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Abstract: To better understand and predict the flight performance of X-configuration quadrotor aircraft using 9 

variable rotor pitch and fixed rotor speed to control the aircraft, a flight performance tool including a rotor model, 10 

an aerodynamic interference model and a new propulsive trim method is derived. The lifting rotors are modeled as 11 

circular fixed wings, and generate horseshoe vortices trailed from the retreating and advancing sides to affect the 12 

aerodynamics of the other rotors. The equilibrium equations of the aircraft are reduced by using symmetry. An 13 

iterative method by separately solving for the aircraft pitch and the collective rotor pitch is proposed to obtain the 14 

converged solution of the reduced equilibrium equations. The aerodynamic interference was found to be beneficial 15 

for the front rotors at low to medium speeds, since the nearby front rotors induced a larger upwash than the 16 

resultant downwash induced by the rear rotors. The interference is harmful to the rear rotors due to larger 17 

downwash induced by the rotors right ahead. The rotors can generate nose up hub pitching moments, which can be 18 

used to counter the nose down fuselage pitching moment, and decrease the thrust difference between the front and 19 

rear rotors. The effect of the fuselage pitching moment on the rotor power becomes pronounced at medium to high 20 

speeds. The vertical distance between the rotor plane and the center of mass of the aircraft can change the pitching 21 
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moment acting on the aircraft, and its effect is similar to a change in the fuselage pitching moment. Reducing the 22 

fuselage drag can lead to larger rotor induced power due to the stronger aerodynamic interference, but the effect is 23 

relatively small, and fuselage drag reductions are desirable. 24 

Keywords: Quadrotor Aircraft; X-Configuration; Flight Performance; Aerodynamic Interference; Forward Flight 25 

Nomenclature 26 

𝐶𝐶𝑀𝑀𝑦𝑦  pitching moment coefficient 27 

𝐷𝐷  fuselage drag 28 

𝑒𝑒  flap hinge offset 29 

𝐻𝐻  rotor drag force 30 

𝐼𝐼𝛽𝛽  blade flapping moment of inertia 31 

𝑘𝑘  cross-induced velocity factor 32 

𝑘𝑘𝛽𝛽  hinge spring stiffness 33 

𝐿𝐿𝑥𝑥  longitudinal distance from the rotor shaft to the mass center of the aircraft 34 

𝐿𝐿𝑦𝑦  lateral distance from the rotor shaft to the mass center of the aircraft 35 

𝐿𝐿𝑧𝑧  vertical distance from the rotor plane to the mass center of the aircraft  36 

𝑀𝑀𝑥𝑥  rolling moment 37 

𝑀𝑀𝑦𝑦  pitching moment 38 

𝑞𝑞  dynamic pressure 39 

𝑄𝑄  rotor torque 40 

𝑅𝑅  rotor radius 41 

𝑇𝑇  rotor thrust 42 
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𝑉𝑉∞  free stream velocity 43 

𝑣𝑣𝑖𝑖  induced velocity 44 

𝑤𝑤  damping factor 45 

𝑊𝑊  weight 46 

𝑌𝑌  rotor side force 47 

𝛼𝛼𝐹𝐹  aircraft pitch 48 

𝛾𝛾  wake skew angle 49 

𝜃𝜃0  collective rotor pitch 50 

𝜅𝜅  self-induced velocity factor 51 

𝜈𝜈𝛽𝛽  blade flapping frequency ratio 52 

𝜌𝜌  air density 53 

Ω  rotor speed 54 

Γ  vortex strength 55 

subscripts 56 

𝐹𝐹  contribution from fuselage 57 

1-4  rotor index 58 

1. Introduction 59 

Quadrotor aircraft are multi-rotor helicopters lifted and propelled by four vertically oriented rotors. Before the 60 

birth of helicopter, several quadrotor aircraft had been built, for example, the Breguet Gyroplane No. 1 quadrotor, 61 

the Jerome-de Bothezat helicopter, and the Ehmichen quadrotor [1]. In recent years, small scale quadrotor aircraft 62 

weighting several kilograms have been widely applied in aerial photography, recreation, observation and so on. In 63 
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these applications, they don't have to fly very long, fast or high. For applications in transportation, search and 64 

rescue, communication, navigation, resource exploration, environment and disaster monitoring and so on, some 65 

basic performance requirements, such as payload, endurance, range, maximum forward speed etc., have to be 66 

satisfied. To successfully accomplish these missions, large scale quadrotor aircraft are needed. However, current 67 

technologies cannot support large high-performance quadrotor aircraft. In comparison to helicopters, electric 68 

quadrotors exhibit poor flight endurance attributed to multiple factors such as rotor/motor efficiency and limited 69 

battery capacity [2]. To date, most publications on quadrotor aircraft focus on flight dynamics and control [3-10], 70 

and fewer concentrate on flight performance, especially for larger scale quadrotor aircraft.  71 

The four equal rotors of the air vehicle provide lift and control forces and moments. According to the location 72 

of the rotors, usually there are two configurations: X-configuration (or cross) and +-configuration (or plus). The 73 

rotor model is a key part of the quadrotor aircraft model for flight performance prediction. The rotors operate in 74 

edgewise (not axial) flight condition, so their aerodynamic characteristics are more like helicopter rotors than 75 

propellers, though the flap and lag hinges and the cyclic pitch controls are usually removed from quadrotor 76 

systems. Nguyen et al. compared the prediction of the aerodynamic performance of a quadrotor helicopter with 77 

experimental data [11]. The rotor model was based on momentum theory and blade element method, while an 78 

empirical interference model was used to capture the aerodynamic interaction between the front and rear rotors. 79 

