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The quadrotor sy University

Quadrotor aerial vehicle is the most
flexible and adaptable platforms for
undertaking aerial research.

« Small and safe.
» Operates well in indoor laboratory
environment.

« Many manufacturers but fairly Small scale research quadrotors
uniform functionality. and larger commercial vehicles
« Can carry sensor and computer use identical control code.

payload to function autonomously —
at least for short time.

« Capable of hover flight or forward
flight.

« Sensing and control problems are
ubiquitous for aerial robotics.
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Quadrotors Snezy University

Quadrotor control is achieved by

, b . .
% R ‘PT differential control of the thrust
C_D 2 generated by each rotor.
T: 1 W, « Heave (total thrust) is the sum
C_D of thrust generated by each
- QS § .72 ), by rotor.
vog % « Pitch and roll are obtained by

differential thrust along the NS
axis or EW axis.

« Yaw control is obtained by
differential control of the NS
rotors compared to the EW

front &
rotors such that the total thrust
A quadrotor consists of 4 individual rotors is constant.

attached to a rigid cross airframe.

A quadrotor is under-actuated and the remaining degrees of freedom, translational
velocity in the horizontal plane, must be controlled through the system dynamics.
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The conceptual idea of a quadrotor is
straightforward to extend to multirotor
vehicles.

The advantage of these configurations is
safety and and redundancy rather than
aerodynamic efficiency.
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velocity gravity

position thrust

\'z,U / /drag

mv = mges — 1T Res —
rotation = RO,

matrix £ =(z,y,2)
IQ=-QxIQ+T,

\
inertia 4or \ torque {A}

angular velocity

A _
Rp=R
0 Q3 €
Q. =1 Q3 0 -4 Orientation matrix AR 5 € SO(3).
-y 0
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Rigid-body dynamics in generalized coord. S22 averaty

Rigid-body dynamics in
homogeneous coordinates

R = RQ,
I0=-QxIQ+T.

muv = mges + 1 Res

: ] S Cyy

éjl o PR Rigid-body

{2 = V2, 0= c. 0 — 5,0 dynamics in
: . Cwit2 T SpRis local

§3 = Us, = Q1+ tesy§a + tocy s | generalised

m(Ul ) T(CIDSQCQb —|— Swsgb) Ilﬂl — (12 . 13)9293 _|_ T COOI’dInateS.

mig = T(cypsesp — SyCs) Ty = (I3 — 1)U Q3 + T
mosz = mg + T(cycy) I50; = (I —I5)Q:Q9 + 73

.il"):f(ilj,u)
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Primary aerodynamics of quadrotor 54 University

The aerodynamics of rotors was extensively studied during the mid
1900’s with the development of manned helicopters and detailed models
of rotor aerodynamics are available in the literature.

Much of the detail in these aerodynamic models is useful for the
design of rotor systems where the whole range of parameters, rotor ge-
ometry, profile, hinge mechanism, and much more, are fundamental to
the design problem.

T

For a typical robotic quadrotor ve-

. LT) 3 hicle the rotor design is a question of
g J;i)‘i" choosing one of among five or six avail-
. TRk &W)fmwt able rotors and motors from the hobby
- ! - shop. Most of the complexity of aero-
LT) dynamic modeling is best ignored.
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Primary thrust relationship 552 University
- 500
The thrust c; coefficient for a P
given rotor motor system is best Ay
identified using static thrust tests. 400
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The total thrust at hover

4 4
T() = Z |Tf,,| = Cr (wa)
1=1 1=1

The hover thrust is the the primary
component of the exogenous force

F = —-Thes + A

where A comprises secondary aerody-
namic forces that are induced when the
assumption that the rotor is in hover is
violated.

3 University

Predicted hover T
thrust Actual rotor thrust

We will look at one or two of the
secondary aerodynamic effects
since they effect secondary stability.

