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Abstract Introduction 

This paper proposes a novel approach to As the use of Remotely Operated 
modeling the four quadrant dynamic response Underwater Vehicles becomes more 
of thrusters as used for the motion control of widespread and their tasking more complex 
ROV and AUV underwater vehicles. The in deeper waters, there is a need to free the 
significance is that these vehicles are small in vehicle from the power and signal tether, and 
size and respond quickly to commands. to increase both the level of control autonomy 
Precision in motion control will require and the maneuvering precision of these 
further understanding of thruster performance underwater robots. In a recent paper, Yoerger 
than is currently available. The model et. al. (1990) point out that Underwater 
includes a four quadrant mapping of the Vehicle thrusters must be properly modeled if 
propeller blades lift and drag forces and is good results are to be obtained for the vehicle 
coupled with motor and fluid system motion control. Thrusters are comprised of 
dynamics. A series of experiments is propellers driven by a motor - the usual way 
described for both long and short period in which ships have been propelled through 
triangular, as well as square wave inputs. the seaway since the days of commercial 
The model is compared favorably with sailing ships. However, while there is a long 
experimental data for a variety of differing history of theoretical research, experimental 
conditions and predicts that force overshoots validation and practical experiential 
are observed under conditions of rapid knowledge concerning the performance of 
command changes. Use of the model will ships propellers, the issues relating to the 
improve the control of dynamic thrust on control of Remotely Operated Vehicles 
these vehicles. (ROVs) and Autonomous Underwater 

Nomenclature 

R Propeller Radius, m. 8 Angle of Inlet to Blades, rad. 
T Thrust Force, Newtons (N.) a, Effective Angle of Attack, rad. 
Q Propeller Torque, Nm. 
om Motor Rotational Rate, rad/sec. 
cop Propeller Rotational Rate, rad/sec. Ab Momentum coefficient. 
N Reduction Gear Ratio p Mass Density of Water, kg/m3. 
n Propeller Revolutions per sec. Ua Section Average Flow Velocity, m/s 
L Tunnel length, m. Up Propeler Velocity m / s  D Propeller Diameter, m. 
Lift Lift Force, N. 
Drag Drag Force, N. 

Blade Pitch, rad. P 
Y Effective added mass ratio. 

A 
U0 Vehicle Velocity m / s  

Tunnel Cross Sectional Area m2 
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Vehicles (AUVS) are new because these 
vehicles are small, with relatively fast 
response, and have to execute dynamic 
positioning maneuvers. Within this scenario, 
propeller operation occurs over the full four 
quadrant range of the thrust / speed map. 

Yoerger et. al. [I], developed a lumped 
parameter model of the dynamic response of 
an ROV thruster that went beyond the 
popular notion that, for a given unit with 
fixed pitch blading, thrust and input torque 
are related to the modified square of the 
propeller rotational rate and the angle of 
advance. 

They introduced the idea that fluid 
momentum considerations in the thruster 
shrouding area gives rise to a time lag in the 
response of thrust to stepwise inputs of 
motor torque. Experimental results under 
steady state conditions for single quadrant 
operation certainly verified the well known 
square law relationship between thrust and 
propeller rotational speed, and it did appear 
that the thrust response had long lag times at 
low thrust levels. However, little details were 
provided of the actual experimental thrust 
data under varied experimental conditions. 
For instance, dynamic energy balance 
arguments were applied but dynamic 
momentum arguments were ignored in the 
formulation of the thrust equation. Also, an 
instantaneous relationship between propeller 
rotational rate and the lumped parameter 
measure of flowrate was used which cannot 
be supported in reality. 

We believe that such a model is still 
insufficient to understand the dynamic 
behavior of thrusters for future h ig h 
p e r f o r m a n c e  underwater  robotics 
applications. The main point of this paper 
then is to provide a generic thruster model 
that considers propeller thrust and torque as a 
mapping linked to Lift / Drag force variation 
with changes in the local effective angle of 
attack between fluid and blade - as is usual in 
propeller theory: also, to associate the lags 
and overshoots in the thrust response to lags 
in the development of the local angle of attack 
at the propeller blading and possibly to lags 
in the dynamic development of the blading 
pressure distributions. Lags in the local angle 
of attack apparent at the propeller blades arise 
because of fluid inertial factors in the 
shrouding around the thruster, and, for open 

bladed propellers, through the conversion of 
angular to linear momentum. Lags in the 
dynamic development of blade pressure 
distributions are a well known phenomenon. 

