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Abstract. The increasing integration of renewable energy resources in evolving bulk power
system (BPS) is impacting the system inertia. Type-5 wind turbine generation has the potential
to behave like a traditional synchronous generator and can help mitigate the impact on system
inertia. A hydraulic torque converter (TC) and gearbox with torque limiting feature are integral
parts of a Type-5 wind turbine unit. A high fidelity model of Type-5 wind turbine drivetrain
is not openly and widely available for grid integration and transient stability studies. This
hinders appropriate assessment of Type-5 wind power plant’s contribution to bulk grid resilience.
This work develops and validates a TC model based on those generally used in automobile’s
transmission system. Moreover, the concept of torsional coupling is leveraged to integrate the
TC and gearbox system dynamics. The entire integrated model will be open sourced and
publicly available for grid integration studies.

1. Introduction

The share of variable renewable energy (VRE) sources like wind and solar in the BPS are
expected to grow significantly in the next two to three decades. For example, the United States
(U.S.) has ambitious targets of powering the country with 100% renewables by 2035. In terms
of offshore wind, the most immediate objective is to deploy 30 GW of offshore wind by 2030
with a pathway to 110 GW by 2050 [1]. This makes wind power one of the fastest growing
generation technologies, becoming a major contributor to the energy supply of many countries.
Denmark is leading the way with over 40% of the total generation as of 2021, while the European
Union (EU) as a whole depends on over 10% of wind penetration. In contrast, land-based wind
supplied the U.S. with 9.1% of total electricity generation for the same year [2].

The trend towards 100% renewables will impose several challenges in a synchronous generator
based power system. Inverter based resources, like VREs, have traditionally lacked capabilities
to provide ancillary services, such as inertia support in the BPS and grid stability, in the same
way as traditional synchronous generators (e.g., hydropower plants) have contributed. Yet, the
vast majority of currently installed wind energy capacity is distributed between Type-3 and
Type-4 turbines. In both configurations, the use of power converters is needed to operate the
wind turbine in variable speed configuration, to isolate the generator from the grid, and for
complying to grid codes [3]. Conversely, a rarely explored configuration, so-called Type-5 wind
turbine, is believed to gain traction so that the high penetration of wind energy can support the
aforementioned grid services.



The impact of variable-speed wind turbines using synchronous generators has been lightly
investigated. A major contribution was produced by [4], where a detailed model of a 2 MW Type-
5 wind drivetrain composed of a gearbox, hydrodynamic torque converter, and a synchronous
generator, was developed in DIgSILENT to investigate the impact on grid stability. The study
amplified the individual turbine model to a 50 MW wind farm under turbulent wind, and
found several advantages on using this configuration: the wind farm was able to provide voltage
support and provide stability by increasing the short-circuit level; the concept is able to operate
in islanded mode; and, an outlook towards offshore wind farms was provided where they can be
connected directly to high-voltage-direct-current (HVDC) systems using conventional thyristor
technology. Despite all these advantages, the Type-5 wind turbine was unable to gain popularity
because at that time the integration of renewable resources in electric grid was low and there was
no requirement by wind power plants to support grid inertia. With the increasing integration
of renewables, the system inertia has become a big problem. The Type-5 wind turbine has the
potential to solve this inertia issue. Moreover, one of the important components of Type-5 wind
turbine, the torque convertor presented in this manuscript, will decouple the generator side from
the gearbox, and thereby, decrease the transfer of oscillations from the rotor side to turbine side
and vice versa. One disadvantage is that adding a new component, i.e., torque converter, adds
a complexity to the drivetrain configuration, and can pose additional maintenance.

