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Tail-sitter vertical takeoff and landing control for

thrust-vectored unmanned aerial vehicle

KUANG Min-chi†, ZHU Ji-hong, WU De-gui
(Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

Abstract: The tail-sitter vertical takeoff and landing control for a thrust-vectored UAV (unmanned aerial vehicle) is
discussed. To avoid the problem of Euler angles singularity, we propose a method for obtaining the composite attitude
representation for horizontal/vertical Euler angles. To obtain the fast response while preventing the overshoot, in the con-
troller we employ the linear/constant acceleration approximation as well as the amplitude-limited angular rate integration
approximation, and adopt an anti-torque compensation to the final deviations in servo angles. In addition, a special data
fusion algorithm using iterative calculations is proposed to ensure the accuracy for the altitude data. To deal with the strong
coupling between the altitude and attitude of the vehicle in tail-sitter takeoff and landing, we design an altitude controller
based on the filtered feedforward acceleration algorithm. Experimental results of tail-sitter takeoff and landing validate the
effectiveness of the proposed control method.
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Fig. 1 Flight of the tail-sitter aircraft
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2 (Model of thrust-vec-
tored aircraft)
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:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

m(U̇ +QW −RV ) =

−mg sin θ+
T

2
(cos δlp+cos δrp)cos δlry+2Tassist,

m(V̇ +RU − PW ) =

mg sinφ cos θ−T

2
(cos δlp+cos δrp)sin δlry,

m(Ẇ + PV −QU) =

mg cosφ cos θ+
T

2
cos δlry(sin δlp+sin δrp),

(1)

: m ; U , V , W
x, y, z ; θ, φ, ψ

; δlp δlr
, δlry

,
2 ;

, T ;
,

,
Tassist.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ṗ Ix +QR(Iz − Iy)− (Ṙ+ PQ)Ixz =

− T

2
l cos δlry(sin δlp − sin δrp) +MK,

Q̇Iy − PR(Iz − Ix) + (P 2 −R2)Ixz =

T

2
d cos δlry(sin δlp + sin δrp),

ṘIz + PQ(Iy − Ix) + (QR− Ṗ )Ixz =

T

2
d(cos δlp + cos δrp) sin δlry,

(2)

: P , Q, R x, y, z

; Ix, Iy, Iz x, y, z

; Ixz xz ; l
; d

.

2

Fig. 2 Deflection angle of thrust-vectored nozzles

3 (Attitude control method)

3.1 (Attitude representation)

,
, . 90◦,

.

.
, –

. /
,

, ,
.

,
, :

Cn
b =

⎡
⎢⎣cxx cxy cxz
cyx cyy cyz
czx czy czz

⎤
⎥⎦ . (3)

,
, , (4)

:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

θH = arcsin(−czx),
φH = arctan(

czy
czz

),

ψH = arctan(
cyx
cxx

),

(4)

: θH, φH, ψH

. ,
. θH 90◦

,
. ,
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(5) :⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

θV = arcsin(−czz),
φV = arctan(

czy
−czx ),

ψV = arctan(
cyz
cxz

),

(5)

θV, φV, ψV

.
,

y 90◦, , 3
. , ,

θH = 0◦ .
, .

, / .
.

, ,
.

(a) (b)

3

Fig. 3 Contrast between two kinds of body coordinates

/ ,
.

⎧⎪⎪⎨
⎪⎪⎩
ωHy = ωgyro y,

ωHx = ωgyro x,

ωHz = ωgyro z,

(6)

: ωHy, ωHx, ωHz

y, x, z ; ωgyro y, ωgyro x, ωgyro z

y, x, z ,

⎧⎪⎪⎨
⎪⎪⎩
ωVy = ωgyro y,

ωVx = ωgyro z,

ωVz = −ωgyro x,

(7)

: ωVy, ωVx, ωVz

y, x, z .

3.2 (Attitude controller design)

/ ,

. ,
, 1 .

,

,
, . ,

,
, .

