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W N e

Abstract: Pitch systems form an essential part of today’s wind turbines; they are used for power
regulation and serve as part of a turbine’s safety system. Hydraulic pitch systems include hydraulic
accumulators, which comprise a crucial part of the safety system, as they are used to store energy
for emergency shutdowns. However, accumulators may be subject to gas leakage, which is the
primary failure mode. Gas leakage affects the performance of the accumulator and, in extreme cases,
compromises the safety function of the pitch system. This paper deals with the development and
experimental validation of an algorithm to detect gas leakage in piston-type accumulators. The
innovation of the algorithm is the ability to generate estimates of the remaining amount of gas while
solving the drift problem evidenced in previous research. Additionally, this method enables the
ability to isolate gas leakage to a single accumulator out of a bank of accumulators. The approach is
based on a State Augmented Extended Kalman Filter (SAEKF), which utilizes an extended thermal
model of the accumulator, as well as temperature measurements along the accumulator surface to
estimate the remaining gas in the accumulator. The method is experimentally validated and addresses
the drift problem in estimating the gas leakage evidenced from previous research. Additionally, the
method can identify and isolate gas leakage to a single accumulator from a bank of accumulators.

Keywords: fault detection and diagnosis; fluid power; accumulator

1. Introduction

Hydraulic piston accumulators are utilized in a wide range of applications; one
example is the pitch control system for large wind turbines, which is used to control the
pitch of the blades. In the pitch system, the piston accumulators are primarily used for the
safety system, where the hydraulic energy stored in the piston accumulators is used during
emergency shutdowns. The piston accumulators are also used for the supply system,
where they are used for increased efficiency, decreased pressure spikes, and to supplement
the pump in periods with high flow demands. Therefore, the accumulators’ function
makes them a crucial part of the system. According to Carroll et al. [1], accumulators are
responsible for 10.7% of the failures in the pitch control system in wind turbines, making it
the third-most-common failure. The main failure mode of a gas-charged piston accumulator
is the loss of pre-charge pressure, i.e., gas leakage, reducing the energy-storing ability of the
accumulator. Direct measurement of the accumulator piston position to detect gas leakage
is costly [2] and further introduces extra leakage paths. Therefore, to increase the overall
reliability and decrease the service costs, enhanced methods for detecting the reduced
pre-charge pressure of piston accumulators should be introduced. Different methods have
been addressed in the review by Asmussen et al. [3]. The following presents methods based
on that review with the addition of more recent research.

Elorza et al. considered a signal-based method for detecting several faults in a hy-
draulic pitch system [4]. Accumulator gas leakage was also considered, and a simulation
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study showed the ability to detect a 50% drop in pre-charge pressure. This is a significant
change in pre-charge pressure, which questions the ability of the method to detect the fault
before developing into a failure.

Nisters et al. presented an accumulator gas leakage detection using only a fluid
pressure sensor [5]. They showed that a significant pressure decay occurs when the piston
reaches the end stop, where fluid is completely expelled from the accumulator. Therefore,
the method relies on emptying the accumulator to access the pre-charge pressure of the
gas. Similar methods for pitch systems in wind turbines are presented in the patents by
Nielsen et al. [6] and Minami et al. [7].

Liniger et al. [8] described a method for detecting the changes in the pre-charge
pressure of an accumulator used in wind turbines. The method is based on wavelet analysis
and uses a measurement of the fluid pressure close to the accumulator. The RMS value
of the detail coefficient, corresponding to a frequency range of 0.39-0.78 Hz, in which a
known excitation frequency for wind turbines is located, is used to quantify changes in
the pre-charge pressure. Through simulations, it was shown that the method was able to
distinguish pre-charge pressures of 180 bar, 100 bar, and 50 bar at an ambient temperature
range of 22 to 60 °C. The method was further validated experimentally, to distinguish
100 bar, 75 bar, and 50 bar pre-charge pressure levels. The detectable levels suffice for
evaluating if the accumulators need gas replenishment or not.

In [9], Liniger et al. described a method for detecting gas leakage using an Extended-
Kalman-Filter (EKF)-based algorithm. The method utilized fluid pressure measurements
and ambient temperature measurements to estimate the accumulator’s pre-charge pressure.
Experiments showed that the pre-charge pressure could be estimated when using mea-
surements of the input flow of the accumulator. However, the estimate of the pre-charge
pressure was drifting when an estimated input flow was used. Flow measurements are
generally not present in hydraulic pitch systems; thus, the method may not be applied
to monitor the pre-charge pressure continuously. The pre-charge pressure was estimated
during the charging of the accumulator with an estimation error within 42 bar.

Helwig et al. [10] detected accumulator gas leakage, among other faults, by multivari-
ate statistics based on multiple signals to extract features related to faults. The method was
tested experimentally when subjected to both fixed and random loading cycles and could
distinguish between 90 bar, 100 bar, 110 bar, and 115 bar pre-charge pressures for fixed
working cycles. However, the method showed decreased performance when detecting the
change in pre-charge pressure for random load cycles. Due to the random wind speed
affecting the blades, accumulators in wind turbines are exposed to random loading cycles.
Several other studies have considered the development of fault-detection algorithms using
machine learning on the same set of experimental data; yet, the robustness to random loads
when operating remains a challenge [11-13].