Experimental results are provided herein 
that show the response of a tunnel thruster to 
triangular and square wave inputs at various 
levels of thrust. Results on an open bladed 
propeller also show the similar tendency that 
thrust response exhibits an overshoot to 
stepwise inputs - in contrast to the lagging 
response seen by Yoerger. With the relatively 
rapid response capable of high torque motors 
we claim that these more precise models will 
allow for better control of thrust and hence 
vehicle motion. Identification of a simple 
representation of a thrust / torque map using 
drag and lift coefficients is shown to provide 
excellent agreement in thrust response as 
compared to experimental data. 

This paper follows from work done at 
MBARI, the Naval Postgraduate School and 
the Stanford Aerospace Robotics Laboratory 
in the development of the model and the 
experimental characterization of tunnel and 
open bladed thrusters, [2,3,4,5,6]. 

Background 

The momentum theory of propellers 
developed originally by Rankine and Froude 
(Lewis,1988 [7]) showed that for a propeller 
actuator disc, thrust can be expected to 
depend on the square of the flow velocity 
through the blading and that the energy 
efficiency of the propeler is increased when 
the thrust loading on the blade is reduced. 
The theory lacks detail particularly in 
showing how the thrust was related to the 
shaping of the propeller blade. Blade element 
theories followed that are rooted in the theory 
of aerodynamics (Prandtl and Betz 1927, [8]) 
in which the lift and drag forces generated 
from any element of the blade's cross section 
are added over the total length of the blade. 
The lift and drag forces are related to the local 
angle of attack at that blade section. A 
representation of the lift and drag coefficients 
as a function of effective angle of attack is 
then required in order to complete the 
calculation of total thrust and torque. Lift and 
Drag coefficients are readily available for 
many diverse wing sections for small angles 
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of attack and blade element theory is now 
widely used in the design of propellers. A 
full discussion of many considerations 
appears in Lewis, [7 ] .  However, coefficient 
data for angles of attack that are larger than 
that which would cause stall to occur and 
transient response data are very scarce. 
Certainly, full four quadrant data are not 
readily available requiring many assumptions 
to be made if full reversals of flow are to be 
modeled. 

General difficulties in modeling have led 
to the use of simplified thrust and torque 
coefficients for any given propeller which are 
experimentally related to the speed of advance 
of the propeller (a measure of angle of attack) 
in non dimensional form as in Lewis [9] 
Figure 1 . The coefficients and speed of 
advance are defined by; 

0 
Y 

0 0 2  0 4  0 6  0 8  LO 12 

J -  "AID" 

Figure 1 T h r u s t  a n d  T o r q u e  
Coefficients versus Angle of Advance (Lewis 
~91)  

These diagrams illustrate that thrust 
generally falls when the propeller is advanced 
through the water. The advance coefficient 
really becomes a measure of the tangent of 
the apparent angle of attack of water particles 
on the propeller blading. For propellers of 
differing pitch, the point at which maximum 
efficiency is reached depends on the 
coefficient of advance. Again, little data is 
available concerning full four quadrant 
operation although it is quite standard that 
first quadrant data is available and used 
routinely in the assessment of propeller 
behavior. Models of these static relationships 

were used by Fossen [lo] and Sagatun [Il l  
recently in their modeling of ROV thrusters. 

Under rapid transient conditions, we 
assert that it is not adequate to make the 
steady state assumption that 

The four quadrant operation of thrusters 
was addressed several years ago when more 
accurate ships maneuvering models were 
sought. This led to extensive research 
embodied in the work of Van Lammeren, et. 
al., [I21 with the Wageningen B-Series 
propellers operating under steady state 
conditions but in all four quadrants of the 
advance velocity / rotational velocity diagram. 
The results were given in  terms of 
nondimensionalized coefficients of propeller 
thrust and torque as a function of the apparent 
angle of approach of water particles into the 
blades rather than local angle of attack. The 
four quadrant data however were fitted with 
Fourier series of 10 and 20 terms so that 
others could numerically replicate the 
coefficients as part of a simulation model. 
The simulation of crash back and thrust 
reversal was addressed during those times, 
although surface ships, because of their large 
physical mass respond so slowly compared 
to the propulsion system that dynamic effects 
of thrust were found to be insignificant. 

