term is the ideal flow from the pump, the second
term is the ideal flow into the motor and the third term is the flow
loss in the HSD system. Vj is the total volume of the pressure
side, D,y is the displacement of the HSD motor, and w, is the
angular speed of the hydraulic motor. The volumetric losses in
the HSD motor are negligible and Oy, is the leakage loss in HSD
pump. The leakage loss is examined in section 4.

The effective bulk modulus S, is computed from bulk mod-
ulus of the fluid, B¢, bulk modulus of the hose, B, and adiabatic
bulk modulus of the entrained air, 1.4P; [10].

1 1 1 s

B T B 3
Bed Bf+Bh+1~4Pd )

where, s is the percentage of entrapped air in the total vol-
ume. For the simulation, ., is linearized at operating pressure
Py.

3.3 Low Speed Shaft (Rotor) Dynamics

The power from the HSD motor is fed to the HST pump
through the rotor. The dynamics of the rotor is governed by the
following equation.

J @, + b, = Tr(w“u’ ¢) _DPP
Tr = DyaPaNimma

“)

TABLE 1. System parameter in dynamic model

Symbol Description Value

Dy HSD Pump Displacement 180 cc/rev

D, HSD Motor Displacement 2512 cc/rev
D, HST Pump Displacement 2512 cclrev
D, HST Motor Displacement 135 cc/rev
Bs  Bulk Modulus of the fluid ~ 1.8¢°N/m?
B Bulk Modulus of the hose ~ 1.12¢"N/m?

V;,V Fluid Line Volume 9.82¢ *m3
J Moment of Inertia of Rotor  2.17Kgm?

where as J, is the combined moment of inertia of the rotor
and hydraulic pump. The rotor torque, 7,, is a function of rotor
angular velocity, w,, wind speed, u, and blade pitch angle, ¢. b,
is the damping coefficient of the rotor shaft, D, is the displace-
ment of the hydraulic pump, P is the pressure difference across
the pump and 1,,,,,¢ is mechanical efficiency of the HSD motor.
The mechanical losses of the radial piston HSD motor and HST
pump are very small, so not accounted in the equation.

In the test platform, The hydraulic motor of the HSD emu-
lates the aerodynamic torque on the rotor shaft. With the mea-
sured rotor speed and input wind speed and pitch angle, the
torque is simulated in a hardware-in-the-loop (HIL) approach.
The torque transient is created by controlling pump displacement
of the HSD. The aerodynamic torque and HSD pressure relation-
ship is shown in Eq. 4 .

3.4 HST Pressure Dynamics

The pressure dynamics of the HST system is similar to the
pressure dynamics of the HSD and can be written as

_ b

P v Dpa)r—ames_Qlt (5)

where, B, is the effective bulk modulus, V is the total volume
of the pressure side, D, is the displacement of the motor, ¢¢(0, 1)
is the normalized swash plate angle of the hydraulic motor, ®; is
the angular speed of the hydraulic motor, and Qj, is the leakage
losses in the hydraulic units.

The parameters of the test platform are listed in Tab. 1.
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4 Identification of System Parameters
Unknown parameters of the power regenerative test platform
are identified based on extensive experimental data.
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FIGURE 3. Mechanism for swash plate angle

Actuator: The HSD pump delivers the flow. At the constant
speed operation, the flow from the pump can be varied by chang-
ing the swash plate angle . Similarly, the HST motor can operate
at constant speed at different input flows by changing the swash
plate angle. The swash plate angle is controlled by an electro
hydraulic valve as shown in Fig. 3.

A proportional solenoid valve is used to change the posi-
tion of the hydraulic valve, and the hydraulic valve controls the
amount of fluid going into the cylinder, for controlling the cylin-
der position and hence the position of the swash plate. The pro-
portional solenoid valve is controlled by the current, which is di-
rectly proportional to the applied voltage to the valve controller.
The electro-hydraulic valve dynamics are ten times faster than
the system bandwidth. So, the normalized swash plate angle of
the HSD pump and HST motor can be modeled as linearly pro-
portional to the applied voltage, shown in Eq. 6.

X =Kgvq

o= KtV (6)

where, v; and v are the input voltages of the valve controllers
and K; and K are the proportional gains for the normalized swash
angles. The actuator outputs are limited and can be represented
by a saturation function.

The HSD pump and HST motor do not have any sensor to
measure the position of the swash plate. The HSD pump flow,
Qy, is measured to estimate the normalized swash plate angle
(X = Qu/®s* Dpy). To reduce the internal leakage, the units are
operated at high speed and low pressure. The estimated angle
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FIGURE 4. HSD normalized swash angle versus applied voltage

fraction versus the supplied voltage is shown in Fig. 4. The swash
plate position has hysteresis and also saturates at a voltage above
9.3 Volt. The gain Ky, 0.107 is computed from the slope of the
plot.

Similarly, the HST motor actuator gain is estimated from the
input flow of the motor. The angle fraction versus the voltage is
shown in Fig. 5. In contrast to the HSD pump, the HST swash
angle does not have hysteresis or saturation. The normalized an-
gle is linear with respect to the applied voltage and the gain K;,
is 0.093.
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FIGURE 5. HST normalized swash angle versus applied voltage

Leakage Loss: The leakage loss of the radial piston HSD
motor and HST pump are negligible. So, the flow loss Q;; and
Oy in Eq. 2 and 5 are related to the leakage loss in the HSD
pump and HST motor. The leakage losses are internal flow losses
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FIGURE 6. Flow losses versus pressure in the HSD

through the cylinder-piston gap and the port plate gap. The leak-
age flow increases with pressure and decreases with swash plate
angle as shown in Fig. 6. The flow losses are measured and mod-
eled as a linearly proportional to the pressure as shown below.