As mentioned above, a torque converter is needed to operate a turbine in synchronous mode.
Yet, the publicly available tools and research in the detailed modeling of the drivetrain is sparse.
The model developed in [4] is not publicly available and it is the only paper in the literature
looking specifically into the dynamics of a Type-5 drivetrain. For decades, the automotive
industry has worked in torque converters and the literature in this field is abundant [5, 6, 7).
In this paper, we describe the modeling of the torque converter in the context of wind energy,
along with its coupling with a gearbox and synchronous generator. The scope of this work is
to develop and validate an open-source dynamic model of a Type-5 wind turbine for research
and development purposes. The following section describes the torque converter modeling in
detail, along with its coupling to the gearbox and generator. First, the established models of
coupler and gearbox are briefly discussed. The introduction to torque converter (TC) dynamic
model then follows according to the automobile literature. The automobile-grade TC model is
then validated. The scaling of a validated automobile-grade TC to Type-5 wind turbine is then
described. Finally, Type-5 TC’s initialization and sensitivity analysis is carried out to develop
a speed governing system.

2. Modeling

Unlike Type-3 and Type-4 wind turbines, the Type-5 configuration uses a fixed-speed
synchronous generators that is directly connected to the grid (i.e., no power converter is
required). In synchronous operation, the generator speed is dictated by the grid frequency
(i.e. 50 Hz in EU, and 60 Hz in the U.S.), instead of the wind turbine variable speed. This is
achieved thanks to a torque converter (TC) placed between the gearbox and generator (Figure
1). The purpose of the TC is to convert the variable speed "seen” in the wind turbine rotor
to a fixed speed, thanks to either a hydro-static or hydraulic system that dissipates the torque.
The TC has two rotating parts and one static part, i.e., the impeller/pump, the turbine, and
the guide vane, respectively. The impeller is connected to the high-speed stage of the gearbox
whereas the turbine is connected to the generator. The guide vane, which is placed between
the impeller and the turbine, controls the returning fluid from the turbine to the impeller.
To maintain a torque balance in the system, each major component (i.e., gearbox, TC, and
generator) is connected using a torsional coupler (1). The gearbox is modeled using a lumped
parameter approach with torsional and transnational degrees of freedom. The interaction in
the gear mesh and the bearings is modeled using linear springs [8]. The impeller and turbine



torques are the inputs to the TC dynamics model whereas impeller and turbine speeds are the
outputs of the model [5, 7]. The guide variable as controls the position of the guide vane. The
guide vane redirects the fluid from the turbine to the impeller in such a way that the turbine
speed of the TC remains constant.
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Figure 1. Integrated design block diagram. Here, the ”turbine model” can be represented
using open-source aerolelastic codes such as HAWC2 or FAST.

The integrated design (Figure 1) approach in this project, uses coupler blocks (1 to maintain
the torque balance in the free-free system. This ensures that the conservation of energy principle
is respected in the system of equations, and integrates the intermediate shafts torsional flexibility
in the simulation. This is particularly important when coupling the Simulink model with an
external aeroelastic tool in a co-simulation environment.

The gearbox is modeled as a lumped-parameter system that includes translational and
torsional degrees of freedom. This means that it is possible to compute the mechanical loading
due to radial forces in the bearings. The torsional component transfer the torque from the rotor
side to the impeller side of the T'C, and vice-versa. This capability allows for future studies
on characterizing the torsional loading in the gearbox due to transient events. Moreover, the
translational component provides the displacements in the vertical and horizontal directions of
the bearings (e.g., planetary) due to the wind turbine dynamics. The model was developed using
an object-oriented approach and validated previously by [9, 8].