But we will base the control design
on the primary model.
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The net moment arising from the
aerodynamics are

2 2
T, = —crd;(w) — w5)
_ ) 2 2 T
Ty = crdi(wi — w;)
_ 2 2 2 2
7. = c@(w] — w; + w3 — wy) 2 T
Ce >
C \_
n, yf B | - front
& |
T 7r V|
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We can write this in matrix form

1o cr CT CT CT w%

T | 0 —dcp 0 der w3

= 2

Ty dCT 0 — dCT 0 (v

T, CQ —CQ cQ —CQ wﬁ
r

In the control design, then the desired thrust and moments we can
be solved for the required rotor speeds using the inverse of the constant

matrix I'.
In order for the vehicle to hover, one must choose suitable w; by

inverting I' such that 7 = 0 and Ty = mg.
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Secondary Aerodynamic effects 55224y University

There are a number of secondary aerodynamic effects
associated with quadrotors.

Horizontal forces Vertical Forces
« Blade flapping * Ground effect
« Parasitic drag  Inflow damping
* Aerodynamic drag * Translational lift

Other aerodynamic effects
 \ortex states
 Flow variation due to local environment

Modelling, estimation and control of quads 23-May-16 14
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Horizontal aerodynamic forces Hﬁ;(\',%?glty
;’Il""*'ﬁf ) Blade flapping;:
T The flexibility of the blades allows the
inclined lift tip-path-plane to tilt back to balance
Happing angle acrodynamic forces.

The rotor thrust is tilted back and
generates a Horizontal force

—>

apparen winl

vehicle velocity
H < —’Uh£
wrT
Parasitic drag: 4
The advancing rigid blade generates mo —
zontal force o< —(wR + vy )?. T, YA
The retreating blade generates less hor
force o< +(wR —vy,)2. 4—7
The net horizontal force is 1

wor Apparent Wind

T, 4
T |> T

Horizontal force

Modelling, estimation and control of quads 23-May-16 15



Aerodynamic drag

Australian
» National
3 University

(=

Drag force

FDocvlzl

Aerodynamic drag has similar characteristics to blade flapping effects.

Aerodynamic drag is quadratic in velocity: It is negligible at low speeds and
dominates at high speed.

Blade flapping is linear with velocity: It is dominant at low speeds and
negligible at high speed.
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Ground effect Snezy University
~ \\’ \\,\lll f / 5 j’ /“ e With ground effect the actual thrust
= ROTOR generated is higher than the free air thrust

ot

/ Tactual = UTfree

AN
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OUT-OF-GROUND-EFFECT HOVER.
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FIGURE 2-38. IN-GROUND-EFFECT HOVER. 0 05 1 15 2 25
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Other aerodynamic effects S22 University

Inflow damping

| , upstream
|II * IIIII
Thrust
L]
rotor Reduced thrust
disk ™\ _ /
- 1 ,
V+y slipstream

. V+w

| |

| Y downstream
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Other aerodynamic effects S22 University

Translational lift
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Vortex state

A vortex state in a full sized helicopter
occurs when the tip vortex grows to
create a closed air cell in which the

helicopter is trapped. The helicopter C O
will fall to the ground unless the pilot

takes action.

Vortex state is generally caused in
vehicles carrying heavy payloads and
descending slowly. For this reasons,
most helicopters do not directly
descend in hover, they will always fly 1
in at an angle.

Ir JI

Modelling, estimation and control of quads 23-May-16 20



Australian

Part Ill: State Estimation , Uﬁfiv%??,i'ty




Australian
National

Estimation from IMU and GPS S22 University

~» The state estimation problem for small quadrotor vehicles is a fundamental
component of the avionics.

» Effective algorithms are simple, robust, low computational-complexity.

