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A simple mechanical controller

« The desired water level set pointis A
* The float measures the current water level

* Whenthe water level is below the set point, creating an offset, the inlet
valve will open to re-fill the tank.

* Thevalve's position is proportional to the water level offset

* The valve will close when the level reaches back to the set point.

Can you identify the sensor and the actuatorin this example?
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Low-level Control System

Navigation system estimates the AUV's:
* currentposition - lat, lon & depth

* currentattitude —roll, pitch & heading

* currentvelocity

Autonomy system decides the course that the AUV is

required to maintain to complete the mission:
* desired heading

* desired depth

* desired speed

The control system controls the actuators to maintain
that course:

* rudder
* elevators
* thruster

Environment
(real ocean)

Hardware

AUV

/ Embedded computer(s) \

e —— PMITES_MissionScript

> iMITFS_BR_Depth PMITFS_MissionManager

> IMITFS_GPSReadSerial Y

PMITFS_HydroMANLite pHelmIvP

< v
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Importance of decent control performance

* Forthe safety of the vehicle; e.g.,
o To avoid hitting the seabed.
o To avoid hitting obstacles.
o Tobe able to transitto the desired location under
external forces such as currents.

* Forthe quality of the collected data.

* The accepted level of control performance may

vary with the application of the AUV; e.g.,

o Avehicle conducting a side-scan sonar imaging
mission needs better control performance as
compared to a vehicle recording environmental
acoustic data

tat:[s2.358110 Spd:1.3 Depim:[0.8 Time:[63.8
Loni[-71.087130 Hdg:[127.2 Agels): [0 00 Warp:[5
Tm: [ value: |
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https://drive.google.com/file/d/11QUajGvn5yN3K6LySlcG8bsGcv3z6rZo/view?usp=sharing

Importance of decent control performance

* Forthe safety of the vehicle; e.g.,
o To avoid hitting the seabed.
o To avoid hitting obstacles.
o Tobe able to transitto the desired location under
external forces such as currents.

* Forthe quality of the collected data.

* The accepted level of control performance may

vary with the application of the AUV; e.g.,

o Avehicle conducting a side-scan sonar imaging
mission needs better control performance as
compared to a vehicle recording environmental
acoustic data

Lat:[a2.358201 spd:1.4 Depim):[0.8 Time:[63.9
Lon:[71.086962 Hdg:[138.7 Agels:[o.00 warp:[5
Tm: [ value: [
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https://drive.google.com/file/d/1yqHCOa01cJV0eYnAu3F-K39rYBBSBygt/view?usp=sharing
https://drive.google.com/file/d/1yqHCOa01cJV0eYnAu3F-K39rYBBSBygt/view?usp=sharing
https://drive.google.com/file/d/1yqHCOa01cJV0eYnAu3F-K39rYBBSBygt/view?usp=sharing

Hydrodynamic forces generated by control surfaces

* Whenthe AUV is stationary, there is no flow over the hull:

o no hydrodynamic forces act on the rudder.

......................... C
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Hydrodynamic forces generated by control surfaces

* Whenthe AUV is stationary, there is no flow over the hull:
o no hydrodynamic forces act on the rudder. -

.................................................. ..-....)
* Whenthe AUV is moving, and rudder and AUV pose zero angle-of- \g - j]
attack to direction of flow: T Cp

o adragforce willact on the rudder. -
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Hydrodynamic forces generated by control surfaces

When the AUV is stationary, there is no flow over the hull:
o no hydrodynamic forces act on the rudder. ___—-;—__’_)
/ /| FZ
.................................................. ..-....)
When the AUV is moving, and rudder and AUV pose zero angle-of- \g », j]
attack to direction of flow: T C,
o adragforce willact on the rudder. -
I
When rudder poses an angle-of-attack: .
o aliftforce is generated by the rudder / N
o the lateral component of this lift force will cause the AUV to turnaround its | ... ... C ............. ..) .................. f';a .............
center of pressure. \ ‘\—6 : F,
_\ P FYVV_\
T
lift force
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Hydrodynamic forces generated by control surfaces

When the AUV is stationary, there is no flow over the hull:
o no hydrodynamic forces act on the rudder.

When the AUV is moving, and rudder and AUV pose zero angle-of-
attack to direction of flow:
o adragforce will act on the rudder.

