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AbstractThis paper presents a first step toward the generalization of the hover/low-speed Control Equivalent Tur-bulence Inputs (CETI) models for different helicopter configurations. The rotor hub-loads are used as theoutputs to which the turbulence-related spectra are matched in order to achieve this. Furthermore, therotor swash-plate deflections are considered as inputs to create what is referred to herein as the RotorControl Equivalent Turbulence Inputs (RCETI) model. Development of an RCETI model, that provides rotorloads spectra similar to those produced by vertical turbulence, is carried out using a representative modelof the UH-60 helicopter in FLIGHTLAB®. The effect of altering the rotor parameters on the RCETI model isstudied and presented in the paper.

NOMENCLATURE

CT Thrust coefficeint
CW Weight coefficient
J Fit cost function
Lw Vertical turbulence scale length, ft
Nb Number of rotor blades
R Rotor radius, ft
Sx Power Spectral Density PSD of signal x ,

dB = 10log10(x)

U0 Mean wind speed, ft/s
VZB Body z-axis component of velocity, ft/s
δc Pilot collective input, percent
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ω Frequency, rad/s
σ Rotor solidity (NbcπR )
σw Vertical turbulence intensity, ft/s
θ0 Swash-plate collective angle, degree
c Blade chord length, ft
s Laplace variable
wz Turbulence vertical velocity, ft/s
G Transfer function gain, dB =

20log10(|G|)

U Input
Y Output
n White noise source
1. INTRODUCTION

Turbulence modeling is essential for assessing theability of an aircraft to perform certain tasks in ad-verse weather conditions. In addition, accurate tur-bulencemodels are needed for the design and eval-uation of disturbance rejection controllers in simu-lation. Moreover, the highly nonlinear spatial varia-tion of air wakes in the vicinity of buildings, ships,and other obstacles during nap-of-the-earth flightfor a range of vertical lift platforms causes signifi-cant control and potential safety issues, especially
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during take-off and landing. These scenarios requirevehicles and their control systems be designed witheffective gust rejection features for safe operationsin these highly complex flow environments.The traditional approach to model turbulence forfixed-wing aircraft is done by assuming that the air-craft velocity is much higher than the turbulencevelocity, and thus, a spatially frozen-field patternof body axis gust velocities is generated from, forexample, Von Karman or Dryden turbulence mod-els1 and are summed into the aircraft equationsof motion. Although an improved approach by theimplementation of complex rotating frame turbu-lence models2 was found to be applicable for lowspeed/hover tasks, such approach is computation-ally expensive and can be difficult to implement inreal-time simulations3.The notion of using control inputs that result in ve-hicle response that is stochastically similar to its re-sponse to atmospheric turbulence has been iden-tified to reduce in situ flight testing, thus reduc-ing risk during vehicle and its control system de-sign. This different approach was first put forwardby the National Research Council (NCR), Canada4.The angular rates and vertical accelerations fromdata of the Bell 205 hovering in turbulence wereprocessed via a first-order inverse model of the air-craft to obtain input traces. These traces were thenused as inputs to the aircraft actuators, yielding aresponse similar to the one measured from flight inturbulence. This notion was later extensively stud-ied by the US Army Aeroflightdynamics Directorate(AFDD) at NASA Ames, which resulted in the devel-opment of the Control Equivalent Turbulence In-put (CETI) models. In the CETI approach, the con-trol inputs required to drive the aircraft responsesto become statistically consistent with responses inactual turbulence are determined. The CETI modelfor the UH-60 helicopter was developed using vehi-cle responses from flight tests in turbulence5. Themethod was later applied to the EC135 helicopterat the German Aerospace Center (DLR)6, showingthat the approach can be applied to different air-craft. Thesemodels, however, are developed for thespecific vehicles from which the data are extracted.The lack of the existence of a CETI model that canbe scaled for different vehicle configurations pro-vides motivation for developing a RCETI model thatcan be scaled for different rotor configurations. Thisresearch builds on previous studies that developedturbulence models for specific helicopters, to de-velop an equivalent control input for the rotor byutilizing the hub loads as outputs to develop theRotor Control Equivalent Turbulence Input (RCETI)models. This recognizes that rotors are the dom-inant aerodynamic load-producing components at