(» Complementary oberservers were an enabling technology from 2005-2010 and
are still an observer of choice for many groups, although sensor quality has now
improved to the point where EKF and other more sophisticated algorithms will

Qvork. )
Measurements in a typical Avionics Suite

Gyroscope: OQmu =2+ b +n

Accelerometer: apy =R (0 - ge3) + b, + 1,

Magnetometer: mpu = R"m + B, (i1,...,44) + 1

Barometer: ZIMU = 2 — 20 + by + 12

GPS: §aps =& + ¢
Vision

Modelling, estimation and control of quads 23-May-16 22
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Complementary filters S22 University

Complementary filters are particularly well suited to fusing low band-
width position measurements with high band width rate measurements
for first order kinematic systems.

T = u.
with typical measurement characteristics

L(s) is low pass sensor characteristic, 4 is noise and b(¢) a slowly time-
v i e A
P

Ya

-
2

» C(s)
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Bode Diagram

trust 1y, trust y?“’

low frequency response high frequency response

crossover frequency

Wit de (B

Frequency (radfs=c)
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Use the magnetometer and accelerometer to provide rough estimates of atti-
tude. Use the Gyrometer for the angular velocity

mivMu = RT ﬁ?,

Consider only the low-frequency part of the signal. In particular, if v ~ 0

H T _ T 7
[ — = ge3z — — Regs } U = ges — —Reg — —,
m m m. m
Substitute dynamics into accelerometer measurements
arvu = R' (—ZRes - E) amvu = R' (0 - ges)
m m

Substituting yields

_ T
aimu ~ —glt e3
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The proposed observer on SO(3) is

R=R(Q-k(@Hxy)),, R(0)=I;

In quaternion representation one has

4 1 N
g = §Q®P(Q - k(g xy)) - aIMu
; lamvu|
:P ( ®P(y0)®q ) @1 :RTQS
\- Y,
For multiple measurement one has
n Y2 = mimu
R=R (Qx — > k(g x yi)x) . R(0). g2 = R
i=1
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Block diagram of SO(3) filter with bias est. S22 Aoty
0
(ylv'--ayn) _B_Zk%(glxy%)x R
e kp >—p= » R=RA
i J
RT =g

Modelling, estimation and control of quads
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Velocity aided attitude sey University

It is also possible to develop a complementary observer that does a good job
of estimating linear velocity and attitude at the same time.

b = ges + Ra — k(0 —0)

R=R(Q=kym x 11— koa x BT (5 =),

T

Either v is measured directly by doppler GPS or one uses a coupled filter

€ =0—ky (€ - Eaps)
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Velocity aided attitude sey University

The complicated term in this observer design is the acceleration innovation

for attitude ) X
A=kylax R (0-v))x =ko(ax R"7),

Consider the v error kinematics

[ @ZRCL—]CU?}—R&:(I—RRT)RGJ_I‘;”L}@;}

Think of the v as the output of a linear system and take just the low-frequency

signal
1

s+ ky,

U =

N A 1 N N
(I-RR")Ra~ k—(I—RRT)Ra

Thus,

I3

A=kyaxRo~—2axR (I-RR")Ra

k. A ke A AT .
= —k—a x R"Ra = —k—a, x R'"Ra = k,ax R'a :

v v

I
<
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Velocity Aided Attitude in bod-fixed frame S22 University

It is also possible to use the velocity estimate derived from the
accelerometer in the body-fixed frame

Iy Iy
aAiMy = ———€3 — —Up
m m
= —ge3 — UV

where k > 0 is a drag constant that needs to be identified (k ~ 0.3).

1
T T
Up ™ ; (91 aiMU, €9 GIMU)

The v, component can be estimated using the barometer in a
coupled filter with the attitude.