T, = K, /(wg —wy)dw + Cs(wa — w1) (1)

2.1. Torque Converter
The dynamics of a torque converter (TC) is defined by the following set of three equations [5, 7],
and is shown in Fig. 2

Itwt -+ pAStV = Tt — Tto(v, Wi, wt) (2)
Ilwl + pASlV =T — Tio(V, Wi, Oés) (3)
S;w; + Sy + LfV = (I)(V, Wi, W, Oés) (4)

Here, w; and w; represent impeller angular speed and turbine angular speed, respectively.
Speed ratio is defined as v = w;/w;. 7; and 7y represent impeller torque and turbine torque,
respectively. A represents the cross-sectional area perpendicular to the volume flow. p is
the density of the working fluid. I; and I; are impeller and turbine’s moment of inertia,



respectively. S; and S; are characteristic area constants, respectively. V' is the fluid velocity
and Ly is equivalent fluid inertia length. At the steady-state condition, 7, = 740 (V,w;,wy),
7 = Tio(V,wi,as), and ®(V,w;,wy,as) = 0. The variables 7,0 and 7 in equations 2 and 3
represent the steady-state values of impeller and turbine torques, respectively, and are given by,

Tio = pQwi R + V(R; tana; — R tanay)] (5)

710 = pQwiR? — wiR? + V(R; tanay — R; tanay))] (6)

where, Q is the axial torus volume flow and is given by, Q@ = V x A. R;, R, and R, are
impeller, turbine, and stator exit radius, respectively. Similarly, «;, at, and «g are impeller,
turbine, and stator exit angles, respectively.

It is assumed that the stator is fixed and will not rotate across different v values. w; that
drives the calculation of v for Type-5 Wind turbine speed range is given by,

N x 120 x 7

EEErva— (7)
3600

Here, N|[rpm]| represents the rated speed of the synchronous generator. Stator exit angle is

presented by a;, and its usage for stator guide vane control is explained in later section. The

variable ® in equation 4 is given by,

we[rad/sec] =

o = R?wg + R?wf — R?wtwi + w;V(R; tana; — Rs tanag) + w V(R tanay — R; tanay) — ¢ (8)
where 9 is given by,

¥ = 05[Con iVt + ContViue + Cons Vs + F(Vi? + V72 4+ V%)) (9)

where, f is frictional loss coefficient. Cjp;, Cspt, and Cgp s are impeller, turbine, and stator’s
shock loss coefficients. Similarly, Vip i, Vsng,and Vi, s are impeller, turbine, and stator’s shock
velocities and are given by,

Vini = —Rsw; + V (tanas — tanal)) (10)
Vint = Ri(w; —wi) + V(tana; — tanay) (11)
Vini = Ruwy + V(tanoy — tanal) (12)

where, o}, o}, and o/, are impeller, turbine, and stator inlet angles, respectively.
V* in equation 9 is the fluid velocity relative to blades, and is given by,

V2 =V? sec a? (13)
V2 =V? sec a? (14)
V2 =V? sec a? (15)
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Figure 2. Block diagram of torque converter model.

Table 1. Nominal values of the torque converter parameters of Honda CRV [10]

Fluid density (p) 840 kg/m? | Fluid inertia length (Ly) 0.2594 m
Flow area (A) 0.0107 m? | Impeller inertia (I;) 0.092 kg m?
Impeller radius (R;) 0.0991 m | Turbine inertia (1) 0.026 kgm?
Turbine radius (Ry) 0.0735 m | Stator inertia (1) 0.012 kgm?
Stator radius (Ry) 0.0665 m | Impeller Shock loss coefficient (Cyp) | 1.011
Impeller exit angle (a;) | 16.21 ° Turbine Shock loss coefficient (Csp,) | 1.8
Turbine exit angle (ay) | -53.14 ° Stator Shock loss coefficient (Cjp) 0.773
Stator exit angle () 55.62 °© Impeller design constant (S;) -0.001 m?
Impeller inlet angle (o) | -40.7 ° Turbine design constant (.S;) -0.00002 m?
Turbine inlet angle o) | 59.19 ° Stator design constant (S;) 0.002 m?
Stator inlet angle (o) | 60.36 ° Frictional loss coefficient (f) 0.197
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Figure 3. Torque ratio vs. speed ratio [10].