hover and low speeds. This, subsequently, reducesthe parameter space in the generalization of theRCETI modeling to rotor parameters only.As such, the purpose of the present research is todevelop a hover/low-speed RCETI model for a ro-tor operating in atmospheric turbulence which gen-erates rotor control inputs that produce hub loadswith a spectrum consistent with that produced dueto turbulence and is assessed on different rotor pa-rameters and configurations.The paper is organized as follows: First, a descrip-tion of themethodology to find the PSDs of the CETItraces in the frequency domain is presented. Themethod is carried out to find the traces of the in-puts using aircraft rates and compared to the re-sults with the use of rotor hub-loads. Subsequently,an RCETI model is developed and evaluated for dif-ferent mean wind speeds and turbulence intensi-ties. Lastly, the effect of altering the rotor parame-ters on the RCETI model is assessed and presented.
2. METHODOLOGY

The CETI model developed previously5 used a com-bined frequency and time-domain approach. Themeasured aircraft rates were processed through astabilized inverse of an identified aircraft model togenerate the traces of the control inputs. The rem-nant input time histories, after subtracting the inputtraces from the expected control inputs, were ana-lyzed in the frequency-domain to identify the CETImodel parameters. This combinedmethod requiresthe development of a stabilized inverse of the iden-tified aircraft model to perform the inverse time-domain simulation. A similar approach was used inother studies6,7.Recently, a frequency-domain approach was pro-posed and used to develop the CETImodel8,9, whichdid not require an inverse aircraft model. This ap-proach is considered in the following discussion andthe methodology for a Single Input Single Output(SISO) system is described.

Figure 1: Vehicle response to both input andturbulence
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Figure 2: Block diagram of control equivalentturbulence input model.

Consider the block diagram shown in Fig. 1, the SISOequation for this diagram can be written in the fre-quency domain as:
(1) Y (ω) = Guy (ω)U(ω) + Gdy (ω)D(ω)
whereGuy represents the aircraft response to input
u, and Gdy represents the aircraft response to tur-bulence d .The equation for the system with the block diagramin Fig. 2 is:
(2) Y (ω) = Guy (ω)[U(ω) + U1(ω)]
where U1 represents the remnant input that is usedto account for the aircraft response to turbulence.By rearranging Eq. (2), to solve for the remnant input
U1:
(3) U1(ω) = 1

Guy (ω)
Y (ω)− U(ω)

The power spectral density (PSD) of the remnant in-put (Su1u1 ) is defined as follows10:
(4) Su1u1(ω) = lim

T→∞

1

T
{U∗1U1}

And the magnitude of the CETI transfer functionmodel Gnu1 is then found when driven by a unityPSD white noise input as:
(5) |Gnu1 | =√

Su1u1

A CETI transfer function can then be identified viafrequency domain system identification techniquessuch as CIFER®11.As has been noted in the introduction, the spec-tra of the aircraft rates were the basis in earlierefforts to create the CETI models. In order to re-duce the number of parameters for the generaliza-tion of the RCETI model, the fixed system hub-loadscomprising rotor thrust, pitchmoment, and roll mo-ment may be considered. The stochastic charac-terization of vehicle response to turbulence is verylargely driven by the stochastic characterization ofrotor hub loads. Hence, the RCETI methodology is

aimed at finding rotor control inputs that result inhub loads stochastically similar to those due to at-mospheric turbulence.For example, the spectrum of the thrust coeffi-cient (CT ) as output due to turbulence is foundusing linear time-invariant models developed fromFLIGHTLAB®12, where the z-axiswind velocity is con-sidered as input, this can be found as follows:
(6) SCT (ω) = |CTwz (ω)|

2Swz (ω)

where Swz (ω) is the spectrum of the turbulence.Next, an inverse mapping of the load spectrum torotor control spectrum comprising collective (θ0)control is developed. This can be found in the fre-quency domain by the following equation:
(7) Sθ0(ω) = |CTθ0 (ω)|

−2SCT (ω)

At this point, the RCETI models are formed by con-verting the control spectrum to a parametric fil-ter transfer function via frequency domain systemidentification techniques using CIFER®. In this firststep towards the identification of RCETI models,only the vertical component of the turbulence withhub-fixed sampling (i.e., the full vehicle is subjectedto the same turbulence velocity fluctuations) is con-sidered. This, of course, is a simplifying assumptionthat will be replaced by the blade-element samplingapproach in future work.
3. RESULTS