Haas and Pichler used a Support Vector Machine (SVM), trained by a simulation
model, to detect and isolate pump leakage and accumulator gas leakage faults in a simple
loading circuit [14]. The method was experimentally validated in a pure loading cycle.
However, the method’s performance in the case of varying load flow is not clear.

Jakobsson et al. investigated fault detection in hydraulic rock-drilling equipment [15].
They showed that accumulator gas leakage could be detected by estimating the pressure
gradient in a known load cycle. However, the load cycle is unknown for a pitch system,
and the method is not directly applicable.

Sorensen et al. [16] described a method using a bank of EKFs to detect changes in the
pre-charge pressure of a piston accumulator. The residuals of four EKFs with different
assumed pre-charge pressures were analyzed using a multi-model adaptive estimation
scheme to evaluate the most-likely pre-charge level. Through experiments, the method
was shown to be capable of isolating 140 bar, 110 bar, 80 bar, and 50 bar from each other.
However, the method relied on a flow measurement in the accumulator, which is generally
not present in standard pitch systems.
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A common challenge regarding several of the methods above is that they use mea-
surements typically unavailable in hydraulic pitch control systems, e.g., flow or vibration
measurements. In addition, using estimates instead of measurements, the methods experi-
ence problems with drifting. Another challenge is that the detection level is coarse, in the
range of 25-30 bar [4,8,9,16]. More detailed detection levels further the ability to determine
the remaining useful life, thus enhancing the planning of maintenance tasks.

Therefore, one of the ideas in this paper is the possibility of estimating the pre-charge
directly by using the gas equation of state and the piston position. However, as described
above, using a position sensor is not desirable as it is costly and not readily available
in hydraulic pitch systems. The work presented in this paper was thus motivated by
utilizing the relationship between the accumulator surface temperature and the piston
position under the excitation of the accumulator pressure, as given experimentally in
Figure 1. Figure 1 shows the mean surface temperature of a 5 min pressure charging
sequence for three different pre-charge pressures. The fluid pressure is initially stepped
from atmospheric to 180 bar and subsequently kept constant. The vertical black bar
indicates the measured final piston position. The surface temperatures are clearly elevated
by the gas temperature increase due to the gas compression. The experiment suggests
that the surface temperature can be used as an indicator of the piston position. Yet, it
should be noticed that accumulators are in general operated under many different load
scenarios where the relation between piston position and surface temperature is not as
clear as given in this illustrative experiment; hence, the detection algorithm developed in
this paper utilizes more information than just surface temperatures.
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Figure 1. Mean surface temperatures for different pre-charge pressures. The fluid inlet is located on
the left-hand side of the plot (also seen in Figure 2), which also denotes the initial piston position.
The vertical black bar shows the final piston position. The surface temperature values are interpolated
from eight evenly distributed sensors along the length of the accumulator.

In previous model-based approaches [9,16,17], the accumulator is treated as a lumped
mass, and the heat transfer to the surroundings is described with a thermal time con-
stant. This approximation was described by Rotthauser [18]. Hansen and Rasmussen [17]
suggested that the thermal model may be extended for a more accurate model. Hence, to im-
prove the methods that have been discussed, it is suggested to extend the thermal model
of the accumulator, inspired by the models presented by Pfeffer [19], where three thermal
models for a carbon-fiber-reinforced plastic housing were developed. Even though this
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paper deals with steel accumulators, the approach is still valid for other accumulator types.
By extending the thermal model to include the temperature of surface elements and end
caps, it is expected that the pre-charge pressure estimation can be improved. Furthermore,
the potential drifting seen [9] when using estimated flows instead of measurements can be
removed as the presented method does not rely on flow measurements or estimated flow.

Accumulator
wall

( . 1
oil inlet/'é | >\Z\]: |

Piston

End cap

Gas inlet

Figure 2. Schematic of the accumulator showing internal parts.

In this paper, a State Augmented Extended Kalman Filter (SAEKF) with an extended
thermal model is proposed to estimate the pre-charge pressure of a hydraulic piston
accumulator. Compared to the previously published models, the thermal model of the
SAEKEF is extended, where the temperature of the accumulator surface is included to
increase the accuracy of the thermal model. The presented method uses temperature
measurements along the accumulator surface, the ambient temperature, the oil temperature,
and the oil pressure in the detection algorithm. By using surface temperatures, the proposed
method does not rely on the estimation of the input fluid flow, which was seen to cause
estimation drift issues. Accumulators are often arranged in a bank of multiple accumulators.
Since the input oil flow is not needed for detection, the proposed method can isolate faults
to a single accumulator out of a bank of accumulators, rendering the maintenance procedure
more effective.

2. Accumulator Model

The accumulator model is divided into three parts; a mechanical model, a gas model,
and a thermal model. All three models will be described in the following, starting with the
mechanical model. The gas leakage is not explicitly modeled, as it either occurs in discrete
events caused by seal blow-by or slowly develops over weeks or even months. Hence,
it is suitable to consider the amount of gas constant during the time frame of detection
considered in this paper. The model parameter values are collected in Table 1.