1
Table 1 Switch condition of control mode

→ θH < 60◦

θH > 60◦

→ θH > 30◦

θH < 30◦

/
. , (8)

y ωffyi:

ωffyi =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
2amax(|θr − θT[k]| − θline

2
),

θr − θT[k] > θline;

−
√
2amax(|θr − θT[k]| − θline

2
),

θr − θT[k] < −θline;
Ksmooth · (θr − θT[k]),

|θr − θT[k]| � θline;

(8)

: amax ; θr ;
θT[k] k ; Ksmooth

, Ksmooth , ,
; θline / , (9)

θline = amax/K
2
smooth. (9)

θline
, ;

, ,
. Ksmooth , /

ωffyi θr − θT[k] 4 .
, ,

.

4 ωffyi θr − θT[k]

Fig. 4 Functional relation between ωffyi and θr − θT[k]
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, (10) ωffyi

θT[k + 1] = θT[k] + ωffyi ·Δt. (10)

φr φT[k] ωffxi φT[k + 1]

, .

.
,

ψ̇r.
z ωffzi

ωffzi =

{
ψ̇r, |ψ̇r| < ψ̇limit;

ψ̇limit, |ψ̇r| � ψ̇limit,
(11)

ψ̇limit .
ψH ψV ,

.
ψ̇limit ,

, .
:

ψT[k + 1] = ψT[k] + ωffzi ·Δt, (12)

ψT[k] k .

,
,

Δθi,
Δφi Δψi. (13),

, Δθb,
Δφb Δψb:⎧⎪⎪⎨

⎪⎪⎩
Δθb = Cr ·Δθi + Sr · Cp ·Δψi,

Δφb = Δφi − Sp ·Δψi,

Δψb = −Sr ·Δθi + Cp · Cr ·Δψi.

(13)

,
,⎧⎪⎨

⎪⎩
Cr =

czz√
1− c2zx

, Sr =
czy√
1− c2zx

,

Cp =
√
1− c2zx, Sp = −czx.

(14)

,
,⎧⎪⎨

⎪⎩
Cr =

−czx√
1− c2zz

, Sr =
czy√
1− c2zz

,

Cp =
√
1− c2zz, Sp = −czz,

(15)

ωffyi, ωffxi ωffzi

,
, .

ωry, ωrx ωrz.

, (16) :⎧⎪⎪⎨
⎪⎪⎩

Δωy = ωry + ωffyb − ωHy,

Δωx = ωrx + ωffxb − ωHx,

Δωz = ωrz + ωffzb − ωHz,

(16)

, ωHy, ωHx

ωHz ωVy, ωVx ωVz .

,
. , /

, ,
.

,⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

δpitch=kpΔωy+ki
�
Δωydt+kdΔω̇y,

δroll=kpΔωx+ki
�
Δωxdt+kdΔω̇x + δanti T,

δyaw=kpΔωz+ki
�
Δωzdt+kdΔω̇z,

(17)

,⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

δpitch=kpΔωy+ki
�
Δωydt+kdΔω̇y,

δroll=−(kpΔωz+ki
�
Δωzdt+kdΔω̇z) + δanti T,

δyaw=kpΔωx+ki
�
Δωxdt+kdΔω̇x,

(18)

: kp, ki kd
; δanti T

.

, δanti T
. δanti T ,
:

T Ω

:

T = CT

ρ

2
Ω2R2 · πR2, (19)

: CT ; ρ ; R
. MK Ω :

MK = −mK

ρ

2
Ω2R2 · πR2 ·R, (20)

mK , x

2T sin δanti T · l +MK = 0, (21)

δanti T = arcsin
mKR

2CTl
, (22)

δanti T Ω , ,
.
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,
. , ,

δanti T .

δpitch, δroll δyaw ,

(23) :

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
δlp = δpitch − δroll,

δrp = δpitch + δroll,

δlry = δyaw.

(23)

5 .

5
Fig. 5 The structure of the entire attitude controller

4 (Altitude control method)

4.1 (Data fusion algorithm for
altitude)

,
.