While useful, as background, we have 
found that these data cannot be used directly 
as they only relate to the Wageningen Series 
B blade design. And, although we could 
possibly generate equivalent data for each 
propeller used, the data required would be 
elaborate and specific only to the propeller 
tested. 

Proposed Model 

To keep the proposed model at a simple 
level, we can utilize well known aerofoil lift 
and drag data together with some 
interconnecting assumptions for their four 
quadrant extensions similar to that used in 
(Rickards, [13]) to formulate thrust and 
torque equations. The result is a mapping 
involving a number of parameters adequate 
for representing the four quadrant behavior of 
AUV thrusters. In an ideal case, these can be 
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established using rational engineering 
assumptions. Also, balancing the needs for 
precision with the needs for a reasonable 
abstraction of the physical principles, a 
minimum rational model for this mapping is 
required. The remaining key feature of the 
model considers the lags resulting from 
kinetic energy storage in the fluid medium 
surrounding the blades and its influence on 
the local effective angle of attack. The model 
illustrates the internal feedback structure 
apparent in the fluid / structure / motor 
interaction problem and will be shown to give 
reasonable agreement with experimental 
responses. In its generalized form the 
structure of the model is given in Figure 2. 

Motor Propeller Fluid 
Model Mapping 

Figure 2 Major Elements of the Model 

Motor Modeling 

The motor model is  standard in 
electromechanical modeling and is based here 
on a DC servo - motor permanent magnet 
type as in a Pitman PITMO Model 14202 
D.C. motor driven from a voltage source as 
in an Analog Devices PWM control card, 
model 30A8DD. Voltage signals to the card 
convert the motor voltage to an appropriate 
PWM signal chopped at 35KHz. with the DC 
level variable between +/-23 volts. The motor 
has a stall torque of 106 oz in., a no load 
speed of 3820 rpm, and a peak power rating 
of 333 watts. With a 2:l reduction gear to 
drive the propeller, - a 4 blade Kaplan 
propeller of 0.0762 m. with fixed pitch at 
either at 45 degrees or 30 degrees, the linear 
dynamics model becomes, 

Om = -Kim, + K2V, - KhQ .....( 1) 
CI), = o , / N  ............. (2) 

Numerical values for the parameters, K, 
and K, are taken from the motor 

characteristics that are assumed to be linear, 
although that is not a restriction to the 
fundamental concepts of the model. The 
parameter K, relates to the motor 
deceleration from propeller hydrodynamic 
torque loading. The total rotational inertia 
includes all mechanical inertia including 
motor, gears and propeller. K, contains all 
viscous friction components as well as the 
motor characteristic resistance that gives 
effective damping to the motor response. In 
this first order model, motor field and 
armature inductance are neglected, so are 
stiction effects from nonlinear friction torque. 
The input to this model is a voltage source 
and the current draw would be en output. To 
model current driven motors, a simple 
rearrangement of the equation would be 
performed. The primary state variable for the 
motor model, however, is still its rotational 
rate, a,, and the loading is still through the 
propeller hydrodynamic torque load. 