2.1. Mechanical Model

The piston movement of the accumulator is modeled by Newton’s second law of
motion as:

xpmp = (Po*pg)AP*Pfric 1)
where x,, is the piston position, p, is the oil pressure, p, is the gas pressure, A, is the piston
area, and mp is the mass of the piston. A simple friction model is used and Fy;. is given as:

Ffrz'c = Bfricxp + Cfric Sign(xp) 2)

where By, is the viscous friction constant and Cg;c is the Coulomb friction constant.

2.2. Gas Model

The gas inside the accumulator is nitrogen, and it is modeled by the Benedict-Webb—
Rubin (BWR) equation of state [21], which is given by:

C _x
Pe =7 v? v3 00 v3T?
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where Ty is the gas temperature, v is the specific molar volume, and (Ao, Bo,Co,a,b,c,a,7,R)
are the gas constants for nitrogen [21]. The specific molar volume is determined as a func-
tion of the piston positions such that:

Table 1. Parameter values used in the model. The values for T, a4, ao, and &g are not stated, but left
as tuning parameters and evaluated during model validation [20,21].

Notation Description Value Unit
mp Piston mass 3.97 (kg)
Viscous friction coefficient 5 x 103 (%)
C Coulomb friction coefficient 2 x10% (N)
R Gas constant 8.31 (N)
Ay BWR constant 0.11 0O
By BWR constant 4.07 x 107> 0
Co BWR constant 816.58 0O
a BWR constant 254 x 107° 0
b BWR constant 2.33 x 1077 0
c BWR constant 7.38 x 1072 0
n BWR constant 1.27 x 10713 0
0% BWR constant 53 x 1077 0O
CN2 Specific heat capacity of nitrogen 1040 (kgLK)
Mn» Molar mass of nitrogen 2.8 x 1072 (I};—ol)
Vo Non-displaceable accumulator volume 1.4 x 1073 (m3)
Me End-cap mass 28.45 (kg)
Csteel Specific heat capacity of steel 490 (kgLK)
oy Heat transfer coefficient (air to steel) - (m‘éVK)
Xo Heat transfer coefficient (oil to steel) - (m‘éVK>
Ng Heat transfer coefficient (gas to steel) - (m‘QVK)
Acg Area between end-cap and gas 2.54 x 1072 (m?)
Aeg Area between end-cap and air 9.18 x 1072 (m?)
Apg Area between piston and gas 2.71 x 1072 (m?)
Ap Piston area 2.54 x 1072 (m?)
Tis Inner radius of accumulator 9 x 1072 (m)
Tos Outer radius of accumulator 11 x 1072 (m)
n Number of wall elements 8 (-)
dy Length of wall element 0.123 (m)
Iy Piston length 0.11 (m)
I, Accumulator length 0.983 (m)

0 Density of steel 7800 (k—g>
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v = Ap(la_xp) +Vﬂ,0 )
nN2

where J; is the maximum stroke of the piston, V, ¢ is the non-displaceable volume, and 7y
is the amount of nitrogen contained in the accumulator in moles.

The temperature of the gas is found from the first law of thermodynamics, where the
gas is considered a closed system with a uniform temperature distribution. Following the
deduction in [22], the change in temperature of the gas can be derived as:

R N .

cn2 Nz M2 ena Mo \ 9T

where Qs is the heat transfer from the gas to the interfacing thermal elements, as seen
in Equation (24), ¢y is the specific heat capacity of nitrogen, mg,s is the mass of the gas,
and My is the molar mass of nitrogen. By assuming a constant amount of nitrogen,
the time derivative of v is given as:
o= % (©)
N2

2.3. Thermal Model

For the thermal model, the accumulator is divided into three parts: the piston, the end
cap in the end with the gas inlet, and the accumulator wall. The different parts are shown
in Figure 2. The thermal model is based on Model 2 in Pfeffer et al. [19].

The temperature of the end cap towards the oil inlet is assumed to be equal to the oil
temperature as it is in contact with the oil during operation. In the following, the thermal
models of the different parts are elaborated, starting with the end cap at the gas inlet.

2.3.1. End Cap

The gas inlet end cap is modeled as a lumped thermal body with a uniform tempera-
ture and solving with respect to the temperature gradient [20]:

_ Qget Qe

MeCsteel

T, @)

where T, is the temperature of the end cap, 1, is the mass of the end cap, cs,,; is the specific
heat capacity of steel, and Qg and Qy, are the heat flows from the gas and surroundings to
the end cap, respectively. Qge and Qg are described as convective heat transfers and are
found in Equations (8) and (9) [20].

Qge = “gAeg (Tg - Te) (8)

Qae = D‘aAeﬂ(Ta - Te) 9)

where T; is the ambient temperature, &, and a¢ are convective heat transfer coefficients,
and Ag, and Agg are the surface areas of the end towards the surroundings and the
gas, respectively.

2.3.2. Accumulator Piston

The piston is modeled in the same way as the end cap, thus yielding:

| o

T, = Qar + Qop (10)
My Csteel

Qgp = agApg(Tg — Tp) (11)

Qop = aoAp(Ta - Tp) (12)
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where T), is the temperature of the accumulator piston, a¢ and &, are convective heat
transfer coefficients, and A,¢ and A, are the surface areas of the piston towards the gas
and the oil, respectively.