When rudder poses an angle-of-attack:
o alliftforce is generated by the rudder
o the lateral component of this lift force will cause the AUV to turn around its
center of pressure.

The AUV will then pose an angle-of-attack to the direction of flow:
o This willinduce further momentaround the AUV's center of pressure,
causing the vehicle to turn.
o Thiswillresult in changing the heading angle of the vehicle

_\ i
T T —

lift force
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Three control surface design

Rudder-only heading control:

Rear View Side View
* The lateral force of the rudder will also cause a rolling moment roll moment :
F\ :
on the AUV. lift force § a 5
<] :
- The AUV will roll while changing heading. | |

yaw moment
lift force

Top View
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Three control surface design

Rudder-only heading control:

Rear View Side View
* The lateral force of the rudder will also cause a rolling moment roll moment :
F\ :
on the AUV. lift force § a 5
< :
«  The AUV will roll while changing heading. <l ]

Tri-fin heading control: |
* The portand starboard control surfaces will also engage in : n

heading control. . D) iiﬂ

yaw moment

* Portand starboard surfaces will provide lateral forces that lift force
supports the heading control. :

Top View
 Their opposing vertical forces will cancel each other.
* Their counter rollmoment will cancel the rollmoment caused :
by the rudder. Rear View Side View
roll momen :
o typically, the heading control contribution from port i1 —
and starboard surfaces are limited to 50% of the rudder so that TS : C| ‘ 5

their combined counter roll moment will be equalto the roll
moment from the rudder. l.e. if rudder angleis 10 degree, the port
and starboard surface angles are 5 degrees.

counter roll
moment

yaw moment

ift force

resultant force
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Three control surface design

Pitch control:

Rear View Side View
* The vertical forces from the elevators will pitch the T resultant force g ‘ ’5
vehicle up/down. | ) ¥
pitch moment
* The opposingroll moments will cancel each other. L
<--- i :
roll moment ( _):ounter roll C ; ::]

moment : W}

Top View
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Three control surface design

Active roll control:

e Allthree control surfaces are actuated in the same direction to
control the rollmotion

* The opposingvertical forces of the port and starboard control
surfaces will cancel each other.

resultant
moment

Rear View

roll moment
N

Side View

Top View

13
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Heading control sub-system

Control system reads the current heading and desired N
heading, and computes arudder angle. current heading e T TN
\\
1
Y {]
!
desired S | rudder angle 5K ’
heading ontrol System "' ~~ ,’
Environment
(real ocean)

alogview (Time Warp = 32) (Actual:25.00)

Flle Backview GeoAttr Vehicles Replay LogPlots(L) LogPIots(R) lPFPlots Encounters HelmPlots VarHist

g
)

v-rrcmvunme [ e o I o N
359,152 359,152
https://drive.google.com/file/d/1BWs8G BHOWQQ@FIA19 ) —
1408 tine (secs)

EQTbINFniyD5Q/Aview?usp=sharing
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https://drive.google.com/file/d/1BWs8G_BHQwqqx3FtA19E0TbJNFniyD5Q/view?usp=sharing
https://drive.google.com/file/d/1BWs8G_BHQwqqx3FtA19E0TbJNFniyD5Q/view?usp=sharing

The error

Control system reads the current heading and desired
heading, and computes arudder angle.

Control system first calculates the heading error, the
difference between the desired and current headings.

The control law computes a rudder angle that would
minimize the heading error.

https://drive.google.com/file/d/1IHWC3HhA3UrQACVB CKt

current heading

desired
heading

8C bEg_f_m[h aP7jl/view? §Q=Sha[ ng
15

= ——

Environment
(real ocean)

alogview (Time Warp = 32) (Actual:22.73)

File BackView GeoAttr Vehicles Replay nters HelmPlots VarHist

o “lm \ \ ot ‘-' “‘: - | 'h"-”

507 ——panx=-160,00 100,

sanx=-160,00 ~-pany=-100,00
W2 Backseat/LOG PID_HEADING ERROR ¥ Cunrvai: [TETH me CEEHE N W Bl BE@@ Ve B

- corvo: N

‘ 163,242

163,242
1t
-359,152
5,00 time (secs) 518.T.
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https://drive.google.com/file/d/1HWC3HhA3UrQACvBCKt8CibFgfWNaP7jl/view?usp=sharing
https://drive.google.com/file/d/1HWC3HhA3UrQACvBCKt8CibFgfWNaP7jl/view?usp=sharing

Simplest form: the proportional (P) controller

The error is simply multiplied by a constant called proportional-gain
(Kp) to obtain the rudder angle.