Allibert, Mahony, Bangura, “Velocity Aided Attitude Estimation for Aerial Robotic
Vehicles Using Latent Rotation Scaling”, ICRA 2016 (TuCbT3.12)
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15_.........:..........:...........I...........I...........I.........._.........._.........._...........: 1007
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* Implementation on . \ « Easily add estimation of gyro bias.

several UAV systems are’\‘“x&_——,{; * When accelerometers are used for

all highly successful. ' attitude estimate this minimises drift
In yaw estimate.
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1 RMS of Rotation Angle Estimation Errors
10
— MEKF
——RIEKF
- - -GAME
CGO

RMS Angle (Radians)

10° - - :
10 15 20 25 30
Time (s)

Monte-Carlo simulation averaged over 100 repeats of initial conditions drawn from
an initial distribution. Noise characteristics typical of UAV platform. (Zamani 2012)
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Control architecture S22y University

[

4

* .. u ' .
Trajectory ) S ,| Position ) ! Motor Rigid body
y* | controller : controller | | dynamics
Planner Attitude L Y
N u2

s controller
Attitude

planner

A R, Q

Almost all control systems for small scale aerial robotics use a hierarchical
control architecture as shown above.

The key to high performance control is

« Atrajectory planner that minimizes snap actuation requirements on the
motors.

» Integrated attitude trajectory planning with attitude control.

« High gain robust motor control

The key constraint in the control is the motor control response, including steady
state error, disturbance rejection, and limited bandwidth..

Modelling, estimation and control of quads 23-May-16 34
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Control architecture S22 University
» £ [ Ui [ .
Trajectory — »  Motor | Rigid dey
Planner W conteolicr Attitude }_,—~ controller dynamics
’ A controller | W9 .
1 Attitude

A R, Q

f planner
I E, v
I

Almost all control systems for small scale aerial robotics use a hierarchical

cdntrol architecture as shown above.

I

The key to high performance control is

I A trajectory planner that minimizes snap actuation requirements on the
motors.

» Integrated attitude trajectory planning with attitude control.
« High gain robust motor control

The key constraint in the control is the motor control response, including steady
state error, disturbance rejection, and limited bandwidth..
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Control architecture S22 University
» £ [ Ui [ .
Trajectory — »  Motor | Rigid dey
Planner v Sonyplar Attitude }_,—~ controller dynamics
’ A controller | W9 .
Attitude

planner T R, €2

Almost all contrQI/systems for small scale aerial robotics use a hierarchical

control archi/tet:ture as shown above.

The keyzto/ high performance control is

. A}réjectory planner that minimizes snap actuation requirements on the
/motors.

7 Integrated attitude trajectory planning with attitude control.

« High gain robust motor control

The key constraint in the control is the motor control response, including steady
state error, disturbance rejection, and limited bandwidth..
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4

y. N

* .. u ' .
Trajectory ) S ,| Position ) ! Motor Rigid body
y* | controller : controller "l dynamics
Planner Attitude Y
u
2/

controller 4
Attitude
7
planner T 7 R, €
- / /
Vo,
7

Almost all control systems for srhall scale aerial robotics use a hierarchical

control architecture as shewn above.
7’

”
The key to high pefformance control is

- Atrajectogy’planner that minimizes snap actuation requirements on the
motogs”

* Iptégrated attitude trajectory planning with attitude control.

« High gain robust motor control

The key constraint in the control is the motor control response, including steady
state error, disturbance rejection, and limited bandwidth..
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[

4

o

controller

Attitude

* . . u rd .
Trajectory ) S ,| Position ) ! Motor Rigid body
y* | controller : controller | dynamics
Planner Attitude L Y
N uz

planner T R, €2

Almost all control systems for small scale aerial robotics use a hierarchical
control architecture as shown above.

The key to high performance control is

« Atrajectory planner that minimizes snap actuation requirements on the
motors.

» Integrated attitude trajectory planning with attitude control.