2.3.3. Accumulator Wall

The accumulator is divided into eight wall elements to model the temperature distri-
bution along the wall, as shown in Figure 3.

X
— la
/ / / / / / /
/ / ! I I I I
I | | | | | |
112/314!51/6,7!8 o
| | | | | | |
\ \ \ \ \ \ \
\ \ \ \ \ \ \
)
Oil inlet dy Gas inlet

Figure 3. Accumulator wall schematic divided into eight elements including the piston position notation.

The temperature distribution is thus considered uniform for each wall element. Eight
elements are chosen as a compromise between model complexity and model accuracy.

The heat flows between the accumulator elements are described as conductive heat
flows. The energy balance for each wall element may thus be divided into a convective
part and a conductive part such that:

il — 3l

convective

(]
+ Tconductive (13)
where i denotes the wall element number. An illustration of a wall element is shown in
Figure 4 depicting the heat flows ng, Qow, and Quqw. The surface contact areas for gas—wall
Aqw, oil-wall Ay, and ambient-wall A,y interaction are also shown in Figure 4.

NNy
AN
N
N
N

NN

N

N

N
NNNNNN

Figure 4. Wall element with surface areas and heat flow denotation.

The convective part for the i"th element can be described as:

G Qi+ Qb+ O

o 14
convective 0 Csteel (7%5 o 7,125) 7de ( )

where rys and r;, are the outer and inner radius of the accumulator, respectively, and d is
the length of the wall element. The heat flows, shown in Figure 4, are then calculated as:

Qc[)iz]u = aoAow (To - Tr@)égl (15)
leu = agAgw (Tg - TzEﬁ)@éYZ] (16)

Ol = e (Ta = T3 ) (17)



Wind 2022, 2 791

where ¢, and {¢ describe the ratio of which the wall element is in contact with oil or gas,
respectively. They are given in Equations (18) and (19). A similar approach was used in the
work by Pfeffer et al. [19]. The contact areas are given as Ay = Agw = dy 27T 7.

1 for Xp > idy
» _(i—1)d
el % for idy <y < idy (18)
0 for xp < idy
0 for Xp+1lp >idy
; xp— 1, +id . )
el = L= for (i-1)de <xp+lp <idy (19)
1 for xp + 1, <idy

where [, is the length of the accumulator piston. Note that, in the above equations, the heat
transfer between the piston and the accumulator surface is neglected, as it is significantly
smaller than the other heat transfers in the model.

The conductive heat flows between the wall elements using only the axial component

are given as [20]:
. 1 0 dTy
T L= B B Yl 2
conductive 0 Csteel ax< x ox > ( 0)

The term % ()&x ag;z”) is estimated using a second-order central difference equation

such that: - , -
G A Ty —org Tt o
conductive OCsteel d%

The end conditions are set to the temperature of the accumulator end caps such that:

) _ A T,—2Ty 4T )
conductive OCsteel d%
and ; g
G A T -2TH 4T, )
conductive OCsteel dJZC
The total heat flow from the gas to the accumulator is hence defined as:
. 8 . [l] . .
Qs = Z ng + Qgp =+ Qge (24)
i=1

3. Model Validation

The test bench consisted of a 25 L accumulator with valves controlling the flow to the
accumulator. The size of the accumulator is similar to those used in hydraulic pitch control
systems for multi-MW wind turbines. Figure 5 shows the test bench. The test sequence
used to generate the experimental data was chosen to simulate the typical operation for an
accumulator placed in the supply unit of a hydraulic pitch control system, which was also
used in previous works [8,9]. Here, the pressure level is controlled between two thresholds
chosen as 165 bar and 190 bar. A constant flow supply is turned on when the pressure is
below the lower threshold. The supply is turned off when the pressure rises to the upper
threshold pressure. The fluid flow from the accumulator is controlled in a closed loop to
simulate the flow demand from a pitch system, where the flow varies due to the volatility
of the pitch activity.

For the validation of the model, thermocouples were attached to the accumulator,
as shown in Figure 6. For validation purposes, the piston position was also measured.
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Fluid
control
circuit

Accumulator

Thermocouple
on the
accumulator
surface

Figure 5. Test bench used to generate experimental data.

Thermocouples on top of
the accumulator

BRa

Oil inlet dx \ [ Gas inlet
Thermocouples on bottom
of the accumulator

Figure 6. Placement of the thermocouples attached to the accumulator surface.

As shown in Equation (25), the oil pressure, ambient temperature, and oil temperature
are given as the input. The model states used for validating the model are the accumu-
lator piston position and temperatures, which are compared to the measured values; cf.
Equation (25). The ambient temperature is measured in the vicinity of the accumulator.
The distance to the accumulator should be chosen such that the measurement is unaf-
fected by radiation. In practice, a distance above a couple of centimeters suffices. The oil
temperature is measured at the oil inlet of the accumulator.

Figure 7 shows the simulated and measured piston position and the measured oil
pressure. For the simulation, the heat transfer coefficients of steel to oil, a,, air, a,, and gas,
g, are determined as:

o =100, w, =20, ag=25

It is noted that the heat transfer coefficients were determined under natural convection
conditions. Especially, a, can change in orders of magnitude if the accumulator exhibits
a forced convection [23]. The robustness of the fault detection method developed in this
paper is evaluated in Section 5.