Propeller Map 

The reduction gear, directly connects the 
motor to the propeller, and for any particular 
blade, its tangential speed measured at some 
convenient radial position (usually taken at 
0.7 R), is such that the tangential velocity of 
the fluid relative to the blade is given by, 

U, = 0.7Ram / N ........... _.. (3) 

Now, depending on the velocity of the 
incoming fluid particles relative to the 
propeller blading, U,,an inlet effective angle 
of attack is established, modeled by the 
variable, a, as in Figure 3 where 

(4) a, = (n: / 2 - p) - arctan(-$-) ... . . . . . . 
U 

"P 
The total relative velocity squared 

magnitude is then 
2 2 2  v = U I , + U ,  

According to both iheory and experiment 
in aerodynamics, the blades develop a lift 
force and a drag forcc whcrc the lift is the 
component force perpendicular to the 
instantaneous line of action of the flow 
impinging on the blade. The drag force is 
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inline with the flow. Both are related to the 
squared magnitude of the relative incoming 
flow velocity and depend on the effective 
angle of attack. For small angles, the lift 
force is linear with a, , while the drag force 
is modeled better by aelael. In our case, we 
need a representation over all four quadrants 
of a,, as in Van Lammeran, but, to simplify 
to the fundamental components of their 
Fourier representation, we propose initially 
that a formulation such as given in Figure 4 
be used, The simple harmonic form of Figure 
4 leaves only two disposable parameters, the 
maximum values of lift and drag coefficients, 
CI-max and CDmax.. The resulting model for 
the lift and drag forces on the blades is now, 

2 Lift = 0.5pV ACLm,sin(2ae) ....( 5 )  
Drag = 0.5pV ACDmax(l - cos(2ae)) ..(6) 2 

Figure 3 Angle Of Attack Diagram For 
Propeller Blade 

, .  , .  
7 

0 50 100 150 200 250 300 350 400 

Figure 4 Proposed Lift and Drag Force 
Coefficients Versus Angle of Attack 

Since the lift and drag force definitions 
are in relation to the impinging line of flow, 
there is a rotational transformation required to 

compute the axial thrust force and the 
tangential force responsible for effecting the 
hydrodynamic loading torque. The effective 
radius at which the tangential force acts is 0.7 
R. 

T = Lift(cos0) - Drag(sin8) ...... (7) 
Q = 0.7R[Lift(sin0) + Drag(cos0)I ...( 8) 

where 
e = p-a, 

Fluid Modeling 

The connection between the motor model, 
and the propeller mapping model comes from 
the fact that as propeller rotational rate 
changes, so does the axial velocity through 
the blades. Depending on whether the blades 
are open or shrouded or inside a tunnel, there 
will be some lags in the development of 
changes in the axial component of flow. 
Also, as the thruster unit is advanced through 
the surrounding water, some effect on the 
inlet flow to the blades occurs. This area of 
the model concerns the fluid model. 

As is usual, we apply the momentum 
equation to a control volume surrounding the 
inlet flow. For tunnel thrusters as studied by 
Cody [3], and McLean [2], we can relate the 
axial thrust to the rate of change of 
momentum through the control volume and, _ _  

T = ( P A L Y ) ~ ,  +(~AA~)u,Iu.I ..... (9) 
The term AP is a differential steady 

momentum flux coefficient between inlet and 
outlet of the control volumes on either side of 
the thruster unit and can only be found by 
experiment but range from 0.2 to 2.0 (White, 
[ 141). Expressing the coefficients in the 
above, as K, and K,, 

ua = -K,K; 1- u,Iu,I+ - KI'T .....( i o )  
where 

K, =pALy, K4=pA4p ....... (1 1) 
- 

and U, = (U, -U,) ......... (12) 

Equation (10) represents a state equation 
with the primary state Ua modeling the axial 
flow development lags. Other lags can be 
identified in the development of swirl - 
particularly for open bladed propellers - 
arising from changes in angular momentum 
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into the blades, but will not be elaborated 
further here. 

Overall Model Summary 

A system block diagram that combines 
the three components discussed above is 
presented in Figure 5.  The major 
contribution of this model is that it includes 
two state variables rather than just one. In 
particular, the two state variables are motor 
shaft speed and water velocity. Previous 
models used only motor shaft speed as a 
state, and then invoked the assumption that 
water velocity was directly proportional to 
propeller speed with the result that the slip 
angle was constant. Our new two-state 
model allows for a varying slip angle. 

As described in the sections above, the 
motor component of this model is described 
by parameters K2, Kh and K1. K2 is a 
conversion constant that relates voltage (or 
current) input to torque generated in the 
motor. K1. represents the motor shaft 
acceleration that results from internal friction 
in the motor (including back EMF in a 
voltage driven configuration). Kh relates the 
affect of the load torque (generated by the 
propeller) on motor acceleration. Kh is 
approximately the inverse of the effective 
motor shaft inertia. 