The predictions agreed well with experimental data. To compare the performance of a 2-kg quadcopter with 80 

variable rotor speed and variable blade pitch, McKay et al. assumed rigid blades and used the blade element theory 81 

without the consideration of the aerodynamic interference between the rotors [12]. The difference between the rotor 82 

controls indicated that the pitching moments generated by the rotors and the fuselage could have a significant 83 

influence on the trim of quadrotor aircraft.  84 



5 

An important feature of quadrotor aircraft is that the trailed wakes generated by each rotor can strongly affect the 85 

other rotors. Numerical studies of the aerodynamic performance of a quadrotor indicated that the rear rotors were 86 

significantly affected by the downwash of the front ones [13], and suggested that including the aerodynamic 87 

interactions between the rotors even in the design of the fight control system was recommended. A mathematical 88 

model of a quadrotor proposed by Luo et al. considered the aerodynamic interference between rotors at high speed 89 

flight, and provided consistent predictions with computational fluid dynamics[14]. Misiorowski et al. calculated the 90 

interactional effects for a small scale quadrotor in edgewise flight. For the X-configuration quadcopter, the thrust 91 

generated by the rear rotor decreased by 19%, and the torque by 3% due to the aerodynamic interaction at a forward 92 

speed of 10m/s [15]. These efforts were limited to a specified flight state (not vehicle trim), or a propulsive trim 93 

state without aerodynamic interference between the rotors. 94 

In summary, past research focused on the investigation of the flight performance of small scale quadrotor aircraft, 95 

and larger designs weighing hundreds or thousands of kilograms were not thoroughly investigated. The literature 96 

also indicates that, the pitching moment, aircraft trim, and aerodynamic interference of the rotors may be essential 97 

for performance prediction. In addition, the effects of the aircraft trim and pitching moment on the flight 98 

performance have not been investigated, but accounting for these in a quadrotor model is a challenging task. 99 

In this work, a performance prediction method for a large X-configuration quadrotor aircraft using variable 100 

rotor pitch and fixed rotor speed to control the aircraft is derived. A validated rotor model is applied to the 101 

rotors of the quadrotor aircraft [16]. Then, an analytical model to predict the aerodynamic interference between any 102 

two rotors of the four is used [17]. A new propulsive trim method considering the forces and moments acting on the 103 

rotors and fuselage is also derived. Due to the symmetry of the aircraft configuration, the six equilibrium equations 104 

could be reduced to three. An iterative algorithm is proposed to solve the equations and obtain the trimmed flight 105 
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state. The effects of the aerodynamic interference, pitching moment, location of the mass center, and fuselage drag 106 

on the rotor thrusts and power requirements are investigated. 107 

2. Flight Performance Model 108 

The flight performance model of a X-configuration quadrotor primarily consists of a rotor model, a propulsive 109 

trim method and an aerodynamic interference model. The equilibrium equations of the X-configuration quadrotor 110 

aircraft are based on the forces and moments acting on the rotors and fuselage. An iterative algorithm is proposed to 111 

obtain the trimmed solution. 112 

2.1. Rotor Model 113 

The rotor model of the quadrotor aircraft is derived from a helicopter rotor model [16], which consists of a blade 114 

structural model, an airfoil aerodynamics model and an induced velocity model. The blade model is based on a 115 

rigid beam with a hinge offset and a hinge spring, which is used to match the fundamental flapwise blade frequency. 116 

Look-up table airfoil aerodynamics is used to calculate the lift and drag coefficients of blade elements according to 117 

the local resultant air flow and angle of attack. The induced velocity over the rotor disk is predicted by the Pitt–118 

Peters inflow model [18], which captures the first harmonic variation of induced velocity in azimuth. The steady 119 

responses of blade flapping need to be obtained to get the time histories of the blade root forces and moments with 120 

the azimuth, which is used to derive the hub forces and moments. The comparisons of the prediction of the UH-60 121 

helicopter rotor power with the flight test data [19] for the takeoff weight coefficients 0.0065 and 0.0074 are shown 122 

in Figure 1, which indicates that the predictions by the present method are generally in good agreement with the 123 

flight test data for the weights considered. This justifies the use of present method for the analysis of rotor 124 

performance. For the application in the rotors of quadrotor aircraft, the cyclic pitch angles are set to be zero. 125 
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 126 

Fig. 1. Comparison of predictions with flight test data from [19]. 127 

2.2 Propulsive Trim 128 

For a X-configuration quadrotor, the symmetry about its centerline is usually used, so the side force and the 129 

rolling moment acting on the fuselage are zero. With the lift generated by the fuselage omitted, the drag, weight and 130 

pitching moment on the fuselage are shown in Figure 2. 131 

Figure 3 shows the rotors of a quadrotor aircraft. The four rotors are named ROTOR 1, ROTOR 2, ROTOR 3, 132 

and ROTOR 4. The rotor hub forces and moments, and their corresponding directions are also shown. Due to the 133 

different rotation direction, the side forces and rolling moments on ROTOR 1 and ROTOR 4 are different from 134 

those acting on ROTOR 2 and ROTOR 3. 135 

 136 

Fig. 2. Forces and moment on the fuselage. 137 
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 138 

Fig. 3. Forces and moments on the rotors. 139 

Due to the symmetry, the lateral tilt of the aircraft is zero. The weight of the aircraft is balanced by the rotor 140 

thrusts and rotor disk-plane forces. In the vertical direction, the forces satisfy: 141 

(𝑇𝑇1 + 𝑇𝑇2 + 𝑇𝑇3 + 𝑇𝑇4) cos𝛼𝛼𝐹𝐹 + (𝐻𝐻1 + 𝐻𝐻2 + 𝐻𝐻3 +𝐻𝐻4) sin𝛼𝛼𝐹𝐹 = 𝑊𝑊 142 

(1) 143 

where, T is the rotor thrust, the subscript 1 to 4 denotes the index of the rotors, H is the rotor drag, 𝛼𝛼𝐹𝐹 is the aircraft 144 

pitch, and W is the weight of the aircraft. In the longitudinal direction, the rotor thrusts tilt forward to provide 145 

propulsive forces to counteract the fuselage drag, as well as, the components of the rotor drag forces in that 146 

direction. This is expressed as: 147 

(𝑇𝑇1 + 𝑇𝑇2 + 𝑇𝑇3 + 𝑇𝑇4) sin𝛼𝛼𝐹𝐹 − (𝐻𝐻1 + 𝐻𝐻2 + 𝐻𝐻3 + 𝐻𝐻4) cos𝛼𝛼𝐹𝐹 = 𝐷𝐷 148 

(2) 149 

where, D is the fuselage drag. It is assumed that the action point of the fuselage drag is at the center of mass of the 150 

vehicle. The side forces of the rotors 𝑌𝑌𝑖𝑖 are balanced by themselves, and this relation can be expressed as 151 