2.1.1. Model Validation Using Honda CRV Values from [10] : The proposed torque converter
model is validated on auto-transmission scale using Honda CRV values from [10]. The simulation
results are based on steady state calculations. Table 1 shows the values of the torque converter
parameters.Using these parameters, Fig. 3 shows the characteristic plot for the torque ratio



(1¢/7; ) vs. the speed ratio, v.

One of the advantages of using a torque converter in a Type-5 wind turbine is its’ capability
to filter disturbances introduced from impeller side. Figures 4 and 5 shows the torque converter
frequency response analysis. The torque converter is working as a low pass filter to damp
disturbances which are transferred from the impeller side to the turbine side at high frequencies.
For validation, we tried to mimic the Figure 20 from [10]. The impeller torque is subjected to a
disturbance in a wide range of frequencies, i.e., the impeller torque is given as a combination of
a nominal value and disturbances 7; = 7 4+ 10 sin(27 ft) where the frequency (f) is varied from
0.5 (Hz) to 100 (Hz), and the turbine torque 7; is assumed constant, i.e., 7. The values for 7
and Ty, used for this case study are 100 Nm and -150 Nm, respectively. The plots of the impeller
speed (w; ) and the turbine speed (w;), Figures 4 and 5 , show the damping characteristics of
the torque converter to filter high frequency disturbances from impeller to turbine side.
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Figure 4. Nonlinear torque converter model response for impeller side when frequency is varied
from 0.5-100 Hz [10].
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Figure 5. Nonlinear torque converter model response for turbine side when frequency is varied
from 0.5-100 Hz [10]



2.2. Parameter Scaling to Type-5 Wind Turbine

The TC model developed and validated according to Honda CRV specifications is needed to
scale up to match torque and speed requirements of a Type-5 wind turbine. First, the turbine
torque 7y is defined as follows,

—Trafed -1 < p < 1.67 (16)

14

_ { —Trated ;0.87T<v <1
Tt —

Here, Trqteqd = 30;57}}““1 [N-m]. The operating range of v and P,qteq follow DeWind D8.2 Type-5
wind turbine specifications [11]. The goal is to a) scale up the geometric parameters such as
length, radius and flow area, and b) adjust impeller and turbine exit angles to ensure minimum
absolute value of ® at the steady state condition of unity torque ratio (i.e., 7; = |1¢|), and unity
speed ratio. This will enable Type-5 TC initialization at synchronous speed and rated power.

Let, K denote the geometric parameter amplification factor such that,

Length(Typeb) = K x Length(HondaCRV) (17)
Radius(Type5) = K x Radius(HondaCRV) (18)
Area(Type5) = K2 x Area(HondaCRV) (19)

Let b;, and b; denote the adjustment to impeller and turbine exit angles, respectively,

a;(Typeb) = a;(HondaCRV) + b; (20)

at(Typed) = a;(HondaCRV) — b, (21)

And b}, b}, and ¥, denote the adjustment to impeller, turbine, and stator inlet angles,
respectively,

af(Typeb) = o,(HondaCRV) — b; (22)
a4 (Typeb) = o} (HondaCRV) + b, (23)
ol (Typeb) = o/,(HondaCRV) + b/, (24)

The values of K, b;, by, b, b}, and b/, that minimize the absolute value of ® at the steady state
condition of unity torque ratio and unity speed ratio are obtained through a greedy search,

K = 2.73:b; = 43.0693°; b, = 3.3333°; b, = 3.5588%; b, = 0.0980°; b/, = 2.5098°  (25)

Accordingly, Table 1 is updated and TC parameters for Type-5 wind turbine are given below,

For these parameters, the zero crossing of ® at unit speed ratio is evident from Figure 6.
This will help to determine stator exit angle at different steady-state conditions around the unit
speed ratio and hence the stator blade control strategy.