The fluid component of the model is 
described by parameters K3 and &. K3 is 
roughly the apparent mass of the water that is 
accelerated by the propeller. & describes the 
decelerating affects of quadratic drag on the 
water column. 

The propeller model is represented by a 
four quadrant map that has been characterized 
simply by the parameters  CL^^ and C h a x ,  

Finally, the time constant z describes the 
axial flow development lags that result from 
the conversion of angular to  linear 
momentum. This term is required when 
modelling open-bladed thrusters, but not 
tunnel thrusters. 

In summary, the system state equations 
are 

and the output equation for thrust is 

I T = h(o,,Ua) ....... (1 5 )  I 

T 

Figure 5 System Block Diagram 
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Experimental Validation 

To validate the model, experiments have 
been conducted on an isolated tunnel thruster 
unit, and an open-bladed unit. The "tunnel 
thruster" incorporated a high solidity 
propeller in a relatively long duct. The 
"open-bladed" unit incorporated a lower 
solidity propeller in a very short duct. 

For both experiments a test stand was 
constructed that was designed to eliminate 
structural resonances (first structural mode 
was at 25 Hz.) while providing clean signals 
representing net thrust from the unit. A 
schematic diagram of the test stand in 
presented in Figure 6, and detailed design 
information is provided in Cody [3]. 

Figure 6 Outline of Thruster Test Stand 
C O ~ Y  [31 

Tunnel Thruster Tests 

A series of dynamic thrust measurements 
were made using the tunnel thruster. These 
included long, medium and short period 
triangular wave inputs as well as square wave 
inputs of voltage command covering a range 
of input levels. 

Measurements made included, motor 
voltage command, motor current, motor 
rotational speed, and net thrust. All 
measurements were dynamic and sampled at 
rates between SO Hz. and 160 Hz. depending 
on requirements. Sharp cutoff anti-aliasing 
filters were applied to each channel equally 
with the exception of the motor rotational 
speed channel which provided a clean signal 

from an HP optical encoder with 3000 pulses 
per revolution. 

Blade pitch of 30 and 45 degrees were 
used, and tunnel lengths of 0.419 m. and 
0.262 m. were studied for each experimental 
input wave form. A table of values for the 
mechanical system are given in the appendix. 

The complete set of experimental data 
including current measurements are given in 
Cody [3] to which the reader is refered for 
more information. 

Long Period Triangular Wave Inputs: 

The benefit of a long period triangular 
wave input is to provide steady state results 
for both forward and reverse thrust 
commands. Figure 7 shows the results for 
thrust and motor speed versus time for a 50 
second period triangular wave input of 
command voltage to the motor. Figure 8 
converts the data into the steady state map of 
thrust versus speed for the tunnel thruster 
unit. 

200 I 

0 20 40 60 a0 
-200' 

Figure 7a Propeller Speed (radhec) Versus 
Time( sec.) 

10, 1 
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20 40 6 
-1 oo 

Time (Sec.) 

Figure 7c Voltage Input (Volts) Versus Time 

I 
-1 00 0 100 2Q0 

Propeller Speed (rad/sec) 

Figure 8 Steady State Map Of Thrust (N) 
ropeller Speed (radsec) 

This data conform as expected to the 
notion that the thrust is proportional to the 
square of the propeller speed. 
and voltage input are strongly related so it is 
not surprising that the square law relationship 
applies closely to the voltage / thrust behavior 
with a minor modification to account for 
motor loading effects at higher speeds. Data 
from these experiments confirms the thrust 
capability of the unit - in this case low but 
consistent with others results when 
normalized 

Short Period Triangular Wave Inputs: 

Figure 9 (medium speed triangular) 
shows that as the input wave period in 
shortened, the influence of the inertial 
response of the tunnel water distorts the 
thrust response and has in effect the trend to 
provide an equivalent phase lead in the thrust 
response or a response component that is 
more allied to the acceleration of the propeller 

- shown nicely for triangular waves as the 
slope of the input. 