In the example presented herein, we consider thesimple case of hub-fixed turbulence where the ve-hicle is subjected to fluctuations in the z-axis windvelocity. The PSD of turbulence in the z-axis is calcu-lated using the Dryden turbulence model1, wherethe Dryden turbulence transfer function for the ver-tical axis is given by:

(8) wz
n
=
σw

√
U0
πLw
(
√
3s + U0

Lw
)

(s + U0
Lw
)2

where s is the Laplace variable, n is a unity-powerwhite noise source, σw is the turbulence intensity,
U0 is the mean wind speed, and Lw is the scalelength which is set to (2R)5, where R is the radiusof the rotor.
3.1. FLIGHTLAB® non-linear model and LinearTime-Invariant approximations
The model utilized in this analysis is a high fidelitynon-linear model that is representative of a UH-60 helicopter which is implemented in FLIGHTLAB®.
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The model features finite-element blade represen-tation and a 33-state Peters-He inflow model.FLIGHTLAB® is utilized to construct linear time-periodic (LTP) models with the vehicle body z-axiscomponent of velocity (VZB) as the output and thepilot collective (δc ) and the z-axis wind velocity (wz )as inputs. The states retained in this model includesbody and rotor states, for a total of 90 states. Theharmonic decomposition13 is used to develop high-order LTI approximations to the LTP dynamics. Twoapproximations are developed for the LTP model.One is done with the zeroth harmonic states (i.e.,the averaged LTI with a total of 90 states) as donetraditionally, while the other is done by retaining upto the fourth harmonic states (with a total of 810states). To that end, we have the following transferfunctions:
(9) GδcVZB = VZBδc
(10) GwzVZB = VZBwz
The transfer functions in Eq. (9) and Eq. (10) repre-sent the transfer functionsGuy andGdy in Fig. 1, re-spectively. A frequency sweep input is applied to theFLIGHTLAB® non-linear model in order to validatethe LTI approximations. The frequency responsesfrom CIFER® and from the LTI approximations areshown in Fig. 3, and Fig. 4. The frequency responseof the high-order LTI matches well with the CIFER re-sults, while there is a mismatch with the frequencyresponse from the averaged LTI. It can be concludedthat the use of the averaged LTI is not sufficient torepresent the dynamics and there is a need for thehigh order LTI approximations (i.e., up to the fourthharmonics).
3.2. Recovering input traces
The frequency range that is relevant to the pi-lot workload and manual control is about 1-10rad/s5,14. To include this range, a frequency rangeof 1-20 rad/s is chosen for the analysis5. The PSDof the vehicle response (SVZB ) due to turbulence isfound in the frequency domain directly from trans-fer functions. The Dryden model spectrum is usedas the input to the transfer function in Eq. (10) andthe resulting PSDof the vehicle response is shown inFig. 5 (solid blue line). For this nominal case, the pa-rameters for the Dryden model are chosen follow-ing one of the flight tests from Lusardi et al.3 as fol-lows: mean wind speed of 22 knots (U0 = 22 knots),turbulence intensity of 5.5 ft/s (σw = 5.5 ft/s), and ascale length of 2R where R is the radius of the main
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Figure 3: Frequency response of body z-axisvelocity component to pilot collective input VZB/δc
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Figure 4: Frequency response of body z-axisvelocity component to vertical gust VZB/wz
rotor. The resulting PSD for the vertical speed is sim-ilar to the one found from the flight test data byLusardi et al.3 in similar flight conditions.In the next step, the transfer function in Eq. (9) isused to find the input spectrum (Sδc ) that wouldproduce the same body z-axis velocity componentspectrum produced by turbulence. The resulting in-
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Figure 5: PSD of the body z-axis velocitycomponent