« High gain robust motor control

The key performance constraint is motor control response, including
steady state error, disturbance rejection, and limited bandwidth..
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* .. g ™ ~
TrajectoryN g f Position ] Uy NMotor Riidtody
* | controller . h L ;
Planner U 1 <] Attitude T controller dynamics
J A controller | W3 o ‘ ’
f Attitude J
'L planner 1\ R, L2
g v
Slow Normal Fast Fastest
Inertial Navigation System Avionics ESC N
Electronic
Typical value | Typical value Typical value | Typical value speetd |
1-5Hz 10-20Hz 50-200Hz 500Hz-2kHz controllers

Limitation is typically the motor control bus rate
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Thrust depends on the local aero-
dynamics as well as the rotor angular
velocity.

4 .
_,S T = 20AR*w* X'\/ 2 + A2,
S _ 2 2 i /5 \2
Gég* H =2pAR w” '/ pt? + A2,
§ g P, = (iiTXiJrT/\S +H(H,[Li+ﬂs))WR
\-
2 N
1
- & T == Nyperip R Cla (Bip(2 + %) = 2X)
c c 4
GE)E H—lN cinto Rl C +}X
ko) E _2 bPCtip ot d0 5 ,
S BE P Ny B o (24 54%) + (6TN + TXC + (il + 1) 01,
S ouw
\& Em )
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Assume that ;2 ~ 0 is small with respect to A and ignore these terms.

Define the normalised thrust and power coefficients

T P
Cp =

R
wS

Cr =

w?’
The thrust equation from momentum theory yields (for constant cy4)

O = ey N\ |ldentify the constants
in offline experiments.

Blade element momentum theory (BEMT) 31
Co, C1, C2, 03)

elds (for constants

—

3 equations in 3 unknowns

Cr =c1[ca—A], Cr, \* and \°.
. CPZCg-l-CT Iﬁ))\i-l-)\s Cp.
C'p is measured| " ( ) Computes C; in real time on the
electrical power electronic speed controller
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________________ DHEChen i
fi(Ta) = vfy
o) =i |

Conditioning

* Inner loop current control: tuned to be nearly unstable to generate fast rise

time.
* Intermediate loop: regulates aerodynamic mechanical power

* The outer-level: standard PI regulator for thrust.

The resulting system has a rise time of 50ms (comparable to RPM controllers) and
gust disturbance rejection of 90% (compared to RPM control).
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Error bars for Thrust

5 ;
e RPM
. . e New
Using this approach — af
errors in thrust control for Z
individual rotors can be gaf T : i
. E | ;;
improved by an order of = .
magnitude: 20% error 2f
was reduced to <2%
error. L 5 5
Velocity V> [m/s]
Height comparison in updraft Lateral Deviation for RPM and New Controllers
— =k =] |
'1_2_ 12
1§ &155 s 1 @ e
£ 05 £ on 2B
- g > 0.5 o5 B
2 ® Ué o 02} ffsg
= 0.5 &y =
0.1 0.5
0.05¢ e
5 o 05 0 05 1 S5 o 05 o 05

X Position [m] X Position [m]
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Motor Control S22y University
. h £ Position) Uy _f_ Rioid bod
dia ol * | controller > o
Planner W Attitude : dynamics
’ A controller | W2
Attitude
planner T R, Q
E, v

The key performance constraint for quadrotors is motor-rotor control
response, including steady state error, disturbance rejection, and limited
bandwidth.

Present systems typically have rise times around 50ms.

There isn’t time in this talk to discuss this topic in detail today but this is an
active research area.
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Consider the goal of tracking a desired (feasible) trajectory [(:S* (), v*(t), R*(t), Q*(t) )}

Use full actuation of 7 to track a set-point attitude trajectory R*(¢) along with
its velocity €2*(¢) such that R* = R*Q)*(t)«.