. . . .  ~~ ... 

Time (Secc . )  

0 I 2 
Time (Sec.>- 

- 

U 
f 
2 -  
c3 

-1 

Time (Sec.) 

Figure 9c Input Voltage Versus Time 
Two Second Period Triangular Wave hpu t  
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15,  I 

-10.. 

. . . . .  

. . . . . . .  . . . .  .;. . . . . . . . . .  1 . .  . . . . . . . .  - 

Propeller Speed (rad/sec) 
Figure 9d Two Second Period Triangular 
Wave Input Thrust (N) Versus Propeller 
Speed (Rad/Sec.) 

Step Input Effects of Amplitude. 

In this experimental series the amplitude of a 
square wave input at 2 seconds period was 
varied and the thrust response studied. What 
is interesting is that both the steady state and 
transient peak thrust are dependent on the 
square of the input magnitude rather than the 
steady state values only. 

25 I I 

vs - 20.4 
18.4 
12.2 
8.2 

0.2 0.4 0.6 0.8 1 

Time (Sec.) 

Figure 10 Thrust Force (N) Versus Time 
(sec.) for Tunnel Thruster with 30 deg. blade 
and Tunnel length L/D=6, Various Input 
Voltage Levels 

Parameter Identification and Model 
Validation 

The model was matched to one particular 
set of data then compared to others for 

validation. The set used to identify the four 
parameters above was the 2 second period 
square wave with the maximum 20.4 volt 
input level. The two disposable parameters 
AP and y are usually limited in range, while 
the lift and drag coefficients are generally less 
than 2. Application of engineering heuristics, 
leads to a the notion that increasing the lift 
coefficient gives a larger model peak 
maximum thrust for the input condition; 
increasing the drag coeficient increases the 
blade loading and hence reduces the motor 
steady state speed for the same voltage input; 
increasing the added mass coeficient y, 
affects the transient response overshoot time 
constant; and increasing Ap,  increases the 
steady state thrust at a given steady state 
motor speed. The final data set is given as 

I CLmax = 1.75 I 
I CDmax = 1.2 I y = 0.5 

I Ap = 0.2 
while the values of the motor constants taken 
from manufacturers data are given to yeild the 
final parameters of the model for the tunnel 
thruster to be, 

I 

K2~1133.2 
K,= I 7,7 90 
K3~0.954 

The series of figures 11-13 show the 
validity of the model for predicting consistent 
results through triangular and step type 
inputs. One common point about all data is 
the asymmetry between forward and reverse 
motion. Symmetry is a strong function of the 
blade shape and thruster design and is 
reflected in the model in terms of effective 
lifudrag map used. In our case, we have a 
symmetric mapping and attempted only to 
match positive going thrust in the first 2 
quadrants. A slight modification to the map 
for third quadrant operation would model the 
reverse direction thrust better, but is not 
presented here. 
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I 
1 2 3 
Time (Sec.) 

Figure 11 Model Thrust (N) Compared 
with Experimental Data for 2 Second Period 

Triangular Wave Inputs of Voltage 

I 
20 40 60 80 

-10; 

Time (Sec.) 
Figure 12 Model Thrust (N) Compared 
with Experimental Data for 50 second Period 

Triangular Wave Inputs of Voltage 

I 
2 4 6 

-301 0 
Time (Sec.) 

Figure 13 Model Compared with 
Experimental Thrust (N) Data for Square 

Wave Inputs of Voltage 

300, I 

I 
e( -300; 2 4 6 

Time (Sec.) 

Figure 14 Model Compared with 
Experimental Motor Speed Data for Square 

Wave Inputs of Voltage 

Open-Bladed Thruster Tests 

The test apparatus and approach used for 
the open-bladed unit was similar to that used 
in the tunnel thruster tests described above. 
The principal difference was that the propeller 
used (15cm diameter) was much lower 
solidity and the duct was short (1Ocm). 
Other differences included a different drive 
motor (variable reluctance) that was current 
driven rather than voltage driven. It had a 
maximum torque of 0.65 Nm. This 
configuration is typical of the thrusters 
incorporated in the OTTER research vehicle 
developed at the Monterey Bay Aquarium 
Research Institute. Details of the test 
apparatus in Figure 6 are presented in Miles, 
[41, Adams [5]. 