𝑌𝑌1 − 𝑌𝑌2 − 𝑌𝑌3 + 𝑌𝑌4 = 0 152 

(3) 153 

To simplify the derivation of the equilibrium equation for the pitching moments, the point A (geometric center of 154 
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the rotor disks) is designated as the resultant point, as shown in Figure 2. The pitching moments generated by the 155 

rotors and the fuselage follow 156 

�𝑀𝑀𝑦𝑦1 +𝑀𝑀𝑦𝑦2 +𝑀𝑀𝑦𝑦3 + 𝑀𝑀𝑦𝑦4�+ (𝑊𝑊 sin𝛼𝛼𝐹𝐹 − 𝐷𝐷 cos𝛼𝛼𝐹𝐹)𝐿𝐿𝑧𝑧 + 𝑀𝑀𝑦𝑦𝐹𝐹 = (𝑇𝑇3 + 𝑇𝑇4 − 𝑇𝑇1 − 𝑇𝑇2)𝐿𝐿𝑥𝑥 157 

(4) 158 

where, 𝑀𝑀𝑦𝑦 is the pitching moment of a rotor hub, 𝑀𝑀𝑦𝑦𝐹𝐹 is the pitching moment of the fuselage, 𝐿𝐿𝑥𝑥 is the longitudinal 159 

distance from the rotor shaft to the mass center of the aircraft, and 𝐿𝐿𝑧𝑧 is the vertical distance from the rotor plane to 160 

the mass center. The rotor rolling moments are balanced by the thrust differences between the left and right rotors 161 

about the centerline, which can be expressed as 162 

�𝑀𝑀𝑥𝑥1 − 𝑀𝑀𝑥𝑥2 − 𝑀𝑀𝑥𝑥3 + 𝑀𝑀𝑥𝑥4�+ (𝑇𝑇1 − 𝑇𝑇2 + 𝑇𝑇3 − 𝑇𝑇4)𝐿𝐿𝑦𝑦 = 0 163 

(5) 164 

where, 𝐿𝐿𝑦𝑦 is the lateral distance from the rotor shaft to the mass center of the aircraft. The yawing moments are all 165 

generated by the rotors. About point A, the contributions are balanced, following 166 

(𝑌𝑌1 − 𝑌𝑌2 + 𝑌𝑌3 − 𝑌𝑌4)𝐿𝐿𝑥𝑥 + (𝐻𝐻1 −𝐻𝐻2 + 𝐻𝐻3 − 𝐻𝐻4)𝐿𝐿𝑦𝑦 − (𝑄𝑄1 − 𝑄𝑄2 − 𝑄𝑄3 + 𝑄𝑄4) = 0 167 

(6) 168 

where, Q is the rotor torque. 169 

Due to the symmetry of the X-configuration quadrotor, the rotor hub forces and moments follow: 170 

�𝑇𝑇1 = 𝑇𝑇2 𝑌𝑌1 = 𝑌𝑌2 𝐻𝐻1 = 𝐻𝐻2
𝑇𝑇3 = 𝑇𝑇4 𝑌𝑌3 = 𝑌𝑌4 𝐻𝐻3 = 𝐻𝐻4

 171 

(7) 172 

and 173 

�
𝑄𝑄1 = 𝑄𝑄2 𝑀𝑀𝑥𝑥1 = 𝑀𝑀𝑥𝑥2 𝑀𝑀𝑦𝑦1 = 𝑀𝑀𝑦𝑦2
𝑄𝑄3 = 𝑄𝑄4 𝑀𝑀𝑥𝑥3 = 𝑀𝑀𝑥𝑥4 𝑀𝑀𝑦𝑦3 = 𝑀𝑀𝑦𝑦4

 174 

(8) 175 
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where, 𝑄𝑄 is the rotor torque, and 𝑀𝑀𝑥𝑥 is the rolling moment of a rotor hub. Combining with Equations 7 and 8, 176 

Equations 1, 2 and 4 can be reduced to 177 

(𝑇𝑇1 + 𝑇𝑇3) cos𝛼𝛼𝐹𝐹 + (𝐻𝐻1 + 𝐻𝐻3) sin𝛼𝛼𝐹𝐹 =
𝑊𝑊
2

 178 

(9) 179 

(𝑇𝑇1 + 𝑇𝑇3) sin𝛼𝛼𝐹𝐹 − (𝐻𝐻1 + 𝐻𝐻3) cos𝛼𝛼𝐹𝐹 =
𝐷𝐷
2

 180 

(10) 181 

and 182 

𝑇𝑇3 − 𝑇𝑇1 =
�𝑀𝑀𝑦𝑦1 + 𝑀𝑀𝑦𝑦3�

𝐿𝐿𝑥𝑥
+

(𝑊𝑊 sin𝛼𝛼𝐹𝐹 − 𝐷𝐷 cos𝛼𝛼𝐹𝐹)𝐿𝐿𝑧𝑧 + 𝑀𝑀𝑦𝑦𝐹𝐹
2𝐿𝐿𝑥𝑥

 183 

(11) 184 

The above three equations can be used to obtain three variables, which are the collective rotor pitch angles of 185 

ROTORs 1 and 3, i.e. 𝜃𝜃0
(1) and 𝜃𝜃0

(3), and the aircraft pitch 𝛼𝛼𝐹𝐹 . Usually Newton’s method is used to solve the 186 

nonlinear equations. Since it is hard to give the expression of Jacobi matrix for this problem, the three variables are 187 

solved separately and the corresponding iterative algorithms are constructed. Combining Equations 9 and 10, the 188 

aircraft pitch becomes 189 

𝛼𝛼𝐹𝐹 = tan−1 �
𝐷𝐷
2 + (𝐻𝐻1 + 𝐻𝐻3) cos𝛼𝛼𝐹𝐹
𝑊𝑊
2 − (𝐻𝐻1 +𝐻𝐻3) sin𝛼𝛼𝐹𝐹

� 190 

(12) 191 

The following iterative algorithm is proposed to obtain the converged value of the aircraft pitch, which is 192 

(𝛼𝛼𝐹𝐹)𝑛𝑛+1 = tan−1 �
𝐷𝐷
2 + [(𝐻𝐻1)𝑛𝑛 + (𝐻𝐻3)𝑛𝑛] cos(𝛼𝛼𝐹𝐹)𝑛𝑛
𝑊𝑊
2 − [(𝐻𝐻1)𝑛𝑛 + (𝐻𝐻3)𝑛𝑛] sin(𝛼𝛼𝐹𝐹)𝑛𝑛