,
,

.
,

.

Hbaro, k + 1

ΔH[k+1]=

Hbaro−(Hestimate[k−n]+Hcorrect[k]), (24)

: Hestimate[k − n] k − n

; Hcorrect[k] k

. ,
n ·Δt ,

,
n ·Δt , Δt

. Hestimate[k−n]
, ,

, n .
, Hbaro Hestimate[k−n]

, Hcorrect[k] ΔH[k + 1] .

Hcorrect[k]

, ,

. k + 1

acorrect[k+1] = acorrect[k]+ΔH[k+1] · ka, (25)

ka ,
,

ΔH[k+1] acorrect[k]

.

abx, aby abz, ,
a:

a = −(czx · abx + czy · aby + czz · abz − g). (26)

,
a.

,
.

(25) acorrect[k + 1] a

, Δt, k + 1

:

ΔV [k + 1] = (a+ acorrect[k + 1]) ·Δt. (27)

, ΔH[k + 1]

, k + 1

:

V [k+1]=V [k]+ΔV [k+1] +ΔH[k+1]·kv, (28)
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kv ,
,

ΔH[k+ 1] V [k] . V [k+ 1]

V .

(28) ,
. :

Vestimate[k+1] =

V [k] +K ·ΔV[k+1] + ΔH[k+1]·kv, (29)

K , . K
, ,

. ,
. k + 1

Hestimate[k+1] =

Hestimate[k] + Vestimate[k+1]·Δt. (30)

,
ΔH[k + 1]

.
, , ,

ΔH[k+1] .
k + 1 ΔH[k + 1]

Hcorrect[k+1] = Hcorrect[k] + ΔH[k+1] · kH,
(31)

kH ,
,

ΔH[k + 1] Hcorrect[k] .
Hcorrect[k] , k + 1

H[k+1]=Hestimate[k+1]+Hcorrect[k+1]. (32)

H[k + 1] H .

a, V

H , .

4.2 (Altitude controller design)

,

, :
;

. ,
, .

:
. ,

Vr,
HT.
/ ,

VT:

VT =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

√
2amaxz(|HT −H| − Hline

2 ),

HT −H > Hline;

−
√

2amaxz(|HT −H| − Hline
2 ),

HT −H < −Hline;

Ksmoothz · (HT −H),

|HT −H| � Hline;

(33)

: amaxz ; Hline /
; Ksmoothz

.

VT ,
k + 1 :

ΔV [k + 1] = Ka(VT[k + 1]− VT filt[k]), (34)

: Ka ; VT filt k

,

VT filt[k + 1] = VT filt[k] + ΔV [k + 1], (35)

affd

affd = ΔV [k + 1]/Δt. (36)

VT V ,
LPF P , affd

, aT. aT a

,
, PI

.
, T .

6 .

6

Fig. 6 The structure of the entire altitude controller
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5 (Experimental results and
analysis)

,
1.5 m, 0.96 m, 4 kg.

,
.

, .
, ,
±20◦.

,
. 7 .

7

Fig. 7 The structure of the UAV system

,

. ,
.

8.

8

Fig. 8 Tail-sitter takeoff and landing experiment

,
.

9 .
0◦ .

, ,
. ,

,
. ,

,
,

.
, ,

170◦ .

9

Fig. 9 Vertical Euler angles during takeoff and landing

10 . δlp δrp

,
, ,

±17◦. z ,
, δlry

, ±5◦ . ,
,

.
, ,

.
,

.

11 . ,
/ ±10 cm · s−1. ,
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3 cm · s−1. /
,

, .
12 ,

Tp .

10
Fig. 10 Deflection angle of thrust-vectored nozzles during

takeoff and landing

(a)

(b)
11

Fig. 11 Altitude and vertical velocity during takeoff

and landing

12

Fig. 12 Throttle during takeoff and landing

6 (Conclusions)

, :
1) / ,

.
2) .

/
,
, .

3) ,
,

.
4) ,

,
.
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