Parameter Identification and Model 
Validation: 

The form of the model used to describe 
the open-bladed thruster was identical to that 
used for the tunnel thruster and is described 
in Figure 5. The difference is in the choice of 
specific parameter values. 

A set of parameter values characteristic of 
the this open-bladed thruster configuration 
was determined using a least-squares 
identification approach with selected sets of 
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experimental test data. The results of this 
analysis yielded 

In addition, because this configuration is 
open-bladed, a time constant was found to be 
~=1/90 sec. 

The motor parameters were 

K 1 ~ 1 0 . 8  
Kh=8 3 33 
K 2 ~ 0 . 6 5  
K 3 ~ 4 . 0  
K 4 ~ 3 0 . 0  

If these values are compared with those 
generated for the the tunnel thruster, several 
points are of interest. First, the results for 
the motor show a significantly lower value of 
K1. The reason for this is that since the 
motor in this configuration is current driven, 
the back EMF contribution to K1 is 
eliminated. In fact, in for the open-bladed 
tests, K1 was augmented with small stiction 
and quadratic terms to represent the effects of 
the shaft seal and the effects of moving parts 
in the oil filled encoder attached to the motor. 

The values of  CL^^^ and C D ~ ~ ~  are 
comparable, but indicate the reduction in drag 
that is associated with a lower solidity 
propeller. 

Also of interest is that the effective 
change in duct length (i.e. apparant mass of 
the accelerated water column), y, and the 
differential  steady momentum f lux  
coefficient, AP, are significantly larger for 
the open bladed configuration than for the 
tunnel configuration. 

A value of the time constant of 1/90 
second was found to be required to explain 
the effects on thrust buildup due to the 
conversion of angular to linear momentum. 

Results: 

The steady-state testing done with the 
open-bladed configuration generally 
supported the same conclusions as reported 
in the tunnel thruster tests reported above, 
and therefore will not be reported here. 
Instead, the results of the open-bladed 
testing for step inputs will be stressed since 
they explain clearly the benefits of a two-state 
model over a single-state model in predicting 
the thrust transient time history. 

A typical response to a step in motor input 
current is presented in Figure 15. 

n '"1 
z w 40 

,,;y 1 

Time (Sec.) 
Figure 15 Comparison of Models for Step 
Input.with Experimental Thrust 

Shown in the figure are three time 
histories of thrust. The first is experimental 
data, the second is the response predicted by 
a one-state model, and the third is the 
response predicted by the new two-state 
model. The form of the one-state model is 
consistent with that reported in Yoerger et. al. 
[ 11. The specific form used was 

2 T = K~co, 

Note that the same values of input torque and 
motor inertia used in the two state model 
were used for the one-state model. The value 
of CD was adjusted to match the correct 
steady -state propeller velocity. The value of 
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K5 was adjusted to match the steady-state 
thrust. 

The major conclusion which can be 
drawn from the data of Figure 15 is that the 
two-state model is able to exhibit the 
overshoot in thrust that is typical of the 
experimental data whereas the one-state 
model is unable to explain this behavior. 
This result is consistent with the results 
presented above for the tunnel thruster unit 
(see Figures 13-14). 

Another conclusion is tha.t the form of the 
generic thruster model presented in Figure 5 
works well for the two very different thruster 
configurations considered in this study. 

We believe that the approach presented 
here gives the structure of a thruster model 
that can be used to model all units in ROV / 
AUV applications. Specifically the model 
addresses transient response through four 
quadrants of operation and is based in the 
coupling of a blade mapping function to a 
motor and a fluid dynamics component. 
Further, since recently developed motors can 
be highly responsive, transient response to 
rapid stepwise inputs shows a tendency for a 
thrust overshoot to occur resulting from fluid 
inertial effects as rapid blade action reacts 
with the surrounding fluid medium. 