� 193 

(13) 194 

where, the subscript 𝑛𝑛 denotes the value at the nth step. Combining Equations 9 and 11, the rotor thrusts 𝑇𝑇1 and 𝑇𝑇3 195 
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can be solved by 196 

𝑇𝑇1 =
𝑊𝑊

4 cos𝛼𝛼𝐹𝐹
−

(𝐻𝐻1 + 𝐻𝐻3) sin𝛼𝛼𝐹𝐹
2 cos𝛼𝛼𝐹𝐹

−
�𝑀𝑀𝑦𝑦1 + 𝑀𝑀𝑦𝑦3�

2𝐿𝐿𝑥𝑥
−

(𝑊𝑊 sin𝛼𝛼𝐹𝐹 − 𝐷𝐷 cos𝛼𝛼𝐹𝐹)𝐿𝐿𝑧𝑧 + 𝑀𝑀𝑦𝑦𝐹𝐹
4𝐿𝐿𝑥𝑥

= 𝑇𝑇𝐴𝐴 197 

(14) 198 

and 199 

𝑇𝑇3 =
𝑊𝑊

4 cos𝛼𝛼𝐹𝐹
−

(𝐻𝐻1 + 𝐻𝐻3) sin𝛼𝛼𝐹𝐹
2 cos𝛼𝛼𝐹𝐹

+
�𝑀𝑀𝑦𝑦1 + 𝑀𝑀𝑦𝑦3�

2𝐿𝐿𝑥𝑥
+

(𝑊𝑊 sin𝛼𝛼𝐹𝐹 − 𝐷𝐷 cos𝛼𝛼𝐹𝐹)𝐿𝐿𝑧𝑧 + 𝑀𝑀𝑦𝑦𝐹𝐹
4𝐿𝐿𝑥𝑥

= 𝑇𝑇𝐵𝐵 200 

(15) 201 

To obtain the converged rotor thrusts, Newton's method is used to solve Equations 14 and 15. The iterative 202 

equations are 203 

�𝜃𝜃0
(1)�

𝑛𝑛+1
= �𝜃𝜃0

(1)�
𝑛𝑛
− 𝑤𝑤 [(𝑇𝑇1)𝑛𝑛 − (𝑇𝑇𝐴𝐴)𝑛𝑛]/�

𝜕𝜕𝑇𝑇1
𝜕𝜕𝜃𝜃0

(1)�
𝑛𝑛

 204 

(16) 205 

and 206 

�𝜃𝜃0
(3)�

𝑛𝑛+1
= �𝜃𝜃0

(3)�
𝑛𝑛
− 𝑤𝑤 [(𝑇𝑇3)𝑛𝑛 − (𝑇𝑇𝐵𝐵)𝑛𝑛]/�

𝜕𝜕𝑇𝑇3
𝜕𝜕𝜃𝜃0

(3)�
𝑛𝑛

 207 

(17) 208 

where, 𝜃𝜃0 is the collective rotor pitch. 𝑤𝑤 is a numerical damping factor to enhance the convergence of the iteration 209 

and reduce the computation time, and a value of 0.5 is used here.  210 

2.3 Aerodynamic Interference Model 211 

For predictions of flight performance and for the design of flight control systems of quadrotor aircraft, fast 212 

analyses with acceptable precision are required due to design cycle limits and even real-time demands. For the 213 

aerodynamic interference models, it is necessary to balance efficiency and accuracy. CFD can provide high 214 

precision predictions with a lot of computing resources and time. Currently, it is not practicing to directly use CFD 215 
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in the fast prediction of flight performance and in the design of flight control systems. Omitting the aerodynamic 216 

interference is also not desirable. In this work, an analytical interference model is used to achieve accuracy and 217 

efficient computation. 218 

The theoretical formula on the basis of the Biot-Savart Law is used to predict the aerodynamic interferences 219 

among the rotors, which is validated by the experimental results [11]. This method has been extended to consider 220 

the aerodynamic interferences for multi-rotors in forward flight [17]. At a forward speed (rotor advanced ratio 𝜇𝜇 >221 

0.1), a lifting rotor can be modeled as a circular fixed wing [1, 20]. A horseshoe vortex is trailed from the retreating 222 

and advancing sides, as shown in Figure 4. Γ is the strength of the vortex trailed from the tip of the wing. γ is the 223 

wake skew angle between the rotor disk and the trailed vortex plane. This aerodynamic interference model assumes 224 

that the horseshoe vortex trailed from one rotor generates an additional induced velocity to the other rotor. The 225 

velocity in the vertical direction (z direction) at P(xp, yp,0) induced by the horseshoe vortex is [17] 226 

𝑣𝑣𝑖𝑖𝑖𝑖 =
Γ cos𝛾𝛾

4π
∙

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
�𝑦𝑦𝑝𝑝 + 𝑅𝑅�

⎝

⎛1 +
𝑥𝑥𝑝𝑝 cos 𝛾𝛾

�𝑥𝑥𝑝𝑝2 + �𝑦𝑦𝑝𝑝 + 𝑅𝑅�2⎠

⎞

�𝑦𝑦𝑝𝑝 + 𝑅𝑅�2 + 𝑥𝑥𝑝𝑝2 sin2 𝛾𝛾
−

�𝑦𝑦𝑝𝑝 − 𝑅𝑅�

⎝

⎛1 +
𝑥𝑥𝑝𝑝 cos𝛾𝛾

�𝑥𝑥𝑝𝑝2 + �𝑦𝑦𝑝𝑝 − 𝑅𝑅�2⎠

⎞

�𝑦𝑦𝑝𝑝 − 𝑅𝑅�2 + 𝑥𝑥𝑝𝑝2 sin2 𝛾𝛾

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 227 

(18) 228 

where, R is the rotor radius. Point P can be considered as the hub center of a rotor. If point P lies between the two 229 

vortices and downstream the incoming flow, both vortices induce downwash velocities. If a rotor lies at this 230 

location, they can degrade the rotor performance. If point P locates outside the vortices and downstream the 231 

