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Abstract

This paper considers estimating wind using only the data of an inertial measurement unit without any
information from an air-data sensor by estimating stability derivatives of a lateral-directional motion model of
an aircraft. Assuming the wind that changes stepwise, we derive the relation between wind and stability
derivatives, which allows us to calculate wind. An advantage of this method is that estimated wind is relatively
insensitive to the estimation error of the derivatives. We illustrate the effectiveness of the proposed method by
simulation using NASA’s Generic Transport Model.
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1. Introduction

In system identification for linear systems, once the order of the model is determined, derivatives
are estimated from measurement data using an appropriate method such as least-squares method.
Although estimation methods take account of measurement and/or process noise, which is usually
considered as a stochastic signal such as Gaussian noise, when deterministic disturbances exist, we
need to incorporate them into the postulated model and estimate or measure. In addition, in order to
define state variables of a linear model, we need to know equilibrium states. Although equilibrium
states may be known or measured by bringing the system to a steady state, this is not always possible,
depending on experiment environment or disturbance. Furthermore, equilibrium states can vary due
to steady disturbance, which leads to variation of derivatives. Thus, an estimation method is desired
that can simultaneously estimate derivatives, equilibrium states, and disturbances using only state
measurement data.

Aircraft usually fly more or less in the presence of wind, and their performance of guidance and
control is affected by wind, especially in small or lightweight aircraft. Air data sensors are necessary
to measure the wind around an aircraft directly, but many small or unmanned aircraft are not equipped
with such sensors. Although wind speed and direction can be obtained from meteorological data, wind
varies with time, location, and altitude, and it is not easy to accurately determine the wind in the actual
flight environment.

There are many studies on wind estimation, which can be classified into two main categories. One
is to estimate the wind using known parameters of a static or dynamic model [1]-[4], and the other is
to estimate the wind using known airspeeds (vectors) but without using the parameters [5]-[8]. The
previous studies applied estimation methods such as the least-squares method (LSM), (extended)
Kalman filter, or nonlinear observer to static aerodynamic model, kinematic model, point-mass motion
model, or six-degree-of-freedom motion model, assuming that either model parameters are known,
or air data are available. However, to the best of our knowledge, there has been no study of wind
estimation in which both airspeed and model parameters are unknown.

This study proposes a method to estimate wind using only data from an inertial measurement unit
(IMU), without using information from air data sensors. This study derives a linear motion model of an
aircraft that takes wind into account. In this model, some of the derivatives are represented as a linear
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function of wind. The wind estimation is performed in two steps. First, the derivatives of the wind-
aware linear model are estimated from IMU observation data and aileron and rudder angle inputs.
Next, the wind is calculated from the estimated values of the derivatives using the relation between
the wind and derivatives. Thus, this method uses only IMU data to simultaneously estimate both the
derivatives and the wind.

The wind can also be calculated as the difference between ground speed and airspeed if these
speeds are measurable. The ground speed can be known using an IMU with global navigation satellite
system (GNSS) receivers, a relatively inexpensive measuring device. On the other hand, the airspeed
vector is measured and calculated by an air data system with a porous probe, but it requires calibration
by a wind tunnel test, making it an expensive system to be mounted on a small unmanned air vehicle
[1]. Therefore, the airspeed is measured using an inexpensive Pitot static pressure tube, and the
measured airspeed is used together with the measurement data of IMU and GNSS to obtain the wind
and airspeed vector (speed magnitude, angle of attack, and sideslip angle). Many studies have been
reported on wind estimation and airspeed correction (i.e., estimation of bias) ([9] and the references
therein). The methods proposed in those studies so far require parameters of an aerodynamic model
or the measurement of airspeed. In ICAS2021, we proposed a method for estimating (constant) wind
using only IMU and GNSS measurements (attitude angles, attitude angular velocities, and ground
speeds) without using the information of airspeed or parameters of the lateral-directional motion
models [9]. This study applies the estimation method to the wind that changes stepwise using a
sliding-window recursive least squares method (SW-RLSM) [10].

Although the proposed method can be applied to the longitudinal motion model, estimating the
wind in the direction of flight requires data for two flight directions to estimate the two wind components
in the horizontal plane [11]. In this study, we apply the method to the lateral-directional motion model,
which uses only a single set of flight data. In order to verify the effectiveness of this method, we
conducted a simulation using a nonlinear motion model (NASA’s Generic Transport Model, GTM (tail
number T2)) of a 5.5%-scale twin-engine jet transport aircraft [12]-[13].