The identification of key parameters for a 
particular blade map can be accomplished 
from a few simple transient response tests, 
and we have found the test stand described to 
be an essential tool for this purpose. Finally, 
the model will be useful for the development 
of more advanced motor and thrust control 
schemes requiring model based control 
techniques. 

Acknowledgements 

The authors wish to recognize the 
valuable insights and enthusiasm of Mike Lee 
(MBARI) and the financial support of the 
MBARI summer program as well as the 
support from the Naval Postgraduate School 
Direct Research Fund. 

[1] Yoerger, D.R., Cooke, J.G., Slotine, 
J.J.E., "The Influence of Thruster Dynamics 
on Underwater Vehicle Behavior and Their 
Incorporation into Control System Design" 

, vol. 
15, NO. 3, 1991, pp. 167-178 

[2 ]  McLean ,  M .  B. ,  " D y n a m i c  
Performance of Small Diameter Tunnel 
Thrusters"  MSME Thesis.  N a v a l 
Postgraduate School, Monterey, CA. March 
1991. 

131 Cody, S. E., "An Experimental Study 
Of The Response Of Small Thrusters To Step 
And Triangular Wave Inputs" MSME Thesis, 
Naval Postgraduate School, Monterey, CA. 
December 1992. 

[4] Miles, D., Burton, D., Lee, M., Rock, 
S. M., "Closed Loop Force Control of an 
Underwater Thruster, " Monte rey Bay 

Report, October, 1992. 

[SI Adams, J.C., Burton, D., Lee, M., 
"Dynamic Characterization and Control of 
Thrusters for Underwater Vehicles, 'I 
Monterev Bay Aauarium Research Institute I' 
Stanford Aerospace Robotics Laboratory 
Internal Report, September, 1991 

[6] Brown, J. P., "Four Quadrant Model 
of the NPS AUV 11 Thruster" MSME Thesis 
Naval Postgraduate School, Monterey, CA. 
September 1993. 

171 Lewis, E. V., "Principles of Naval 
Architecture," Vols. 1-111, Society of Naval 
Architects and Marine Engineers, 1988. 

[8] Prandt l ,  L. ,  Betz ,  A. "Vier  
Abhandlungen zur Hydrodynamik und 
Aerodynamik" , Gottingen, 1927. 

191 Lewis, E. V., "Principles of Naval 
Architecture," Vols. 11, Society of Naval 
Architects and Murine Engineers, 1988, pp. 
144- 145. 

35 1 



[ 101 Fosscn, T.I., "Nonlinear Modcling and 
Control of Underwater Vchiclcs", Dr.1ng. 
Thesis, Norwegian Institute ol' Tcchnology, 
Trondheim, 1091 

[ 111 Sagatun, S. I., "Modeling and Control 
of Underwater Vchiclcs: A Lagrangian 
Approach" Ph. D. Dissertation, N o r w ~ g i ~ i i i  
Institute of Technology, Trondhcirn, 1002 

[12] Van Lamineren, W.P.A.,Vm Manen, 
J . ,D.,  Oos te rve ld ,  M.W.C. ,  "The  
Wageningeii B-Screw Series," T7.m ( ( I C  t /oJ7. \  
o,f the S N A M E ,  Vo1.77, pp.  260-317, 
Noveinbcr 1969 

[ 131 Rickards, M. A. "Cycloidal Propulsion 
of Sub in crsi bl cs , I '  Joi i  m(11 of H ~ . ( / i n i i  ( 1 1 1  tic. ,\ , 
Vol. 4, No. 2, pp. 66-72, April 1970 

A p pen d i x 
(see 161) 

A = 0.00445 in* 
D=0.0762 in 
L=O.410 1 in 
J,, = 1.63~-5 l<g in2 
Jp = 3.44%-5 kg in2 
C,=( ).O( 1022 
C, = 0.0 
R = 1.73 ohms 
K, ,  = 0.055 voltscc./rad 
Kt= 0.055 1 Nm / amp 
N = 2  
p = 098kg/in3 

[14]White, F. M., Fluid Mcchanics 2nd. 
Edi ti o 11, Mc Gr aw Hi 11, IS B N ( 1 - ( 17 - ( 16 9 6 7 3 - 
X, 1986, p. 142. 

352 