As seen, the piston position residual is within —1 cm and —3 cm during the entire test
sequence. In Figure 8, the temperature of two different surface elements can be seen for the
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same test. The upper sub-figure in Figure 8 shows the cylinder position and the definitions
of the wall element (indicated by the horizontal grid lines). For this test, the piston position
is within Wall Element 2 for most of the period. Wall Element 1 is in contact with the oil
during the test. Wall Element 8, shown in the lower sub-figure, is only in contact with the

gas. For Wall Element 8, the experimental temperature is shown for both the thermocouples
attached to the top and bottom.

Piston Position

— Simulation
— Experimental

Position [m]

0 500 1000 1500 2000

Piston Position Residual

_0- 05 Il Il Il ]
0 500 1000 1500 2000
. Oil Pressure
)
&,
g
-}
17p]
w)
o
D— _200 1 1 1 I}
0 500 1000 1500 2000

Time [s]

Figure 7. Simulated and experimental piston position for a test sequence emulating the operation of
a supply accumulator. The position residual is defined as the difference between the simulated and
experimental values.

In the lower sub-figure of Figure §, it is seen that the temperatures at the bottom and
the top of the accumulator are not the same. Instead, a temperature difference of up to
2 degrees is seen, indicating that the gas temperature is not uniform when the accumulator
is fixed horizontally. The temperature difference may be ascribed to non-uniform gas
temperature and different convention conditions over the circumference of the accumulator.
As the model assumes a uniform temperature, the simulated temperature falls between
the temperatures measured at the accumulator’s bottom and top, thus resembling an
intermediate temperature.

The results show that the model is partly deviating from the measurements, indicating
that some uncertainties influence the model’s accuracy. As an example, the assumption of
a uniform gas temperature can be seen to cause a steady-state error between the measured
and simulated surface temperatures. Therefore, these deviations are expected to cause
estimation errors, and the robustness to such model errors is investigated in Section 5. When
applied in a wind turbine, the accumulators are rotating in the hub. It is suspected that the
gas in a rotating accumulator is mixed to a larger extent than in the fixed configuration, thus
leading to a lower temperature gradient in the radial direction compared to the experiments
shown in this paper.
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Figure 8. Simulated and experimental wall temperature of two wall elements. The upper sub-figure
shows the piston position during the test. The dashed lines indicate the wall elements.

4. Estimator Design

For estimating changes in the pre-charge pressure of the accumulator, a State Aug-
mented Extended Kalman Filter (SAEKF) was designed based on the model described
above. The filter is used to obtain a direct estimate of the pre-charge pressure. In this
section, the implementation of the SAEKF is presented based on the work by [24]. For the
SAEKE, the model was augmented with an additional state—#nxp—which represents the
number of mol of nitrogen in the accumulator and is a more direct measure of the amount
of remaining gas. Furthermore, the number of mol of nitrogen can be used together with
the gas temperatures to determine the pre-charge pressure, another standard measure of
remaining accumulator gas. The state and input vectors of the SAEKEF are, thus:

T
x=ly, 5 T - T T T, T, py m
u:[Po To Tu]

(25)
The state transition model and observation model can be described as a stochastic
process, as shown in Equation (26).

x[k] = f(x[k — 1], u[k]) + wlk] (26)
ylk] = h(x[k]) + v[k] (27)

where w € R™ is the process noise and v € R"” the measurement noise. Both w and v are
assumed to be zero mean multivariate Gaussian noises with covariance Q € R™*™ and
R € R™", respectively. [k] and [k — 1] represent the current and previous time step.
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The non-linear state transition function f(x, u) is shown below:
xplk] = xplk — 1] + T, (28)
—p)A, — Ep:
£ylK] = [k — 1] 4 T, AP~ Pe) Ap = i (29)
np
. . sl ol sl li] [i+1]
T. + Qow + Qguw T, — 2Ty + T,

TM Kl = [z] k—1 + s aw g —i—)\ 0 w w 30
v [ } v [ ] OCsteel (7%5 - rlzs)ﬂdx * d%{ G0
K] = Tk — 1] 4 7, 28 T e @1

MeCsteel
Qgp + Qop
Tylk] = Tplk — 1] + T ——+ 2
P[ } P[ ] T MpCsteel (32)
Qs 0T, dpg

To[k] = Telk — 1] + T, —=

sl =Tl I+ * N2 e Mo * cn2 Mno \ 9T (33)

C _

RT, BORTg_AO_TTZz) bRT; —a  au c(1+vlz)e o2
=t et e O
nnzlk] = nnolk —1] (35)

where Tg] [k] is calculated for i = 1 : 8 with the last element being TE I = T,. Recall
that v and © are both a function of piston position, x,, and molar value, ny», as given in
Equations (4) and (6).

The output function h(x[k|) is shown below:

h(x[k]) = [09x2 Io 0gy4|x[K] (36)

The filter first calculates a prior state estimate, x[k] ~, by the discrete model shown in
Equation (26):

x[k]™ = £(x[k — 1], u[k]) (37)

The prior state error covariance matrix, P[k]~, and the Kalman gain, K[k], is then
calculated as shown in Equations (38) and (39).