put spectrum which represents the CETI model isshown in Fig. 6 (solid blue line). To confirm the re-sults, Sδc is used as input to the vehicle to find thebody z-axis velocity component spectrum shown inFig. 5 (dashed red line), whichmatcheswith the bodyz-axis velocity component spectrum due to turbu-lence. This step is similar to what has been done tra-ditionally to develop the CETI models.
3.3. Pilot cyclic inputs Vs. swash-plate inputs
In this case, as a first step to developing the RCETImodels, the swash-plate collective angle (θ0) is con-sidered instead of the pilot collective input (δc ) asinput in the transfer function Guy . This leads to thetransfer function:
(11) Gθ0VZB = VZBθ0
The sameanalysis is done to find the input spectrumthat would produce the same output spectrum dueto turbulence. The result for the spectrum of θ0 isshown in Fig. 6 (dashed red line). It is clear that thedifference between the spectrum of δc and θ0 is ascaling factor, as expected.
3.4. Vehicle Response Vs. hub-loads spectradue to turbulence
It is necessary to demonstrate that the turbulenceeffect can be captured by utilizing the hub-loadsspectra rather than the vehicle rates spectra, whichhave been employed in previous studies. Figure7 shows the PSD of both the vertical acceleration(V̇ZB) and the thrust coefficient (CT ) owing to tur-bulence input. Adding a factor of 75.7 dB to the
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Figure 6: PSD of the remnant input required toproduce the output spectrum due to turbulence(δc Vs. θ0)

thrust coefficient spectrum yields a spectrum thatis close to the vertical acceleration spectrum. Sincethe vehicle is hovering in a turbulence fieldwith a se-lected mean wind speed, this factor is proportionalto the weight of the vehicle. This result supportsthe assumption that the rotor is the primary load-producing element in turbulence. This assumptionwas verified in earlier investigations5,6 by exposingthe vehicle to turbulence at various azimuthal an-gles and observing the similarities of the resultantPSDs of the vehicle rates.
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Figure 7: PSD of the outputs due to turbulence

3.5. Aircraft rates Vs. hub-loads as outputs
At this point, the thrust coefficient is used as the out-put of the transfer functions, that is, we try tomatch
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the spectrum of the thrust coefficient due to turbu-lence by the use of the swash-plate collective angleas input. This yields what we refer to in this analy-sis as the RCETI model. The PSD of the RCETI modelis shown in Fig. 8 (dashed red line) along with thePSD of the CETI model if the PSD of the body z-axisvelocity component is matched.
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Figure 8: PSD of the remnant input required toproduce the output spectrum due to turbulenceusing different outputs
The results in Fig. 8 show that, for frequencieshigher than 3 rad/s, the PSDs of the input that isrequired to produce the body z-axis velocity com-ponent or the thrust coefficient match well. How-ever, if the body z-axis velocity component is takeninto account, the PSD of the input is larger at lowfrequencies. This discrepancy may be explained bythe larger spectrum of V̇ZB , compared to (CT ∗
ScaleFactor ), that results from the turbulence inthis frequency range, which would need greaterswash-plate angles (see Fig. 7). Additionally, whencreating the LTI approximations, there might havebeen numerical errors that could contribute to thismismatch.
3.6. RCETI model with nominal rotorparameters
In this section, two steps are done to show the ef-fect of the turbulence parameters on the developedCETI traces. First, themeanwind speed is fixed to 22knots (i.e., U0 = 22 knots), while the turbulence in-tensity (σw ) is changed from 3 ft/s to 6 ft/s with anincrement of 1 ft/s. The PSDs of the RCETI are shownin Fig. 9 (solid lines), where it is clearly seen that theeffect of the turbulence intensity is a gain differencein the RCETI model.The second step is done by fixing the turbulence

100 101

Frequency [rad/s]

-40

-35

-30

-25

-20

-15

-10

Figure 9: PSD of the remnant input for differentturbulence intensity

intensity to 4.0 ft/s and changing the mean windspeed. For this analysis, different transfer functionswere found for different mean wind speed con-ditions. The PSDs of θ0 are shown in Fig. 10 forthe different flight conditions (solid lines). The gainof the necessary input is seen to increase as themean wind speed increases. Additionally, Figure 10demonstrates that unlike the situation of modifying
σw , the change in this instance is not only a gain inthe RCETI model.
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Figure 10: PSD of the remnant input for differentmean wind speed
CIFER® is utilized to develop a white-noise-drivensecond-order filter for each of the cases (the dashedlines in Fig. 9 and Fig. 10). These transfer functionshave the following form:
(12) θ0

n
= A

(s + C1(U0/Lw ))

(s + C2(U0/Lw ))(s + C3(U0/Lw ))
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where,
(13) A = K(σw )