Table 2. Torque Converter Parameters for Type-5 Wind Turbine

Fluid density (p) 840 kg/m? | Fluid inertia length (Ly) 0.7082 m
Flow area (A) 0.0797 m? | Impeller inertia (I;) 0.092 kg m?
Impeller radius (R;) 0.2705 m | Turbine inertia (I;) 0.026 kgm?
Turbine radius (Ry) 0.2007 m | Stator inertia (1) 0.012 kgm?
Stator radius (Rs) 0.1815 m | Impeller Shock loss coefficient (Cyp,) | 1.011
Impeller exit angle (a;) | 59.3 ° Turbine Shock loss coefficient (Csp) | 1.8

Turbine exit angle (ay) | -56.47 ° Stator Shock loss coefficient (Cjp) 0.773
Stator exit angle (as) Initialize Impeller design constant (5;) -0.001 m?
Impeller inlet angle (o) | -44.3 ° Turbine design constant (.S;) -0.00002 m?
Turbine inlet angle «}) | 59.3 ° Stator design constant (Ss) 0.002 m?
Stator inlet angle (o) | 62.87° Frictional loss coefficient (f) 0.197

2 MW, 60 Hz, Type 5 Wind Turbine
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Figure 6. Variation of ® across the speed ratio.

2.8. Torque Converter Initialization for Type-5 Wind Turbine

Direction of stator angle change is derived from the TC’s steady-state analysis at v’s value
across the Type-5 wind turbine’s operating speed range. Given the v, and corresponding steady
state turbine torque from (16), the steady state value of flow velocity Vp, stator exit angle ay,
and impeller torque 7; are calculated by equating the right hand side to zero for equations (2),
(4), and (3), respectively. This process is repeated for the entire range of Type-5 Wind turbine
specific v and Figure 7 is obtained. Notice the reduced range in speed ratio (0.8819 < v < 1.119),
where a steady-state initialization is feasible for the scaled geometric parameter and adjusted
exit angle based Type-5 wind turbine torque converter. The percent power loss is calculated as,

WiT; —wt\Tt\

PLoss(%) =100 x (26)

wt\n]

The decreasing trend in the steady-state stator exit angle will be used in the next section to
design the TC turbine side speed governing system.
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Figure 7. Steady-state sensitivity across the speed ratio.

2.4. Stator Guide Vane Control

The stator blades serve as guide vanes to redirect the hydraulic fluid flow between the impeller
and turbine side of the torque converter (TC). Stator angles that measure the guide vane
positions are adjusted to correct any speed deviations from the synchronous generator. At
any instance, a proportional-integral-derivative (PID) control is applied to either increase or
decrease the TC’s stator angle, given the generator speed deviation. From Figure 7, it is evident
that the stator exit angle will need to be decreased (increased) in the case of TC’s turbine side
under (over) speed. Hence, the PID control will update stator exit angle according to Figure
8. The initial output of the integrator and stator exit angle value range are determined from
the analysis reported in Figure 7. The PID coefficients will be leveraged from [4], and tuned in
future work.

Initial output: a? 128

%jx(t)dt__lli

1.04

wgen(p-u-)

Figure 8. PID based Type-5 TC Turbine Speed Governor.

3. Conclusions

Type-5 wind turbines can take advantage of the hydraulic TC constant turbine speed
characteristics and hence has a potential to behave like a traditional synchronous generator
which can help improve system inertia. This paper describes the validation of an automobile
grade TC, its scaling to Type-5 wind turbine specification, and PID control mechanism for the
synchronous generator speed governing system. The stator exit angle ay related to the guide
vane position, controls the returning fluid from the turbine to the impeller and it is used as a
control variable to maintain generator’s synchronous speed. Future work will focus on the PID



control tuning, and integration of FASTS8 aeroelestic tool. These will enable analyzing Design
Load Cases (DLC) such as normal operation (1.1) and normal operation with low-voltage-
ride-through (LVRT). The fully integrated model will be completed on Simulink platform from
MathWorks, Inc. [12]. After the intellectual property (IP) review, the full dynamic model will
be made available on GitHub.
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