O1a = OsDpg — Qour = Laly

7
Qlt = Qin — Dy, = L,P ( )
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FIGURE 7. Viscous losses in the rotor

Based on experimental data, with least square fitting, the loss

coefficient for the HSD pump, L, is 0.049 I pm/bar and the HST
motor, is Ly 0.010 I pm/bar.

Viscous Loss: The power from the HSD motor to the HST
pump is transmitted through the rotor. The hydraulic units are
mounted at both ends of the rotor and the rotor is supported by
two bearings. The viscous friction losses in the bearings are di-
rectly proportional to the rotor speed.

From Eq. 4, at steady state, the viscous losses can be com-
puted from the measurements of the rotor speed, @,, HSD pres-
sure, P; and HST pressure, P. The viscous loss in the rotor is
shown in Fig. 7. The damping coefficient b, is computed from
the slope, which is 38.9324 Nm-sec. With an increase in the load,
the viscous loss increases but the viscous coefficient remains the
same.

Experimental validation: The developed model is vali-
dated with the experimental data. For the experiment, the HS
shaft speed, @ is set to 1000 RPM and HST pressure, P is main-
tained at 100 bar. The swash plate angle of the HSD pump is
varied in steps.
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FIGURE 8. Comparison of the experimental and simulation data

Fig. 8, shows the rotor speed response for a step input of 4,6
and 7 volts (control command for HSD pump). At steady state,
the experimental results match with the simulation data with a
maximum steady state error of 2 RPM. In the transient case, the
experimental data has slower response than the simulation data,
since dynamics of the swash plate is not included in the simula-
tion. In hardware in the loop experiments, we are going to emu-
late real rotor inertia, which is very high compared to the testbed
rotor. Then the dynamics will be slower as compared to current
experiments and simulation.
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5 Controller Design

The overall control architecture of the power regenerative re-
search platform is shown in Fig. 9. The research platform control
system consists of the grid frequency simulator in the high-level
control, an aerodynamic torque HIL simulator plus a HSD torque
regulator in the mid level control and a drivetrain control system
in the low level control.
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FIGURE 9. Control Architecture

In high-level control, the grid frequency is simulated by an
electric motor and a VFD. The electric motor drives the HSD
and controls the high speed shaft speed. The current to the elec-
tric motor is controlled through a 4 kHz pulse-width-modulation
signal. Although the control dynamics of the VFD is fast, the
acceleration of the electric motor is limited to reach synchronous
speed of 1800 rpm in 20 sec. The high speed shaft response to a
step input and ramp input is shown in Fig. 10. The steady state
error to the step and ramp input is zero. The mid level control em-
ulates the aerodynamic torque on the rotor from the wind. The
HIL simulator is used to simulate the rotor torque from the wind
input data and rotor speed. The rotor torque is then emulated on
the test platform by controlling the swash plate angle of the HSD
pump. The swash plate of the motor in the hydrostatic wind tur-
bine drivetrain (HST) is controlled to optimize the power capture
in the low level control. The power from the drivetrain is fed
to the test platform to assist the electric motor to drive the HSD

pump.
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FIGURE 10. High speed shaft response

The test platform is controlled in three cycles, the start cy-
cle, the test cycle and the stop cycle. The HSD and HST of the
test platform are interconnected. So, the start and stop cycles are
important for smooth operation and safety of the testbed. Partic-
ular attention is required to avoid caviataion and pressure spikes
during these operations.

During the start cycle, the high speed shaft speed is brought
to synchronous speed. To avoid cavitation, the HST motor dis-
placement is set to zero, the electric motor is set to 100 RPM
and the HSD pump is set to half displacement, to create flow
to drive the rotor. In some cases, the HSD pump flow recircu-
lates internally and does not have sufficient power to drive the
rotor. In that case, the electric motor speed increases until the
rotor starts rotating. As soon as the rotor rotates, the HST pump
creates flow and the pressure starts building up in the HST line.
The swash plate angle of the HST motor is controlled to reduce
the pressure. Once the pressure of the HST is greater than 40
bar and less than 100 bar and its displacement is more than half
of the full displacement, the electric motor is ramped up to syn-
chronous speed in steps of 500 RPM. The detailed architecture is
shown in Fig. 11.

The research platform is governed by four dynamic equa-
tions, with four states, @y, ®,, Py and P, and three inputs v, v and
T, as shown in Eq. 1- 5. In Eq. 1, 2 and 5, the states are mul-
tiplied with inputs and have non-linear dynamics. However, In
the test cycle, the high speed shaft rotates at synchronous speed,
meaning that @ is fixed. The dynamics of the research plat-
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FIGURE 11. Start up flowchart

form is regulated by Eq 2- 5. The dynamics became linear with
constant synchronous speed. The mid and low level controllers
are designed to regulate the HSD pressure, to emulate the rotor
torque and HST pressure to optimize the power capture.

In the stop cycle, the high speed shaft speed is brought to rest
from synchronous speed. At first, the HST pressure is reduced to
50 bar, and then the electric motor speed is ramped down to 200
RPM. Then, the HST pressure is reduced to 30 bar and the elec-
tric motor speed is brought down to zero for smooth stopping.

CONCLUSIONS

In this paper, the mathematical models of the power regener-
ative test platform have been derived. The unknown parameters
of the test platform, such as swash plate angle gain, pressure loss
coefficients of the hydraulic units and the damping coefficient of
the rotor are identified from extensive experiments. The mathe-
matical model is compared with the experimental data. The con-
trol objectives of the research platform are discussed here. The
start-up and stop procedures are laid out for smooth operations,
without creating cavitation in the HST. Overall, this dynamics
will provide a greater insight to the behaviour of the research
platform and also will help us to develop the mid level and low
level controllers in the future.
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