√
3U0
πLw

and C1, C2 and C3 are functions of the mean windspeed.The function K(σw ) is found from the first test (i.e.,by fixing themeanwind speed (U0) and changing theturbulence intensity (σw )). Table 1 summarizes thevalues of the different filter parameters along withthe fit cost function J. The fit cost J for each case iswell below J ≤ 50, implying an excellent match tothe PSD data11. Notice that the values of the otherparameters are fixed to constant values since theyare not functions of the turbulence intensity (σw ).The functionK(σw ) is found to be linear as follows:
(14) K(σw ) = 0.115σw
Table 1: Parameters of RCETI transfer functionswhen changing σw .
σw (ft/s) A K(σw ) C1 C2 C3 J
3 0.28 0.34 2.4 2 2.8 10.3
4 0.37 0.46 2.5 2 2.8 10.3
5 0.47 0.58 2.4 2 2.8 10.3
6 0.56 0.69 2.5 2 2.8 10.3

Table 2 provides a summary of the parameters forthe transfer functions as well as the fit cost func-tion obtained from CIFER® for the case of chang-ing the mean wind speed. The value for C1 doesnot alter significantly for this case of vertical turbu-lence. Thus, this value is set to an approximate valueof 2.5 in CIFER®. A good match to the PSD data isshown by the fit cost J for each case being well be-low J ≤ 5011. Since the value of σw is set to 4.0 ft/s,it is noted that the value of K(σw ) is the same forall of the cases.
Table 2: Parameters of RCETI transfer functionswhen changing U0.
U0 (ft/s) K(σw ) C1 C2 C3 J
10 0.46 2.5 0.58 5.16 11.5
15 0.46 2.5 0.76 4.7 11.3
20 0.46 2.5 0.93 4.37 10.9
25 0.46 2.5 1.16 4.00 10.5
30 0.46 2.5 1.5 3.46 10.2

From the data in Table 2, the functions for C2 and
C3 are found to be quadratic and are as follows:
(15) C2 = 4(U0/Lw )2 − 0.7(U0/Lw ) + 0.57

(16) C3 = −5.5(U0/Lw )2 − 0.13(U0/Lw ) + 5.4
To check the developed RCETI model, a case of U0 =16.5 ft/s and σw = 4.5 ft/s (which is not used in devel-oping the model) is considered. Based on the devel-oped RCETI model, the white-noise-driven filter canbe found as:
(17) θ0

n
= 0.28

(s + 2.5)

(s + 0.74)(s + 4.8)

Both theDryden vertical gust and the filter in Eq. (17)are used as inputs to the transfer functions to findthe spectra of θ0 and CT . The results are shown inFig. 11(a) and Fig. 11(b), where the RCETI model isshown to produce similar results to those of the ver-tical gust. The cost function J for θ0 is found to be
11.1which is well below J ≤ 50. It is concluded thatone can develop the RCETI model for helicopters byutilizing the rotor hub-loads as outputs and the ro-tor swashplate deflections as inputs.
3.7. Change of parameters
The parameters that are investigated in this studyare as follows:
1. The vehicle weight coefficient (CW ).
2. The number of blades (Nb).
3. The blade chord length (c ).

Changing the weight of the vehicle changes thethrust coefficient required for trim for the sameflight condition. To assess how changing the vehi-cle weight impacts the RCETI model, the weight ofthe vehicle is altered in FLIGHTLAB® (the nominalvalue for CW equals 0.006 and it is altered to 75%and 125% of the nominal value). Different Linear-Time Invariant approximations are developed andthe same analysis is done to find the PSDs of the re-quired inputs. In Fig. 12, the PSDs of the thrust coef-ficient for different values of the weight are shown.As expected, the PSDs of the thrust coefficient fordifferent weight configurations are similar. Again,this is suggesting that altering the weight of the ve-hicle while maintaining the same rotor parameterswill not have a significant impact on the rotor thrustcoefficient variations due to turbulence.Figure 13 shows the PSDs of the required input fordifferent values of the vehicle weight. A slight mis-match between the PSDs at low frequencies may bethe result of numerical errors made during vehicletrimming and during the development of the LTI ap-proximations.Next, the effect of changing the number of blades(Nb) of the rotor on the RCETI model is also consid-ered here. To address this, transfer functions are
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Figure 11: Comparison between the results fromDryden turbulence and from RCETI model for