incoming flow, the closer vertex induces a larger upwash velocity than the smaller downwash velocity induced by 232 

the other further vertex. The resultant velocity at this point is upwash, which reduces the angle of attack of the rotor, 233 

and improves the rotor performance. 234 



13 

 235 

Fig. 4. Coordinate system. 236 

Similar to the method used in Refs. 11 and 20, a dimensionless factor is used to measure the aerodynamic 237 

interference. By setting 𝑥𝑥𝑝𝑝 = 𝑦𝑦𝑝𝑝 = 0, the induced velocity in the z direction at the center of the rotor disk (point O) 238 

is 239 

𝑣𝑣𝑖𝑖𝑖𝑖 =
Γ cos𝛾𝛾

2π𝑅𝑅
 240 

(19) 241 

The non-dimensional expressions of 𝑥𝑥𝑝𝑝 and 𝑦𝑦𝑝𝑝 are defined as 242 

�
�̅�𝑥𝑝𝑝 =

𝑥𝑥𝑝𝑝
𝑅𝑅

𝑦𝑦�𝑝𝑝 =
𝑦𝑦𝑝𝑝
𝑅𝑅

 243 

(20) 244 

The aerodynamic interference factor is defined as the ratio of 𝑣𝑣𝑖𝑖𝑖𝑖 to 𝑣𝑣𝑖𝑖𝑖𝑖, and it can be expressed as 245 

𝑘𝑘𝑖𝑖 =
𝑣𝑣𝑖𝑖𝑖𝑖
𝑣𝑣𝑖𝑖𝑖𝑖

=
1
2

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
�𝑦𝑦�𝑝𝑝 + 1�

⎝

⎛1 +
�̅�𝑥𝑝𝑝 cos𝛾𝛾

��̅�𝑥𝑝𝑝2 + �𝑦𝑦�𝑝𝑝 + 1�2⎠

⎞

�𝑦𝑦�𝑝𝑝 + 1�2 + sin2 𝛾𝛾 �̅�𝑥𝑝𝑝2
−

�𝑦𝑦�𝑝𝑝 − 1�

⎝

⎛1 +
�̅�𝑥𝑝𝑝 cos𝛾𝛾

��̅�𝑥𝑝𝑝2 + �𝑦𝑦�𝑝𝑝 − 1�2⎠

⎞

�𝑦𝑦�𝑝𝑝 − 1�2 + sin2 𝛾𝛾 �̅�𝑥𝑝𝑝2

⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 246 

(21) 247 

It is assumed that the velocity induced by a rotor on another is uniform. The induced velocity at the rotor hub 248 

center can denote the aerodynamic interaction. For a quadrotor, the induced velocity over the rotors can be 249 

expressed as 250 
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⎪
⎬

⎪
⎫

 251 

(22) 252 

where the subscript '0' denotes the velocity of an isolated rotor. 𝑘𝑘𝑖𝑖𝑖𝑖  denotes the cross-induced velocity factor 253 

generated by the jth rotor to the ith rotor. 𝜅𝜅𝑖𝑖 is the correction for the self-induced losses of a real rotor.  254 

3. Performance Analysis 255 

This work focuses on the model versatility and fundamental mechanism investigation. For convenience, the 256 

rotors of the baseline quadrotor aircraft are the same as the UH-60A rotor without cyclic pitch controls. Currently, 257 

no quadrotor aircraft has so large size and heavy weight. It is used as an example aircraft, and may be used for 258 

future high-lift aircraft. The parameters of the main rotor are listed in Table 1 [21, 22]. The corresponding 259 

distributions of the airfoil and blade pre-twist can be found in Ref. [22]. The aerodynamic fuselage drag equation 260 

utilized in the analysis is [18] 261 

𝐷𝐷
𝑞𝑞

 (ft2) = 35.83 + 0.016 × (1.66𝛼𝛼𝐹𝐹)2 262 

(23) 263 

where, 𝑞𝑞 is the dynamic pressure. The takeoff weight is assumed to be 4 times the UH-60A helicopter and a weight 264 

of 37899kg is used as the baseline. The fuselage drag is also assumed to be 4 times the fuselage drag of UH-60A 265 

helicopter shown in Equation 23. The pitching moment coefficient of the fuselage is defined as 266 

𝐶𝐶𝑀𝑀𝑦𝑦𝐹𝐹
=

𝑀𝑀𝑦𝑦𝐹𝐹
1
2𝜌𝜌𝑉𝑉∞

2(𝜋𝜋𝑅𝑅2)(2𝐿𝐿𝑥𝑥)
 267 

(24) 268 

where, 𝜌𝜌 is the air density, and 𝑉𝑉∞ is the free stream velocity. For the quadrotor aircraft investigated, 𝐿𝐿𝑥𝑥 and 𝐿𝐿𝑦𝑦 are 269 
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both set to be 1.5𝑅𝑅. The quadrotor aircraft flies at sea level. 270 

Table 1 Main rotor parameters [20, 21] 271 

Variable Value 

Main Rotor Radius 8.1778 m 

Main Rotor Speed 27.0 rad/s 

Blade Chord Length 0.5273 m 

Blade Twist Nonlinear 

Blade Airfoil SC1095/SC1094R8 

Number of Blades 4 

Flap Hinge Offset 0.381 m 

Blade Mass per Unit Length 13.92 kg/m 

Longitudinal Shaft Tilt 3o 

3.1. Aerodynamic Influence 272 

For convenience, 𝐿𝐿𝑧𝑧 and 𝐶𝐶𝑀𝑀𝑦𝑦𝐹𝐹
 are first set to zero. Figure 5 shows the aircraft pitch with the forward speed, with 273 

and without the aerodynamic interference. The aircraft pitch increases with the forward speed, since the fuselage 274 

has to tilt more to provide enough propulsive force to balance the increasing drag of the aircraft. The aerodynamic 275 

interference causes the increase in the tilt, but the increase is small. At a speed of 250km/h, the aircraft pitch 276 

increases by 0.21o. It is obvious that the aerodynamic interference between the rotors has a weak influence on the 277 

attitude of the aircraft.  278 

Figure 6 shows the rotor collective rotor pitch for different forward speeds with and without the aerodynamic 279 

interference. In the figure, Ri denotes rotor i. Without the aerodynamic interference, the difference of the collective 280 

rotor pitch angles between the front and rear rotors is substantially small. The rear rotor has a larger collective 281 

rotor pitch than the front rotor within the speed range studied. The collective rotor pitch decreases with the 282 

forward speed first, and then increases. With the interference considered, the collective rotor pitch of the front rotor 283 
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decreases at low to medium forward speed, compared with the value without the interference. The interference 284 

suggests limited benefits to the front rotor. For the rear rotor, the collective rotor pitch increases distinctly, 285 

especially at medium speeds, which indicates that the strongest interference occurs at this speed with a strong effect 286 

on the rotor performance. 287 

  288 

Fig. 5. Aircraft pitch.                      Fig. 6. Collective rotor  pitch for different forward speed. 289 