This paper is organized as follows. Section 2 gives a general description of the problem to present
how additive disturbances to states appear in parameters of a linear system under the assumption
that the disturbance is a function of the states. In Sections 3 and 4, we apply this formulation to a
lateral-directional motion model of an aircraft, showing how to obtain steady wind from estimated
stability derivatives. Section 6 shows numerical analysis results. Finally, Section 7 gives conclusions.

2. Linearized systems with additive disturbances to state variables
Consider the nonlinear system described by the following equation:

x=f(x+d(x),0) (1)
where x€R" is the state vector, d€R" is the disturbance vector being a known function of x with
unknown parameters, and J€R™ is the input vector. For a trim input 67, let x," be the equilibrium state

in the absence of disturbance. Let x* be the trim state when adding a disturbance d and the
disturbance at x" be d" := d(x").

Applying Taylor series expansion to the right-hand side of (1) around the equilibrium point (x", §*),
we have

= f(x +d(x),0 )+ A(Ax + Ad(x)) + BAS + o(Ax,AS) (2)
where Ax=x-x",Ad=0-0",
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and o(Ax, Ad) denotes the higher-order terms. Substituting (3) and (4) into (2) and neglecting the
higher-order terms than the first order, (2) becomes
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od(x)
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where I, is an n-by-n identity matrix and x,," is defined as
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Equation (5) is the estimation model used to estimate 4, B, and x". Note, however, that x* cannot be
estimated directly. Instead, 44, B, and x4, can be estimated, and then x" is calculated as x" = —44 x4 .
3. Lateral-directional motion model affected by wind

This section first represents wind defined in the inertial coordinates ;= (X, Y1, Z)) in the body-
fixed frame > s = (Xs, Yg, Zs) and then applies the representation to a lateral-directional model with a
wind disturbance.

Let the wind in Y7 be Vi1 = [ vir war]”, @and we can express V,;in Y as
Vg =TpV, (7)
where Tj; is the coordinate transformation matrix from > ; to Y 5 given by
cos®cos¥ cos®sin¥Y —sin®
Ty (9,0,¥)=| sin®sin@cos ¥ —cos®sin¥  sin®sinOsin'¥ +cosPcos¥  sin®cos® (8)

cosDsin®cos¥ +sin®Psin¥  cosPsin®Osin¥ —sin®cos¥ cosPcos®

where @, ®, and ¥ are the roll, pitch, and yaw angles (rad), respectively. From (1) and (2) v,z is given
by

V=, ((D sin®" cos ¥ —sin ‘P) +v,, (QD sin®" sin ¥ + cos ‘P) +w,,Dcos® 9)

where ®" is a trim pitch angle, and the approximations of sin® = ® and cos® = 1 are used, assuming
small perturbation of aircraft motion from wing-level flight.

The lateral-directional motion in the presence of wind is described by

v Y, W'+Y, U +Y gcos® |[v-v, Y, Y
pl| |L L L 0 p L, L s,
= " , + , (10)
PN N, N 0 r N N |[S
®] |0 1 tan®" 0 D 0 0

Where v is the sideward velocity; p and r are the roll and yaw angular velocities (rad/s), respectively;
d. and o, are the deflection angles (deg) of the aileron and rudder, respectively. Substituting (3) into
(4) yields

i1 [y, Wy, —U+Y (g-Yw,)eos® [v] [Y0 %
p| | L L, L ~Lw,cos® || p . L L s,
| |N, N, N, ~N,w,,c0s®" |l r| N N |0
®] 10 1 tan ®” 0 @
| 0 0 | (11)
Yvuw[ vawl v
+ L‘VVMWI LV'VWI _s%n G):(D C.OS\P " Sin lII = Adlat p + Blat 5“ + Dlat ﬁ
Nu,, Ny, || —sin®@ ®sin¥ —cos¥ r S, 5
0 0 ()

Y is governed by
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¥ =rcos®@sec® (12)

Note that (6) is nonlinear with respect to the yaw angle, which is not a state variable in this linear
system, and that the trim states for the lateral-directional motion are zero except for v.