U0 = 16.5 ft/s and σw = 4.5 ft/s.

developed for the different numbers of blades ofthe rotor (i.e.,Nb = 3, 4, and 5). The PSDs of the thrustcoefficient in Fig. 14 show that the spectrum of CTincreaseswith increasing the number of blades. Thisincrease is anticipated since a larger area of the ro-tor is exposed to turbulence with more number ofblades. However, this difference does not greatly al-ter the RCETI model since, in the case of more num-ber of blades, the same deflection of the swash-plate angle would create a higher spectrum for thethrust coefficient. Figure 15 illustrates this outcomeby showing that the PSDs of the input are not greatlyaffected by changing the number of blades of therotor.In the last phase, the chord length of the bladesis altered (from a nominal value for the UH-60 of1.73 ft to 75% and 125% of the nominal value), and
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Figure 12: PSD of the thrust coefficient due toturbulence for different vehicle weight
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Figure 13: PSD of the remnant input for differentvehicle weight

its impact on the RCETI model is observed. Sincemore surface area is exposed to turbulence whenthe chord length is larger, as is the case with morerotor blades, it is expected to observe higher spec-tra for the thrust coefficient, as seen in Fig. 16. Fur-thermore, as in the case of the different numbers ofrotor blades, the PSD of the input does not changesignificantly, suggesting that the same RCETI modelcould be used to simulate the effect of vertical tur-bulence on rotor loads when changing the chordlength of the rotor blades. Although the change ofthe chord length changes the rotor solidity (σ) by thesame ratio as in the case of different numbers of ro-tor blades, the RCETI results fromboth cases are notthe same. The reason for this could be that the or-der of the LTI approximations changes when chang-ing the number of rotor blades (i.e., different num-
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Figure 14: PSD of the thrust coefficient due toturbulence for different rotor number of blades
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Figure 15: PSD of the remnant input for differentrotor number of blades

ber of rotor states), while these LTI approximationshave the same order when changing only the chordlength. One needs to keep in mind that this analysisis done using the hub-fixed sampling case for turbu-lence. The results need not be the same if the blade-element sampling case is considered, which will bedone in future work.For each of the above instances, the cost function
J is calculated using the same RCETI from the nom-inal example (the dashed lines in Figs. 13, 15, and17) and can be found in Table 3. It is noted that theworst case is when changing the number of bladesto 3. However, the value of J = 32 is still well withinthe acceptable range for the fit (i.e., J ≤ 50).
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Figure 16: PSD of the thrust coefficient due toturbulence for different blade chord lengths
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Figure 17: PSD of the remnant input for differentblade chord lengths

4. CONCLUDING REMARKS

In this work, the concept of Control Equivalent Tur-bulence Input was investigated for the rotors to de-velop the Rotor Control Equivalent Turbulence Input(RCETI) models. The vehicle’s heave axis responsewas studied as a basic example and the RCETImodelwas developed using CIFER®. The effect of changingthe rotor parameters on the RCETI model was stud-ied as well. The following conclusions can be drawnfrom this work:
1. RCETI models can be created using the ro-tor swash-plate inputs to replicate the outputspectrum caused by turbulence.
2. The rotor hub-loads can be employed as theoutputs to which the spectrums are matched.
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Table 3: The fit cost function J for the cases ofchanging the rotor parameters.
Case The fit cost function JNominal parameters∗ 9.96
0.75 CW 15.78
1.25 CW 14.58
Nb = 3 32.4
Nb = 5 16.59
0.75 c 10.3
1.25 c 10.12

∗ (CW = 0.006, Nb = 4, and c = 1.73f t)

3. For the simple case of hub-fixed sampled tur-bulence, the same RCETI model may be ap-plied with varying rotor parameters such as thenumber of blades or the chord length.
Future work will include forming the RCETI modelfor the different rotor controls (i.e., θ0, θ1s , and θ1c )using spectrum of the hub-loads (i.e., CT , CMy , and
CMx ) (i.e., the Multi-Input Multi-Output case). Fur-thermore, the blade-element sampling of the gustwill be implemented as it represents a more realis-tic simulation of the turbulence. In addition, morerotor parameters that can affect the various rotorhub-loads will be investigated.
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