Figure 7 shows the variation of the wake skew angle with the forward speed. The skew angles of the front and 290 

rear rotors are almost identical. First, they drastically decrease with the forward speed, and then slowly increase. At 291 

160km/h, the minimum occurs. At a low speed, the large induced velocity pushes the trailed wake far from the rotor 292 

disk. At a high speed, the aircraft pitch shown in Figure 5 also places the wake far from the rotor disk. The 293 

minimum wake skew angle appears at a medium speed, where the strongest aerodynamic interference is seen. 294 

 Figure 8 shows the induced factors for different forward speeds. 𝑘𝑘12 is negative, which means the wakes 295 

trailed from ROTOR 2 induced a upwash to ROTOR 1. ROTORs 3 and 4 induced downwash to ROTOR 1 but with 296 

rather small magnitude. The resultant induced velocity from the other rotors is upwash, which is beneficial for 297 

ROTOR 1. 𝑘𝑘31 is much larger than the other factors, which means that the wakes trailed from ROTOR 1 induce a 298 

rather large downwash to ROTOR 3. Since the downwash induced by ROTOR 1 is much larger than the resultant 299 

upwash induced by ROTORs 2 and 4, especially at medium forward speeds, the performance of ROTOR 3 is 300 
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expected to decrease distinctly. 301 

 302 

Fig. 7. Wake skew angle for different forward speed.   Fig. 8. Induced factors for different forward speed. 303 

Figure 9 shows the rotor thrust for different forward speeds with and without the aerodynamic interference. The 304 

interference has a small influence on the rotor thrusts. With an increase in the speed, the rear rotor thrust becomes 305 

larger than the front rotor, and the thrust difference increases drastically. At a speed of 250km/h, the difference is 306 

513.2kg without the interference and 528.3kg with it, which has a difference of 2.9%. This thrust difference 307 

between the front and rear rotors forms a nose down pitching moment. Since 𝐿𝐿𝑧𝑧 and 𝐶𝐶𝑀𝑀𝑦𝑦𝐹𝐹
 are set to zero, that 308 

moment is used to balance the nose up pitching moments generated by the front and rear rotors indicated in 309 

Equation 4. Without cyclic pitch controls, the rotors usually generate nose up pitching moments due to the blade 310 

flapping, which increase with the forward speed. This is the reason why the trimmed thrust of the rear rotor is larger 311 

than the front rotor, and the difference increases with the speed. 312 

Figure 10 shows the rotor power for different forward speeds with and without the aerodynamic interference. 313 

Without the interference, the rear rotor consumes more power than the front rotor due to its larger thrust. With the 314 

interference, the front rotor power first decreases and then increases by a small amount, compared with the values 315 

without the interference. The aerodynamic interference is beneficial for the front rotor at low to medium forward 316 

speeds, but the benefit disappears at high speed flight. The rear rotor power increases distinctly, and its performance 317 
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reduces significantly. At speeds of 100km/h and 250km/h, the power changes for the front rotor are -2.9% and 318 

+0.36%. The values for the rear rotor are +46.1% and +9.4%. The strongest aerodynamic interference on the rear 319 

rotor appears at a medium speed due to the wake trailed from ROTOR 1 approaching ROTOR 3 much closer, 320 

which is indicated in Figure 8. The power requirement of the whole aircraft increases distinctly. Generally speaking, 321 

aerodynamic interference is not beneficial for X-configuration quadrotor aircraft. 322 

 323 

Fig. 9. Rotor thrust for different forward speed.          Fig. 10. Rotor power for different forward speed. 324 

The aerodynamic interference primarily changes the induced velocities over nearby rotors, which naturally leads 325 

to changes in the induced power. Figure 11 shows the rotor induced power for different forward speeds with and 326 

without the aerodynamic interference. The induced power of the front rotor decreases within the speeds studied, 327 

when considering the interference. At the speeds of 100km/h and 250km/h, it reduces by 5.5% and 3.9%. For the 328 

rear rotor, the interference causes a distinct power increase. The increment first increases with the forward speed, 329 

and then decreases. At a medium speed, the increment reaches its maximum. This trend agrees with the variation of 330 

the interference factor shown in Figure 8.  331 

Figure 12 shows the rotor profile power for different forward speed with and without the aerodynamic 332 

interference. For the front rotor, the change in the profile power is little. For the rear rotor, the increase is obvious, 333 

but the magnitude is relatively small compared with the induced power. At a speed of 250km/h, the change of the 334 
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profile power of the rear rotor is 7.6% of the total rotor power change. The increment of the induced power 335 

contributes most of the power increase seen in the rear rotor. 336 

   337 

Fig. 11. Rotor induced power for different forward speed. Fig. 12. Rotor profile power for different forward speed. 338 

It should be pointed out that, the front rotor power increases with a very small magnitude at high speed flight due 339 

to the aerodynamic interference. At this state, the induced power decreases and the profile power remains 340 

unchanged. However, the tilt of the aircraft increases, as shown in Figure 5, which increases the drag of the aircraft. 341 

The front rotor has to generate a larger propulsive force, and the parasitic power increases correspondingly. The 342 

increase in the parasitic power counteracts the decrease in the induced power. 343 

3.2 Fuselage Pitching Moment 344 

The previous results indicate that each rotor typically produces a pitching up moment and the difference of thrust 345 

between front and rear rotors balances it. Usually, aircraft fuselages generate nose down pitching moments. To 346 

investigate the effect of the pitching moment of the fuselage on the trim and flight performance, the pitching 347 

moment coefficient of the quadrotor aircraft is set to -0.01, -0.02 or -0.03.  348 