The maximum and minimum limit are applied to the rudder angle
(e.g. max rudder is 20deg and min rudder is —20deg)

16

,,,,, X
current heading - B
i \
_____________________________________________ __AHRS | .
\
i heading ! rudder :
! error | angle 1
desired i - (e) L (6) ’
heading >+ > Control Law — <l S
: < e ’
. |
T Environment

e (real ocean)
rud_angle = constant x hdg_err

6( = K\J‘el
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Simplest form: the proportional (P) controller

The error is simply multiplied by a constant called proportional-gain
(Kp) to obtain the rudder angle.

The maximum and minimum limit are applied to the rudder angle
(e.g. max rudder is 20deg and min rudder is —20deg)

Example A: Kp = 1.0

o Heading steps in this mission are large (i.e., between 100 and
260 degrees).

o Therefore, heading error is large.

o Since Kpis 1.0, the rudder angles also become large
(however, capped between —20 and 20).

o With large rudder angles, the AUV corrects the heading
so quickly, but it overshoots the desired value.

o Once it overshoots, rudder goes to the opposite limit, AUV corrects it
quickly, and overshoots to the opposite side.

https://drive.google.com/file/d/1XRRcbpOUdFgz7ur0dllw
BUKOCpbZ\ o e -
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. &
current heading - - S
AHRS i \\
T \
' heading i rudder :
! error . angle I}
desired i - (e) L (6) ’
heading >+ ) > Control Law 1 Rudder - _ ! )
: el S . _
i ) ;T A
e —— ) Environment
.................................................................................................................. (real ocean)
rud_angle = constant x hdg_err
61: K\J‘el
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https://drive.google.com/file/d/1XRRcbp0UdFqz7ur0dlLwBUK0CpbZW4Xu/view?usp=sharing
https://drive.google.com/file/d/1XRRcbp0UdFqz7ur0dlLwBUK0CpbZW4Xu/view?usp=sharing

Simplest form: the proportional (P) controller

The error is simply multiplied by a constant called proportional-gain
(Kp) to obtain the rudder angle.

The maximum and minimum limit are applied to the rudder angle
(e.g. max rudder is 20deg and min rudder is —20deg)

Example A: Kp = 1.0

o Heading steps in this mission are large (i.e., between 100 and
260 degrees).

o Therefore, heading error is large.

o Since Kpis 1.0, the rudder angles also become large
(however, capped between —20 and 20).

o With large rudder angles, the AUV corrects the heading
so quickly, but it overshoots the desired value.

o Once it overshoots, rudder goes to the opposite limit, AUV corrects it
quickly, and overshoots to the opposite side.

Example B: Kp = 0.2
o Rudder angles are relatively smaller due to smaller Kp.
o The overshooting has been reduced, but not eliminated.

f Ncl1R/view?usp=sharin

-
-

desired
heading

AHRS | <~ N
I \
i heading ! rudder :
! error | angle 1
V- (e) v (6) 1
; ' > Control Law — - /

Environment
(real ocean)

File BackView GeoAttr Vehicles Replay LogPlots(L) LogPlots(R) IPFPlots Encounters HelmPlots VarHist

=N (3>
e - ,
2 i Backseat

A © curve: I - CEE N B Sl B o DR

@ corvo CCRER
\ ’\ 174,0¢
= \ '\
/ |
L tine (secs) J 'EOB;W.NJ
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https://drive.google.com/file/d/17A_hbOk9RB5qpZ9WY6FfoO8pCpoNcl1R/view?usp=sharing
https://drive.google.com/file/d/17A_hbOk9RB5qpZ9WY6FfoO8pCpoNcl1R/view?usp=sharing

Proportional and Derivative (PD) controller

The rate of change of erroris calculated and multiplied by a

constant called the derivative-gain (Kd) to obtain the
derivative term.