P~ [k] = A[K|PF[K]AK]T + Q (38)
K[k] = P[k]~ H[k]T(H[k]P— [KH[K]" + R) B (39)
where A € R™ " and H € R"*™ are Jacobian matrices defined as:

_oh

HlK = 5

K[k—1]+,u[k] %I~

The Kalman gain is then used to calculate the posterior state estimate, X[k| T, and state
error covariance matrix, P[k], as shown in Equations (40) and (41):

(k] = x[k]~ + K[K] (z[k] — h(x[k] 7)) (40)
P[] = (I— K[k] H[k])P[k]~ (41)

where z[k| is the measurement of sample k. The measurements are the wall and end cap
temperature measured on top of the accumulator, as shown in Figure 6. The choice of the
covariance matrices Q and R is important for the performance of the filter, as they have
an influence on the dynamic performance. For this paper, Q and R were chosen as the
diagonal matrices:
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Q =diag(0.5 0.5 10 10 5...5 5000) (42)
R = diag(05 ... 0.5) (43)

This completes the SAEKF description. In the following section, both the simulation
and experimental results are presented, showing the filter’s performance.

5. Results

The pre-charge charge estimation was conducted for five levels of pre-charge pressure
ranging from 145 to 95 bar. To evaluate the estimator in different conditions, the accumula-
tor was run in two different load sequences: the one where the fluid is discharged over a
fixed orifice to the tank is denoted as low load, and the one where the discharge oil flow
follows a sequence similar to a load cycle in a wind turbine is denoted as high load. The
low- and high-load scenarios do not have an explicit effect on the mathematical model due
to the assumption of a uniform gas temperature; yet, for the physical system, the gas is
mixed to a larger extent when the piston moves faster, thereby affecting the conduction
conditions between the gas and accumulator. Selecting high- and low-load conditions,
therefore, allows for testing robustness due to these non-modeled effects. The test bench
was located at an ambient temperature of 21 °C, and the fluid temperature was controlled
in the reservoir at 45 °C.

The duration of the load sequences was chosen to be 2000 s, which is long enough for
capturing the main thermal dynamics. The input to the estimator SAEKF u = [p,, To, T, T
was given from experimental data. The temperature of the wall and accumulator were

used as measurements, z = {TZ[‘,]], ceey Tz[f }, Tg} T, as shown in Equation (25).

The state vector was initialized as the first entrance of z for the measured states.
The piston position and velocity were initialized as zero. The piston and gas temperature,
Ty and Ty, were initialized as the mean of all the wall elements’ temperatures. The gas
pressure, pg, was initialized as the measured pre-charge pressure, and the molar value,
nn2, was calculated from the measured pre-charge pressure from Equation (3) when the
gas temperature has settled to the ambient temperature. The pre-charge pressure was
read using a manometer. The low-load sequence was used for the experimental result.
The estimated and measured piston positions are shown together with the estimated and
measured molar values in Figure 9.

As seen, the estimated piston position and molar value converged after a transient
period of 600 s to a value just below the target. Comparing the target to the average of the
estimated molar value from 1800-2000 s yielded a steady-state error of —3%. The results of
the high-load test sequence are shown in Figure 10.

The estimation at the high-load scenario showed a similar transient behavior as for
the low-load sequence. The discrepancy between the estimated and target molar value was
larger than for the low-load sequence, valued at —8%. In general, for all the tested pre-
charge levels and load sequences, the estimated values converged after a similar transient
period, as shown in Figures 9 and 10. The presented estimation technique, therefore, clearly
solves the drifting problem presented in the literature. The steady-state results of the
experiments are shown in Figure 11. The first axis shows the measured pre-charge pressure
Po,meas, and the second axis shows the estimated value pg 5. The error bars show the first
standard deviation of the values used for determining the average estimated pre-charge
pressure. The standard deviation was small in all experimental results.

The estimation was seen to fall above and below the target value with a maximum error
of 10% in the low-load 95 bar experiment. The error was ascribed to the model uncertainties
caused by the heat transfer coefficients and uniform gas assumption, where the model
yielded a steady-state error, as indicated in Figure 8. Despite the error, the estimated
values generally followed the tendency of the measured pre-charge pressure. While the
estimation from the low-load sequence at 135 bar pre-charge cannot be isolated from the
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high-load sequence at 145 bar, all other levels can be isolated irrespective of the load
sequence. Generally, the high-load sequence reduced the estimated value.
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Figure 9. Estimated and experimentally measured piston position and molar value of gas for the
low-load test sequence. The accumulator is pre-charged to 125 bar/134 mol.
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Figure 10. Estimated and experimentally measured piston position and estimated molar value of gas
for the high-load test sequence. The accumulator is pre-charged to 125 bar/134 mol.



Wind 2022, 2

798

150 — T T T T

—_

o

o
T

I | ow I0ad
[ High load

— — — Target

[6)]
o
T

Estimated pre-charge
pressure p .. [Bar]

o

fl
145 135 125 110 95
Pre-charge pressure Py meas [Bar]

Figure 11. Estimated pre-charge pressures at selected levels for the low-load and high-load
test sequences.