Figure 13 shows the aircraft pitch with the forward speed for different fuselage pitching moment. The aircraft 349 

pitch angles are almost identical, which suggests that the pitching moment has little influence on the tilt of the 350 

fuselage. Equation 12 illustrates that the aircraft pitch is primarily determined by the forces acting on the aircraft, 351 
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and the moment has little influence. 352 

      353 

Fig. 13. Aircraft pitch for different pitching moment.   Fig. 14. Rotor thrust for different pitching moment. 354 

Figure 14 shows the rotor thrust with the forward speed for different fuselage pitching moment. At a low speed, 355 

the rear rotor generates a larger thrust than the front, since the sum of the nose up pitching moments generated by 356 

the rotors is larger than the nose down moment generated by the fuselage. Otherwise, the rear rotor generates 357 

smaller thrust. At a larger pitching moment coefficient and faster forward speed, the front rotor generates larger 358 

thrust. At a speed of 250km/h and moment coefficient of -0.03, the front rotor generates 1368.3kg more thrust than 359 

the rear rotor. Large pitching moments can cause large thrust differences between the front and rear rotors, which 360 

may not be desirable, especially if simple and economic designs of quadrotors employ similar rotors front and back. 361 

The pitching moment mainly changes the rotor thrusts, not the attitude of the rotor disk, and has little influence on 362 

the wake skew angles. It can be deduced that the pitching moment has little influence on the aerodynamic 363 

interference. 364 

Stiffer rotors can provide larger rotor rolling and pitching moments. To counteract the nose down pitching 365 

moment generated by the fuselage, an effective means is to make the blades stiffer in the flapwise direction, which 366 

agrees with the increase in the natural frequency of the fundamental flapping mode. For an articulated rotor with 367 

uniform blade properties, the blade flapping frequency ratio can be calculated by 368 



21 

𝜈𝜈𝛽𝛽 = �1 +
3𝑒𝑒
2𝑅𝑅

+
𝑘𝑘𝛽𝛽
𝐼𝐼𝛽𝛽Ω2 370 

(25) 369 

where, 𝑒𝑒 is the flap hinge offset, 𝑘𝑘𝛽𝛽 is the hinge spring stiffness, 𝐼𝐼𝛽𝛽 is the blade flapping moment of inertia, and Ω 371 

is the rotor speed. 372 

For the baseline blade used in this work (articulated, 𝑘𝑘𝛽𝛽 = 0), the frequency ratio is 1.034. By adding a suitable 373 

hinge spring, the frequency ratio can be increased. The pitching moment of the fuselage is set to -0.03. Figure 15 374 

shows the thrust difference (the front rotor thrust minus the rear rotor thrust) with the forward speed, for different 375 

blade flapping frequency ratios. For the baseline rotor with a frequency ratio of 1.034, the front rotor generates 376 

much larger thrust than the rear rotor at medium to high speed flight. This nose up moment due to thrust unbalance 377 

decreases distinctly with increasing frequency ratio. It can thus be concluded that using stiffer blades can 378 

effectively produce nose up pitching moment to balance the nose down pitching moment generated by the fuselage. 379 

This can be helpful to reduce the thrust difference between the front and rear rotors. 380 

Figure 16 shows the rotor power with the forward speed for different fuselage pitching moment. The pitching 381 

moment has substantially small influence on the front and rear rotor power, and the effect becomes pronounced at 382 

large forward speeds. At very high speeds, the variation of power is noticeable. As the pitching moment changes 383 

from 0.0 to -0.03, the front rotor power increases by 10.4% and the rear rotor power decreases by 8.4% at a speed 384 

of 250 km/h. The total power increases by 0.26%, which is a very small change. Due to the increase in one rotor 385 

power with the decrease in the other rotor, the change of the overall power is relatively small. The pitching moment 386 

changes the power distribution between the front and rear rotors, but not the total power. 387 
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   388 

Fig. 15. Thrust difference for different flapping frequency.  Fig. 16. Rotor power for different pitching moment. 389 

3.3 Vertical Distance between the Rotor Plane and Mass Center 390 

To investigate the effect of the vertical distance between the rotor plane and the mass center of the aircraft, the 391 

pitching moment of the aircraft is set to zero. Figure 17 shows the rotor thrust with the forward speed for different 392 

vertical distances of -0.2R, 0.0R and 0.2R. Different vertical distances lead to different distributions of the rotor 393 

thrusts between the front and rear rotors. In the three cases studied, the rear rotor generates larger thrust than the 394 

front rotor, which can lead to a nose down pitching moment. Changing the location of the mass center relative to 395 

the rotor plane changes the pitching moments generated by the fuselage drag and aircraft weight about the 396 

geometrical center indicated in Equation 4. Its effect is similar to changing the pitching moment of the fuselage. 397 

Lowering the mass center leads to a larger nose up pitching moment to be balanced. Raising the mass center, the 398 

moment decreases. It can be concluded that the thrust difference can be adjusted or optimized by changing the 399 

position of the mass center relative to the rotor plane. Since the vertical distance changes the pitching moment, its 400 

effect is similar to changing the pitching moment of the fuselage. 401 
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 402 

Fig. 17. Rotor thrust for different vertical distance. 403 

The position of the mass center relative to the rotor plane has substantially small influence on the rotor power. At 404 

a speed of 250km/h, raising the mass center above the rotor plane by 0.2R leads to an increase in the front rotor 405 

power by 1.8%, and a decrease in the rear rotor by 1.8%. Lowering the center below by 0.2R leads to a decrease in 406 

the front rotor power by 1.7%, while the rear rotor power increases by 2.0%. The total power of the aircraft remains 407 

almost unchanged. 408 

3.4 Fuselage Drag 409 

The pitching moment of the fuselage and the vertical distance between the rotor plane and the mass center are set 410 

to zero. Figure 18 shows the aircraft pitch with the forward speed for different fuselage drag values (reducing the 411 

drag to 25%, 50% and 75% of the baseline). It is obvious that the aircraft pitch increases drastically with the speed, 412 

especially at high speed flight, which is due to the fast increase in the drag with the aircraft pitch. Reducing the 413 

drag decreases the aircraft pitch, since smaller propulsive force is needed to balance the drag. 414 