The derivative term is added to the proportional term to obtain the

rudder angle.
The maximum and minimum limit are applied to the

rudder angle (e.g. maxrudderis 20deg and min rudder is-20deg)

19

-
-

_____________________________________________ \
\
i heading ! rudder :
! error | angle '
desired : - (e) o (6) ;
heading AN > Control Law — ~~ . ’
| . |

7 Environment
rud_angle = Kp x hdg_err + K_ x (hdg_error - previous_hdg_err)/(At)
6,=K e +K, (e-e, )(AY

6, = K.e+K.e,
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Proportional and Derivative (PD) controller

The rate of change of erroris calculated and multiplied by a current heading ’,,-—";sfr
constant called the derivative-gain (Kd) to obtain the . B
derivative term. S = :
The derivative term is added to the proportional term to obtain the neacing — P+ ) = f"a.___ J/
rudder angle. . I
The maximum and minimum limit are applied to the e [
rudder angle (e.g. maxrudderis 20deg and min rudder is-20deg) | fudangle =G xhdg_erm+ K, x (hdg error - previous_hdg._em/(A)

: 6,=K e +K. (e -e, (A :
Example C: Kp=0.2 & Kd = 0.5 e BERere,

o The derivative term reduces the rudder angle when the error rate is Fie ~BockView _GeoAl —Vehices eplay LogPlois(l)_LogPlts(t) IFFFots Encounters HelmPlots —Vorkist
reducing. €

o Thisdamps out the heading response, as the actual heading is getting
closer to the desired heading.
o Has minimized the overshooting.

_PID CORRECTIVE HEADING [iveriiP 8 52as R 4s061 | .“ “ m “ I BackseatLOG P ERROR
64,81
| P""m: /-\,m_ \7:::4//"\\\;:_..‘ N ,.M,,,.J |
https://drive.google.com/file/d/1bl4GMD DYbO9MwhHyaRc ‘ \i
wbTjZ-60AtpThQ/view?usp=sharing Pl B30 o S
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https://drive.google.com/file/d/1bl4GMDDYb9MwhHyaRcwbTjZ-6oAtpThQ/view?usp=sharing
https://drive.google.com/file/d/1bl4GMDDYb9MwhHyaRcwbTjZ-6oAtpThQ/view?usp=sharing
https://drive.google.com/file/d/1bl4GMDDYb9MwhHyaRcwbTjZ-6oAtpThQ/view?usp=sharing
https://drive.google.com/file/d/1bl4GMDDYb9MwhHyaRcwbTjZ-6oAtpThQ/view?usp=sharing

Proportional and Derivative (PD) controller

The rate of change of erroris calculated and multiplied by a current heading ’,,-—";sfr
constant called the derivative-gain (Kd) to obtain the derivative __AHRS | < S
term. S = :
The derivative term is added to the proportional term to obtain the heading (+ ) = ’,,~~H S/
rudder angle. o ; ~~~~~ .
The maximum and minimum limit are applied to the e
rudder angle (e.g. maxrudderis 20deg and min rudder is-20deg) . rud_angle =K, x hdg_err+ K, x (hdg_etror - revious_hdg_emy(ay

f 6,=K e +K. (e -e, (A :
Example C: Kp =0.2 &Kd = 0.5 smkerke,

o The derivative term reduces the rudder angle when the error rate is Fie Bockvin G Vehies eployLogPotsl—LogPotin—Prrcts Encouners el Varis
reducing.

o Thisdamps out the heading response, as the actual heading is getting
closer to the desired heading.
o Has minimized the overshooting.

Example D: Kp=0.2 & Kd = 2.0
o The larger Kd gain has heavily dampened the heading response, as
the actual heading gets closer to the desired heading.
o Overshootingis no longer observable.
Heavy fluctuations in the rudder response.
o However, a steady-state error has been introduced.