To further show that the estimation converged, a test where the estimated molar
value was initialized at different values was conducted. The estimated molar values were
initialized at £20% of the measured value. The results for the low-load sequence and a
pre-charge pressure of 125 bar are shown in Figure 12.
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Figure 12. Estimated and experimental molar value for the low-load test sequence at different initial
conditions. The accumulator is pre-charged to 125 bar/134 mol.

As seen, the estimation converged towards the same value despite the uncertainty of
the actual pre-charge level of the accumulator.

The robustness of the method to changing convention conditions was tested by forcing
air axially along the accumulator using a fan. The wind speed was measured as 5m/s,
which is more than what can be expected in the hub of a wind turbine. The results are
shown in Figure 13.

140
T
£ 120
N
z
c
@ 10011 ¢ Forced convection
o Natural convection
Target
80 1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 13. Estimated and experimental molar value for the low-load test sequence under natural and
forced convection conditions. The accumulator is pre-charged to 125 bar/134 mol.

The transient period was similar for the two conditions, while the converged value
was slightly higher for forced convection. The difference in the estimated value is limited
to a few percent, and thus, the method is robust to changing convection conditions. It
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is noted that the surface temperatures were reduced below 1 K between the forced and
natural convection conditions.

Conclusively, the estimated values show a difference between the tests with different
pre-charge pressures. Even though the estimated pre-charge pressure shows an offset,
the estimate may still be compared to an estimated value of a “fault-free” accumulator, and
in that way, it can detect a potential change in pre-charge pressure. Here, it should also be
considered that a high load, i.e., high flow in and out of the accumulator, influences the
estimate, however to a significantly lower extent.

6. Conclusions

This paper investigated gas leakage detection by the estimation of the pre-charge
pressure of a hydraulic piston accumulator using a State Augmented Extended Kalman
Filter, which used temperature measurements on the accumulator surface as the inputs.
Contrary to previous methods, this approach enabled the ability to isolate gas leakage
to a single accumulator out of a bank of accumulators. The SAEKF was based on a
model of the accumulator, which estimates the number of moles of nitrogen gas in the
accumulator, which together with the gas temperature, was used to determine the pre-
charge pressure. The SAEKF was tested on an experimental setup using low and high
accumulator flow, i.e., varying load, and for five different pre-charge pressures. Based
on the experiments, it was found that the estimated pre-charge pressure drift, which has
been reported in previous works, was solved. Furthermore, it was found that, for the
considered experiments, the estimation was associated with an offset up to 10%, which
partly was attributed to the uncertainties with the used heat transfer coefficients and
model assumption of uniform gas temperatures. Despite the offsets in the estimated pre-
charge pressure, the SAEKF was shown to settle to constant values for a given pre-charge
pressure. The method can, therefore, be used to detect changes in the pre-charge pressure
by comparing different measurements over time to detect any change in the estimated
pre-charge pressure in spite of this offset.

Author Contributions: Methodology, M.EA. and ].L.; software, J.L.; validation, J.L.; writing—original
draft preparation, M.FA. and J.L.; writing—review and editing, J.L., N.S. and H.C.P,; supervision,
J.L.,N.S. and H.C.P; funding acquisition, H.C.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is funded by Innovation Fund Denmark: 8053-00039.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

EKF Extended Kalman Filter

SAEKF State Augmented Extended Kalman Filter
BWR Benedict-Webb-Rubin

MW Mega-Watt

1. Carroll, ].; McDonald, A.; McMillan, D. Failure rate, repair time and unscheduled O&M cost analysis of offshore wind turbines.
Wind Energy 2015, 19, 1107-1119. [CrossRef]

2. Pfeffer, A; Gliick, T.; Kemmetmdiller, W.; Kugi, A. State of Charge Estimator Design for a Gas Charged Hydraulic Accumulator. J.
Dyn. Syst. Meas. Control 2015, 137, 061014. [CrossRef]

3. Asmussen, MLE; Liniger, ].; Pedersen, H.C. Fault Detection and Diagnosis Methods for Fluid Power Pitch System Components—A
Review. Energies 2021, 14, 1305. [CrossRef]

4. Elorza, I.; Arrizabalaga, I.; Zubizarreta, A.; Martin-Aguilar, H.; Pujana-Arrese, A.; Calleja, C. A Sensor Data Processing Algorithm
for Wind Turbine Hydraulic Pitch System Diagnosis. Energies 2021, 15, 33. [CrossRef]

5. Nisters, C.; Bauer, F; Brocker, M. Condition Monitoring Systems for Hydraulic Accumulators—Improvements in Efficiency, Productivity
and Quality; Technische Universitit Dresden: Dresden, Germany, 2020; pp. 195-203.


http://doi.org/10.1002/we.1887
http://dx.doi.org/10.1115/1.4029407
http://dx.doi.org/10.3390/en14051305
http://dx.doi.org/10.3390/en15010033

Wind 2022, 2 800

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

Nielsen, S.; Nielsen, J.; Nielsen, ].B. Wind Turbine Blade Pitch System. Patent 20,110,172,065, 4 January 2012

Minami, T.; Yatomi, Y.; Doi, H. Wind Turbine Generator and Soundness Diagnosis Method Thereof. U.S. Patent 8,324,749,
4 December 2012.