4. Sliding-window recursive least squares method and wind estimation
First, letus define 6=[4,, B, D,]eR**and &=[v p r ® &, & f f,] R Wecan
then write (5) as

y=065 (13)
where y=[v p 7 (i)]r eR*. The measurements of the variables are sampled every At at # (:= kAt

k=0,1,2,...) and filtered with a second-order Butterworth filter. The derivatives in y are replaced
with the filtered output. Given N observations from time #y:1 to t, Yi := [Vient1 Yiens2 ... yi] eR*Y and Z
= [E-n1 Gensa ... &] eR¥ for k> N-1 and using the SW-RLSM, we have the estimated parameters:

A -1
0,)=Y,E] (E,E;) (14)
According to the definition of 8, we have the following equation for the first-row of
[014 0, 018] = [(g ~Y,w,,)cos®"  Yu,, YvaI] (15)

Replacing the parameters with their estimates and solving each equation for the wind elements, we
obtain the estimated wind:

A A N LT
0,1) 0O4@) —0,()+gcos®
0,() 6,) 6,,(t,)cos ®

V()= (16)

where ‘A’ denotes the estimated parameters and Y (z,) is expressed as 4,(z,). Similarly, from the
definition of the second and third rows of 6, we can calculate the wind estimates as

a7

I?W[(tk)z 6A27(tk) A28(tk) _ _924(tk) . (17)
_921(tk) L (&) 60,(f,)cos© ]
and
A A A T
I}Wl(tk)z 6337@1() A38(tk) _ _934(tk) . (18)
| 605(1)  0,(5)  6,(t)cosO |

respectively using the estimated derivatives.

5. Simulation results

We generate measurement data for estimation by simulation using NASA’s GTM (Generic
Transport Model [12]) in the flight condition of the ground speed of 198 ft/s and the angle of attack
(AoA) of 2.6 (deg). We assume the wind changing stepwise and add the noise with the standard
deviation of [0.5 0.01 0.01 0.02 0.02]" to the variables, v, p, r, ®, and ¥ computed in the simulation
(see [4] and [6]). The sampling period of data is Az = 0.02s. No turbulence is assumed.

5.1 M-sequence input

Figure 1 shows the input’s time history of the aileron and rudder angles. GTM generates the time
response of the state variables for the input, as shown in Fig. 2. From the measurements of the
variables and inputs, we can estimate the derivative matrices A, Bir, and Dy, in (11) by the SW-
RLSM. The length of the sliding window in Eq. (14) is N =1000. In the estimation by the SW-RLSM,
a second-order Butterworth filter, 1/(s*+1.41s+1), is applied in the form of a digital filter.
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Figure 1 — Time history of inputs (aileron and rudder)
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Figure 2 — Time history of measured outputs

Figures 3, 4, and 5 show the estimates of the wind computed using (16), (17), and (18),
respectively. According to Fig. 3, a significant estimation error occurs. Figs. 4 and 5 indicate that the
wind estimation results were obtained with a minor error, especially estimation error of the wind
components in the horizontal plane.
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Figure 4 — Estimated wind using (17)
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Figure 5 — Estimated wind using (18)

5.2 Damping M-sequence input

Figure 6 shows the input’s time history of the aileron and rudder angles. GTM generates the time
response of the state variables for the input, as shown in Fig. 7. From the measurements of the
variables and inputs, we can estimate the derivative matrices Auw, Bia, and Dy, in (11) by the SW-
RLSM. The parameters were estimated with N=1000 in (14).
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Figure 6 — Time history of inputs (aileron and rudder)
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Figure 7 — Time history of measured outputs

Figures 8, 9, and 10 show the estimates of the wind computed using (16), (17), and (18),

respectively. According to Fig. 8 shown a significant estimation

error occurs using (16). Although Fig.

8 shows a large estimation error, Figs. 9 and 10 indicate the wind estimation results with a relatively
minor error. Therefore, we can conclude that the proposed method provides reasonable estimates

of the wind changing stepwise, especially using (17) or (18).
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Figure 10 — Estimated wind using (18)

6. Conclusions

This paper has shown that the wind is modeled as an additive disturbance to the states of an
aircraft’'s dynamic model, making the wind appear as part of stability derivatives in the linearized
model, which allows us to estimate the wind by estimating the stability derivatives of a lateral-
directional motion model of an aircraft. We applied the proposed method to flight data generated by
NASA’s Generic Transport Model in the presence of the stepwise-changing wind. The simulation
results show that the estimation error of the wind was relatively small by the sliding-window recursive
least squares method. Especially, we obtained a more accurate estimate of the wind using the roll-
rate equation of motion. In future work, we should investigate estimation performance by giving
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various noises to obtain statistics and other ways of wind variation.
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