(@)

S —pany=-50.0X
_PID_CORRECTIVE HEADING ;J'Cnnvurlme_ n J ouT [ ReseT [ SYNC [WIRVET Backseat/LOG PID_HEADING ERROR

https://drive.google.com/file/d/1TTgHeT tke DA-
1yar1ZcV3JRrRh61rIgON/view2usp=sharing '“,ﬁf:.i, ! S 505.5?—356.4
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https://drive.google.com/file/d/1TTqHeTtkeDA-1yar1ZcV3JRrRh6rJgON/view?usp=sharing
https://drive.google.com/file/d/1TTqHeTtkeDA-1yar1ZcV3JRrRh6rJgON/view?usp=sharing
https://drive.google.com/file/d/1TTqHeTtkeDA-1yar1ZcV3JRrRh6rJgON/view?usp=sharing

Proportional, Integral and Derivative (PID) controller

Previous errors are accumulated (i.e. the error is continuously being current heading t,----_;.{\’
integrated). T N
The current accumulated error is multiplied by a constant called the . e /( !
integral-gain (Ki) to obtain the integral term. - - — ~ L ;/
This integral term is added to the proportional and derivative terms o ’
to obtain the rudder angle. T 0
The maximum and minimum limit are applied to the e =K K6, + K (o pat o) z

rudder angle (e.g. maxrudderis 20deg and min rudder is -20deg) 6,=K e K e, +Kf(e)dt
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Proportional, Integral and Derivative (PID) controller

Previous errors are accumulated (i.e. the error is continuously being current heading ’,,--“;{\’
integrated). . B
The current accumulated error is multiplied by a constant called the 3 Marror ‘“ ;
integral-gain (Ki) to obtain the integral term. heating - | Control Law (———>[JGdGeAN - . /!
This integral term is added to the proportional and derivative terms L -
to obtain the rudder angle. — I
The maximum and minimum limit are applied to the ud_angle = K i, + K_.&, + K (accumulated past_crors) |

rudder angle (e.g. maxrudderis 20deg and min rudder is -20deg) 6,=K o +K e, +K (o)

Example E: Kp=0.2,Ki=0.1 &Kd =1.5 ““ w = hv Lw“ "* = Em i

o The steady-state erroris reduced.

—pany=-30,0(
EcTve HEsDING IvEWRR P s6s7  QubiHasss7 [ N W ouT Y ReseT [ SvC VI 8ackseat/LOG _PID_HEADING ERROR 7 curva: SV

Loy

https://drive.google.com/file/d/14GWk8pZS5hg QuO7vkg |

mSAYrPyZrceVs A/view?usp=sharing e (s68) — 508.77%
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https://drive.google.com/file/d/14GWk8pZS5hgQuQ7vkqmSAYrPyZrc6VsA/view?usp=sharing
https://drive.google.com/file/d/14GWk8pZS5hgQuQ7vkqmSAYrPyZrc6VsA/view?usp=sharing

Heading and speed control sub-systems

heading

____________________________________________________________________________

I
desired hdg | hdg error
]
speedi
I
desired spd spd error

heading
controller

speed
controller

Environment
(real ocean)

|h
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Heading, speed and roll control sub-systems

heading

desired hdg

____________________________________________________________________________

hdg error

speed

desired spd

spd error

roll

heading
controller

desired roll

roll error

Speed
controller

roll
controller

Y

fin
mixing

Environment
(real ocean)

25
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Under-actuation

Most torpedo-shaped AUVs, including the SeaBeaver, are under-actuated vehicles. l.e. they don't have direct control over all

sixdegrees-of-freedom (6-DOF)

The vehicle needs to pitch the nose up/down, while moving forward to change depth

The vehicle needs to yaw, while moving forward to change lateral position

surge motion
D S

dl

surge motion
A —

C

yaw

e

26
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Heading, speed, roll and depth control sub-systems

heading

____________________________________________________________________________

1
1
1
desired hdg ! hdg error heading
] controller
speed:
i
1
1
desired spd | spd error speed
i controller
1
roll i
:
o Y
desired roll ! roll error roll > fin
i controller mixing
1
pitch |
depthi
1
_ ! depth desired pitch :
desired deptht error depth pitch pitch
controller controller

Environment
(real ocean)

27
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Vehicles with multiple control modes

 There arevehicles that has multiple operational modes; e.g. multi-domain vehicles, hybrid vehicles.

« C-Rayautonomous amphibious vehicle is an example multi-domain vehicle. It has many modes:
o Underwater operation mode
o Surface operation mode
o Ground operation mode
o Seabed operation mode

* The control strategy should switch as the mode switches.

28 MIT 2.S01 - Introduction to AUVs


https://vimeo.com/915602980

End
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