Liniger, J.; Sepehri, N.; Soltani, M.; Pedersen, H.C. Signal-based gas leakage detection for fluid power accumulators in wind
turbines. Energies 2017, 10, 331. [CrossRef]

Liniger, J.; Pedersen, H.C.; Soltani, M. Model-based estimation of gas leakage for fluid power accumulators in wind turbines. In
Proceedings of the ASME/BATH 2017 Symposium on Fluid Power & Motion Control, Sarasota, FL, USA, 16-19 October 2017.
Helwig, N.; Pignanelli, E.; Schiitze, A.; Schutze, A. Condition monitoring of a complex hydraulic system using multivariate
statistics. In Proceedings of the 2015 IEEE International Instrumentation and Measurement Technology Conference (I2MTC)
Proceedings, Pisa, Italy, 14-15 May 2015; pp. 210-215. [CrossRef]

Fawwaz, D.Z.; Chung, S.H. Real-Time and Robust Hydraulic System Fault Detection via Edge Computing. Appl. Sci. 2020,
10, 5933. [CrossRef]

Konig, C.; Helmi, A.M. Sensitivity Analysis of Sensors in a Hydraulic Condition Monitoring System Using CNN Models. Sensors
2020, 20, 3307. [CrossRef] [PubMed]

Prakash, J.; Kankar, P. Health prediction of hydraulic cooling circuit using deep neural network with ensemble feature ranking
technique. Measurement 2020, 151, 107225. [CrossRef]

Pichler, K.; Haas, R.; Kastl, C.; Plockinger, A.; Foschum, P. Comparison of Fault Detection Methods for a Hydraulic Accumulator
Loading Circuit. In Proceedings of the 2020 IEEE Conference on Industrial Cyberphysical Systems (ICPS), Tampere, Finland,
10-12 June 2020; pp. 117-122. [CrossRef]

Jakobsson, E.; Frisk, E.; Krysander, M.; Pettersson, R. Fault Identification in Hydraulic Rock Drills from Indirect Measurement
During Operation. IFAC-PapersOnLine 2021, 54, 73-78. [CrossRef]

Serensen, EF.; von Benzon, M.S.; Klemmensen, S.S.; Schmidt, K.; Liniger, J. Estimation of prepressure in hydraulic piston
accumulators for industrial wind turbines using multi-model adaptive estimation. In Proceedings of the ASME/BATH 2019
Symposium on Fluid Power and Motion Control, Longboat Key, FL, USA, 7-9 October 2019; pp. 1-11. [CrossRef]

Hansen, H.B.; Rasmussen, PW. Modeling Hydraulic Accumulators for use in Wind Turbines. In Proceedings of thel3th
Scandinavian International Conference on Fluid Power, Linkoping, Sweden, 3-5 June 2013; pp. 327-334.

Rotthduser, S. Verfahren zur Berechnung und Untersuchung Hydropneumatischer Speicher. Ph.D. Thesis, Rheinisch-
Westfélischen Technischen Hochschule Aachen, Aachen, Germany, 1993.

Pfeffer, A.; Gliick, T.; Kemmetmdiller, W.; Kugi, A. Mathematical modelling of a hydraulic accumulator for hydraulic hybrid
drives. Math. Comput. Model. Dyn. Syst. 2016, 3954, 1-15. [CrossRef]

Cengel, Y.A.; Cimbala, ] M.; Turner, R.H. Fundamentals of Thermal-Fluid Sciences, 4th ed.; McGraw-Hill: New York, NY, USA, 2012.
Benedict, M.; Webb, G.B.; Rubin, L.C. An Empirical Equation for Thermodynamic Properties of Light Hydrocarbons and Their
Mixtures I. Methane, Ethane, Propane and n-Butane. |. Chem. Phys. 1940, 8, 334-345. [CrossRef]

Pourmovahed, A.; Otis, D.R. An Experimental Thermal Time-Constant Correlation for Hydraulic Accumulators. J. Dyn. Syst.
Meas. Control 1990, 112, 116. [CrossRef]

Cengel, Y.A.; Turner, R H. Fundamentals of Thermal-Fluid Sciences, 2nd ed.; McGraw-Hill: New York, NY, USA, 2005.

Anderson, B.D.O.; Moore, ].B. Optimal Filtering; Prentice-Hall: Hoboken, NJ, USA, 1979.


http://dx.doi.org/10.3390/en10030331
http://dx.doi.org/10.1109/I2MTC.2015.7151267
http://dx.doi.org/10.3390/app10175933
http://dx.doi.org/10.3390/s20113307
http://www.ncbi.nlm.nih.gov/pubmed/32532058
http://dx.doi.org/10.1016/j.measurement.2019.107225
http://dx.doi.org/10.1109/ICPS48405.2020.9274787
http://dx.doi.org/10.1016/j.ifacol.2021.10.053
http://dx.doi.org/10.1115/FPMC2019-1665
http://dx.doi.org/10.1080/13873954.2016.1174716
http://dx.doi.org/10.1063/1.1750658
http://dx.doi.org/10.1115/1.2894128

	Introduction
	Accumulator Model
	Mechanical Model
	Gas Model
	Thermal Model
	End Cap
	Accumulator Piston
	Accumulator Wall


	Model Validation
	Estimator Design
	Results
	Conclusions
	References