Figure 19 shows the rotor thrust with the forward speed for different fuselage drags. The rotor thrust changes 415 

substantially small with the forward speed, even at a high speed. At a speed of 250km/h, the rear rotor thrust 416 

decreases by 0.84%, and the front rotor thrust increases by 0.18%, as the fuselage drag decreases by 50%. Larger 417 

fuselage drag leads to larger aircraft pitch, as shown in Figure 18, since the rotors have to generate more propulsive 418 
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force.  419 

Figure 20 shows the rotor power with the forward speed for different fuselage drag values. At low to medium 420 

speed flight, the variation of the front or rear rotor power is relatively small. At a high speed, the front or rear rotor 421 

power decreases distinctly with the reduction of the fuselage drag, which means the reduction of the parasitic 422 

power of the aircraft. Naturally, the rotor power decreases. At a speed of 150km/h, as the fuselage drag decreases 423 

by 50%, the front rotor power decreases by 9.2%, and the rear rotor power decreases by 4.0%. At a speed of 424 

250km/h, the values for the front and rear rotors are 30.6% and 26.8%. Reducing the fuselage drag at high speed 425 

flight is seen to be highly beneficial. 426 

 427 

Fig. 18. Aircraft pitch for different fuselage drags.   Fig. 19. Rotor thrust for different fuselage drags. 428 

Figure 21 shows the rotor induced power with the forward speed for different fuselage drags. For the front rotor, 429 

the variation of the induced power is rather small. For the rear rotor, the induced power increases with the decrease 430 

in the drag. At a speed of 250km/h, the induced power of the rear rotor increases by 13.7% with the drag decreasing 431 

by 75%, but the magnitude is much smaller than the change of the rotor power. The aircraft pitch decreases with 432 

reducing the drag, as show in Figure 18. The decrease in the aircraft pitch can lead to the increase in the 433 

aerodynamic interference, which can cause the increase in the induced power of the rear rotor. 434 
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   435 

Fig. 20. Rotor power for different fuselage drags.  Fig. 21. Rotor induced power for different fuselage drags. 436 

Figures 22 and 23 show the interference factors with the forward speed for different fuselage drags. 𝑘𝑘12 and 𝑘𝑘14 437 

remain almost unchanged with the drag. 𝑘𝑘13 decreases with the decrease in the drag, especially at a high speed. 438 

However, the magnitude is rather small. So, the aerodynamic interference between the rotors has little effect on the 439 

induced power of the front rotor, as the fuselage drag changes. 𝑘𝑘31 increases, as the drag decreases. It dominates the 440 

aerodynamic interference on the rear rotor, and causes an increase in the induced power. The variation of 𝑘𝑘32 441 

indicates that the positive effect increases, as the drag decreases. However, the magnitude is small compared with 442 

𝑘𝑘31. 𝑘𝑘34 remains unchanged with the drag. As the fuselage drag decreases, the aircraft pitch also decreases. The 443 

wake trailed from the front rotor approaches the rear rotor, and then the induced power of the rear rotor increases. 444 

Figure 24 shows the rotor profile power with the forward speed for different fuselage drags. Reducing the drag 445 

can decrease the rotor profile power, especially at high speed flight. At a speed of 250km/h, the profile power of the 446 

front rotor decreases by 5.2%, as the drag is reduced by 50%. This value is 11.8% for the rear rotor. The absolute 447 

change of the profile power is much small compared with the change of the rotor power shown in Figure 20. The 448 

change of the profile power of rear rotor is 10.4% of the change of the rotor power. It can be concluded that the 449 

reduction of the power is mainly due to the reduction of the parasitic drag. 450 
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   451 

Fig. 22. Interference factors to ROTOR1 .            Fig. 23. Interference factors to ROTOR 3. 452 

 453 

Fig. 24. Rotor profile power with forward speed for different fuselage drag values. 454 

4. Conclusions 455 

To analyze the flight performance of a X-configuration quadrotor, a performance model considering the 456 

propulsive trim of the whole aircraft combined with an aerodynamic interference model among the four rotors is 457 

derived. By using the configuration symmetry of the quadrotor aircraft, the six equilibrium equations is reduced to 458 

three. An iterative algorithm is proposed to obtain the converged solution of the equations. The analyses yielded the 459 

following conclusions: 460 

1) The aerodynamic interference is beneficial for the front rotors at low to medium speed flight, since the nearby 461 

front rotor mutually induced a larger upwash than the resultant downwash induced by the rear rotors. The collective 462 
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rotor pitch and power of the front rotor decrease with a small magnitude, and this benefit disappears at high speed 463 

flight. 464 

2) The aerodynamic interference is harmful to the rear rotors, since the front rotor right ahead a rear rotor induces 465 

a rather larger downwash than the resultant upwash induced by the two side rotors. The collective rotor pitch and 466 

power increase distinctly. This side effect culminates at a medium speed.  467 

3) The rotors can generate nose up pitching moments, which can cause the thrust generated by the rear rotor is 468 

larger than the front rotor. The thrust difference increases distinctly with increasing the forward speed. This nose up 469 

pitching moment can be increased by increasing the blade rigidity in the flapwise direction, which can be used to 470 

counteract the pitching moment generated by the fuselage to reduce the thrust difference. 471 

4) The pitching moment of the fuselage primarily changes the rotor collective angles and the thrust distribution 472 

between the front and rear rotors. It has a very small influence on the aircraft pitch, and is not significantly affected 473 

by the aerodynamic interference. It can, however, affect the rotor power, and this becomes pronounced at medium 474 

to high speed flight. 475 

5) The vertical distance between the mass center of the quadrotor aircraft and the rotor plane primarily changes 476 

the distribution of the thrusts between the front and rear rotors, and has substantially small effect on the rotor 477 

powers. Since the vertical distance changes the pitching moment, its effect is similar to changing the pitching 478 

moment of the fuselage. 479 

6) Reducing the fuselage drag may lead to an increase in the rotor induced power, due to the stronger 480 

aerodynamic interference. However, the magnitude of this increase is small. Reducing the fuselage drag can lead to 481 

a small reduction of the rotor profile power. Its reduction comes from the decrease in the parasite power.  482 

Data Availability Statement 483 
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