Define a group error
R=(R)R [
“*1 Canonical error for control |

Driving R — I5 ensures that R—» R*. 2o e s o e

The kinematics of the tracking error is given by
é = —Q;E‘F RQX = [R, Q:] + R(QX o Q;)
= [R, ] + RO,
where [A, B] = AB — BA is the matrix commutator and

Q:=Q-Q*.
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Assume Q* and Q* are known, then define feedforward torque input

[T::IQ*+Q:IQ+u2 ]

Set 7 := 7" + uy then the error equations become

.
~

R=[R, Q]+ R, IQ = -0, IQ + us.
Choose proportional-derivative control action

Uup = —%D vrp(R - R") - kpSL. vip(wy ) = w

Consider the Lyapunov function £ := kp tr(R"R) + %QTIQ and note that

d -
— L= -kp|Q>.
= pll€|

Applying Barbalats criteria one proves R— I
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N EF e r'_ —
Trajectory E — Poiltlﬁn ) | Rigid dey
Planner W CORH S B | dynamics
o N u2 —
Attitude >
planner T R, Q
E, v

The inner loop stability problem can be solved using estimates provided by
the attitude filter discussed earlier in the talk.

This control and estimator run on the embedded avionics system at rates of
50-200Hz.
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Assume that there is a full feasible (planned) trajectory available
(6307 ép’ Rpa Q;D’ Qpa u];a ug)

The linear trajectory goal £* = &P and é* = é’p are used directly. However,
actuation for the linear dynamics depends on the attitude

£=v,
m@zmg:mgeg+u1, [ulzTRege]RS ]

Thus, assigning a control for ¢ is defining the set point R* on-line.

Choose control input

(= m(ges + €+ ha(€ -6 + (€ -9)) |

such that o . |
(" =& +ka(§" =&) +kp(§7 =€) =0

then £(t) — £*(t).
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Note that specifying v, to define desired linear dynamics imposes a constraint
on R*

[ T*R'es =m(gez + & + k(€ =€) + k(£ =€) ,}
which is the online block for specifying the attitude tracking.

In order that the linear dynamics control is implemented, the attitude control
must first regulate to the correct value. time scale separation.

In fact, since the attitude control is asymptotically stable, then regardless of
loop gain — the linear error dynamics will eventually converge.

At least as long as Needed for feedforward in

R” ~ R™Q) attitude control

In practice, I use R* defined by the control bu
the higher order derivatives

the planned trajectory for
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Planner * I C ynamics
f V- I
>
J
E, v

The trajectory planner should take into account the system limitations — in
particular the rate limitations of the motor system.

Typically this is done by minimizing a suitable cost functional that penalizes the
snap (or 4t derivative the trajectory).
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Although quadrotors are underactuated they are differentially flat (or at worst
almost flat) and this can be used to plan flat trajectories.

Let £7(t) denote a desired tractory. Then vP := £P is the desired velocity.

Moreover,
[ P = iT]:’l'%peg + ges }
m
That is
[ TP := m|oP —mges|, RPesz:= %m@p —mges }

which fixes 2 degrees of freedom of the rotation R”. The third degree of liberty
is the yaw rotation and can be chosen as desired.

Finally,
Q= (RP)TRP, 7= IOP 4 QP < QP |
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High performance trajectories can be desined by minimizing a cost functional

T
P(t),vP(t)) = arg min [ L(&,v,a,R,Q,1,7)dt
€. 0) =arg_min [ (¢ )

where 1) is the yaw parameter and the boundary conditions £7(0), £P(T'), 4?(0),
P (0) are given.

Minimum snap trajectories are obtained by minimizing a cost functional such
as

e e e - - g
[ L€ 8 Eu.bd) = (1-0)(€)* +al?. |
for a > 0. Minimum snap trajectories are important because they minimize the
rate of actuation change required in the rotor/motor systems.
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Fundamental questions in aerial
robotic systems.
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Attitude estimation — IMU,
Velocity estimation — GPS, IMU,
VICON ...

Position estimation — Vision,
VICON, GPS, ... WA L SN R S e
Motor control — embedded control.
Attitude control — robustness and performance.

Integrated path planning and position/velocity control — performance,
replanning, feedback.

All of this has to implemented on embedded hardware weighing as little
as possible.

Finally, you will want to do something with the quadrotor.
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